
Pharmacol Res Perspect. 2021;9:e00795.	 ﻿	   | 1 of 13
https://doi.org/10.1002/prp2.795

wileyonlinelibrary.com/journal/prp2

Received: 14 December 2020  | Accepted: 23 April 2021
DOI: 10.1002/prp2.795  

I N V I T E D  R E V I E W

Immunomodulation induced by central nervous system-related 
peptides as a therapeutic strategy for neurodegenerative 
disorders

María Laura Palumbo1 |   Alejandro David Moroni1 |   Sofía Quiroga2 |    
María Micaela Castro1 |   Adriana Laura Burgueño2 |   Ana María Genaro2

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Pharmacology Research & Perspectives published by British Pharmacological Society and American Society for Pharmacology and 
Experimental Therapeutics and John Wiley & Sons Ltd.

Abbreviations: AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; Aβ, beta-amyloid plaques; CNS, central nervous system; GA, glatiramer acetate; MBP, myelin basic protein; 
NDD, neurodegenerative diseases; PA, protective autoimmunity; PD, Parkinson's disease; SCI, spinal cord injury; SOD, superoxide dismutase; TBI, traumatic brain injury; Tregs, 
regulatory T cells.

1Centro de Investigaciones y Transferencia 
del Noroeste de la Provincia de Buenos 
Aires (CIT NOBA)-UNNOBA-UNsADA-
CONICET, Junín, Argentina
2Instituto de Investigaciones Biomédicas, 
Consejo Nacional de Investigaciones 
Científicas y Técnicas (CONICET, 
Pontificia Universidad Católica Argentina, 
Buenos Aires, Argentina

Correspondence
Ana María Genaro, Instituto de 
Investigaciones Biomédicas, Consejo 
Nacional de Investigaciones Científicas 
y Técnicas (CONICET), Pontificia 
Universidad Católica Argentina, Av. Alicia 
Moreau de Justo 1600, Piso 3, Buenos 
Aires C1107AFF, Argentina.
Email: amgenaro@yahoo.com.ar

Funding information
National Scientific and Technical 
Research Council of Argentina, Grant/
Award Number: PIP 2015-00163 (AMG); 
National Agency for the Promotion of 
Science and Technology, Grant/Award 
Number: PICT 2016-2727 (AMG) and PICT 
2016-0531 (MLP)

Abstract
Neurodegenerative diseases (NDD) are disorders characterized by the progressive 
loss of neurons affecting motor, sensory, and/or cognitive functions. The incidence 
of these diseases is increasing and has a great impact due to their high morbidity and 
mortality. Unfortunately, current therapeutic strategies only temporarily improve the 
patients’ quality of life but are insufficient for completely alleviating the symptoms. 
An interaction between the immune system and the central nervous system (CNS) 
is widely associated with neuronal damage in NDD. Usually, immune cell infiltration 
has been identified with inflammation and is considered harmful to the injured CNS. 
However, the immune system has a crucial role in the protection and regeneration of 
the injured CNS. Nowadays, there is a consensus that deregulation of immune homeo-
stasis may represent one of the key initial steps in NDD. Dr. Michal Schwartz originally 
conceived the concept of “protective autoimmunity” (PA) as a well-controlled periph-
eral inflammatory reaction after injury, essential for neuroprotection and regenera-
tion. Several studies suggested that immunizing with a weaker version of the neural 
self-antigen would generate PA without degenerative autoimmunity. The develop-
ment of CNS-related peptides with immunomodulatory neuroprotective effect led to 
important research to evaluate their use in chronic and acute NDD. In this review, we 
refer to the role of PA and the potential applications of active immunization as a thera-
peutic option for NDD treatment. In particular, we focus on the experimental and 
clinical promissory findings for CNS-related peptides with beneficial immunomodula-
tory effects.
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1  |  INTRODUC TION

Neurodegenerative diseases (NDD) are a heterogeneous group 
of diseases characterized by the progressive degeneration of the 
structure and function of the central nervous system (CNS) or the 
peripheral nervous system affecting motor, sensory, and/or cogni-
tive functions. NDD can further be divided into acute and chronic 
classification. Chronic diseases such as amyotrophic lateral sclero-
sis (ALS), Alzheimer's disease (AD), and Parkinson's disease (PD) are 
the common conception of NDD in which the shared pathological 
hallmark is the accumulation of misfolded proteins. Moreover, acute 
traumatic lesions of the CNS, such as global or focal cerebral isch-
emia (stroke), spinal cord injury (SCI), and traumatic brain injury (TBI), 
cause widespread inflammation and other phenomena that lead to 
neurodegeneration.

Traditionally, most of the research on NDD is aimed towards the 
diseases that have the most significant impact on the population, 
such as ALS, AD, and PD. In brief, ALS is a motor neuron disease 
caused by gradual deterioration and death of motor neurons. It 
mainly involves the nerve cells (neurons) responsible for controlling 
voluntary muscle movement. In this disease, both the upper and 
lower motor neurons degenerate (or die) and stop sending messages 
to the muscles, which gradually weaken, start to twitch (fascicula-
tions), and atrophy. Eventually, the brain loses its ability to initiate 
and control voluntary movements.1

AD is a progressive disorder with a gradual decline in memory, 
executive function, and ability to perform daily activities. The spe-
cific biomarkers associated with an AD diagnosis are the presence of 
beta-amyloid plaques (Aβ) and neurofibrillary tangles composed of 
the aggregated microtubules-associated protein tau.2

PD is a chronic progressive disease characterized by motor symp-
toms such as bradykinesia, tremor, and rigidity. The pathophysiologi-
cal hallmark of PD is the specific loss of midbrain dopamine neurons 
in the substantia nigra, which leads to the described symptoms. PD is 
characterized by the accumulation of Lewy bodies, α-synuclein, and 
related multimers in dopaminergic neurons.3

Even though NDD have high mortality, their greatest impact is 
on morbidity: the incidence of these diseases is rapidly increasing in 
an aging population like ours, creating an urgent need for treatment 
development. Thus, it is estimated that AD alone affected 40 mil-
lion people worldwide in 2015 and that this number will increase 
to 135 million by 2050.4 For chronic NDD, several aetiologies have 
been studied, such as trauma, genetic mutation, and exposure to 
toxic and infectious agents, diet, and behavioral occupational fac-
tors. Moreover, a significant interaction between the immune sys-
tem and CNS is widely associated with neuronal damage in NDD.

In acute NDD, it has been shown that the inflammatory response 
is strongly modulated by an autoimmune reaction directed against 
neural constituents, specifically against myelin basic protein (MBP), 
one of the most abundant immunogenic proteins in the CNS.5,6

TBI and SCI are increasingly recognized as global health priori-
ties given the preventability of most injuries and the complex and 
expensive medical care they require. The term SCI refers to damage 

to the spinal cord resulting from trauma or disease, such as cancer. 
Up to 90% of SCI have been traumatic in origin. These induce acute 
and chronic repercussions depending on the vertebral level and 
the severity of the injury.7 TBI is a disruption in the normal func-
tion of the brain that can be caused by a bump or jolt to the head 
or a penetrating head injury. TBI and SCI constitute a considerable 
portion of the global injury burden and are caused primarily by falls 
and road injuries.7 Stroke is a broad term that encompasses neuro-
logical injury resulting from any vascular cause. The most common 
type is ischemic stroke (about 87%), being one of the most prevalent 
vascular diseases globally and a major cause of disability and death 
worldwide.8

Commonly, immune cell infiltration has been identified with in-
flammation and is considered harmful to the injured CNS. However, 
the immune system induces cellular and humoral responses and 
boosts tissue repair, cellular healing, and clearance of cellular detri-
tus. These findings indicate that immune cells have a crucial role in 
protecting and regenerating the injured CNS. Dr. Michal Schwartz 
from the Weizmann Institute of Science in Israel originally conceived 
the concept of “protective autoimmunity” (PA).9 This group started 
to modulate the action of myelin-specific autoreactive lymphocytes 
by immunizing with MBP. This strategy improved tissue preserva-
tion, neuronal survival, and motor recovery after acute SCI.10,11 
However, immunization with self-antigens induced an autoimmune 
disease known as experimental autoimmune encephalomyelitis. 
Therefore, research for eliciting PA without provoking an autoim-
mune disease led to the use of a weaker version of the self-antigen 
for immunization. These types of antigens are known as CNS-related 
peptides. Vaccinating with these peptides would generate PA with-
out degenerative autoimmunity. The development of CNS-related 
peptides with immunomodulatory neuroprotective effect led to sig-
nificant research into their potential therapeutic use in chronic and 
acute NDD.

In this review, we described the concept and role of PA, the ben-
eficial effects of active immunotherapy, and the potential applica-
tions of different CNS-related peptides to the treatment of NDD.

2  |  THE ROLE OF THE IMMUNE 
SYSTEM IN BOTH THE DEGENER ATION 
AND REGENER ATION OF THE CNS: 
THE CONCEPT OF NEUROPROTEC TIVE 
IMMUNIT Y

Classically, the CNS was considered an “immune-privileged” site, 
in which the blood–brain barrier (BBB) kept the peripheral cells of 
both the innate and adaptive immune system out. Under this no-
tion, the microglia, the resident CNS macrophages, were the only 
source of the innate immune cells in the CNS. Thus, autoimmun-
ity and neurodegeneration were assumed to be automatic conse-
quences of the immune cell infiltration and activation during BBB 
damage. However, several findings revealed that the CNS has an 
active interaction with the peripheral immune system.12 Evidence 
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points out that CNS–immune system interactions are a normal on-
going mechanism for the maintenance of CNS integrity, promoting 
neurogenesis and improving cognitive function.13 In healthy indi-
viduals, this immune–CNS interaction is tightly controlled to keep 
a positive relationship. Both NDD and the normal aging process 
occur an immune dysregulation and abnormal immune responses. 
Aging and immunity are closely associated with the pathogenesis 
of NDD. Several studies demonstrated that immunosenescence 
can induce an overactivation of CNS immune cells, promoting 
neuroinflammation.14

It is accepted that regardless of the different triggering events, 
the common feature in NDD is neuroinflammation. Microglia can or-
chestrate a potent inflammatory response under pathological condi-
tions. Traditionally, macrophage and microglial activation has been 
classified in two different and opposite states: pro-inflammatory 
(M1) and anti-inflammatory (M2). However, extensive activation 
profiles have been recently described, especially concerning NDD.15 
Anyway, activated microglia play a potentially harmful role in re-
leasing reactive oxygen species (ROS) and pro-inflammatory cyto-
kines (IL-1ß, IL-6, and TNF-α).16 Once activated, microglia can be a 
potent immune effector that initiates innate and adaptive immune 
responses and produce several cytokines, chemokines, and growth 
factors.16

Nowadays, it is accepted that the well-controlled peripheral in-
flammatory reaction after an injury is essential for neuroprotection 
and regeneration. In NDD, an uncontrolled and prolonged response 
occurs leading to a vicious cycle of glial priming promoting neu-
ronal damage. In 1999, Dr. Michal Schwartz's laboratory reported 
that autoimmunity in the CNS, under certain circumstances, could 
be protecting injured neurons from disseminating damage17,18 and 
facilitate the regeneration processes in the severed spinal cord.18 
She proposed the new concept of PA to refer to “autoimmunity 
response that is evoked by CNS insult when non-immunological 
local protective mechanisms cannot adequately buffer the injury-
induced toxicity.”19 This physiological mechanism could be boosted 
by immunizing with CNS-related peptides as a therapeutic strategy 
for NDD.

Recently, the brain's choroid plexus was identified as a selective 
gate for leukocyte input to the CNS, which led to the recruitment 
of macrophages and T cells in both neural tissue injury20 and neu-
rodegeneration.21 Systemic regulatory T cells (Tregs) are crucial 
for maintaining autoimmune homeostasis and protection from au-
toimmune diseases.22,23 However, the research analyzing the role 
of Tregs in CNS repair has shown contradictory results, with both 
protective and destructive effects.24–26 It has been described, in an 
experimental model of AD,27 that a peripheral reduction in Foxp3+ 
Tregs is followed by their accumulation in the CNS, suggesting that 
peripheral and tissue-infiltrating Tregs play distinct roles in the 
brain pathology. Besides, it has been demonstrated that transient 
depletion of Tregs results in elevated levels of leukocyte trafficking 
molecules by the brain's choroid plexus through the increased in-
terferon (IFN)-γ availability in this compartment and high levels of 
systemic IFN-γ-expressing cells in the spleen.27 It has been proposed 

that IFN-γ induces microglia into a phenotype that promotes gluta-
mate clearance, contributing to the restoration of homeostasis.28 In 
agreement with these findings, our group found a correlation be-
tween chronic stress-induced cognitive deficits and decreased pe-
ripheral and central IFN-γ production.29,30 Interestingly, it has been 
reported elevated Tregs levels with enhanced suppressive activities 
in AD patients.31,32

3  |  IMMUNOMODUL ATORY THER APIES

As described above, an appropriate local immune response mediated 
by autoimmune T cells is necessary to reduce neuronal cell death 
after CNS injury. Although effective immunotherapeutic options for 
acute CNS injury and chronic neuroinflammation remain limited, in-
terest in this field is rapidly increasing. Figure 1 shows active and 
passive immunization and the possible cellular mechanisms involved. 
In particular, active immunization has attracted attention. Thus, 
stimulating the immune system to produce antigen-specific antibod-
ies to aid in removing extracellular protein aggregates or through 
the boosting of PA seems to be promissory strategies. Tables 1 and 2 
summarized the clinical and experimental findings for immunomod-
ulatory therapies for NDD treatment.

4  |  IMMUNIZ ATION TO TARGET EPITOPES 
FROM MISFOLDED PROTEIN

Therapeutic vaccination for AD consists in producing specific an-
tibodies targeting Aβ and tau proteins to increase the clearance by 
promoting phagocytosis and neutralize their toxic effects. The first 
vaccine tested in AD patients was the AN-1792 with a full-length 
Aβ1–42 peptide as immunogen associated with a Th1 adjuvant (QS-
21; saponin). This vaccine generated anti-Aβ antibody responses in 
<25% of patients with improved memory and decreased tau protein 
levels in the cerebral spinal fluid, thus being a promissory result for 
the development of new Aβ vaccines. However, AN-1792 was dis-
continued because it induced the onset of meningoencephalitis in 
6% of treated patients, likely due to self-reactive T-cell activation 
and infiltration of Aβ-reactive T-cells into the CNS.42

Several second-generation Aβ-targeting vaccines were sub-
sequently designed to minimize Aβ-related T-cell inflammation. 
However, these vaccines have not shown convincing clinical efficacy 
data53 or have been discontinued.54 CAD106, currently in phase 
III clinical trial, has completed two phases II clinical trials reporting 
acceptable safety and tolerability and evoking a robust serological 
response in 80% of patients, and brain PET imaging evidenced tar-
get engagement.55,56 Aβ is the principal target of late-stage devel-
opment programs with relatively few agents in clinical trials for AD, 
suggesting a need to amplify the drug discovery ecosystem.43

Recently, a novel design of the UBITh® platform-based, fully syn-
thetic Aβ1–14 peptide vaccine (UB-311) was described.43 This vac-
cine was designed as a chimeric peptide to maximize immunogenicity 



4 of 13  |     PALUMBO et al.

and formulated in a Th2-biased delivery system to minimize T-cell 
inflammatory reactivity. The administration of this peptide-based 
vaccine showed to be safe and well-tolerated, generating strong 
site-specific (Aβ1–10) antibodies in all patients. Also, it was able to 
improve cognitive functions in patients with early-stage Alzheimer's 
dementia.43

PD pathology in the brain is characterized by the presence of 
Lewy bodies, of which the principal constituent is the accumulated 
and aggregated misfolded synaptic protein—α-synuclein. One of the 
most promising PD vaccines was recently developed using a short 
peptide (seven amino acids) to avoid an α-synuclein-specific T-cell 
response but provides the T helper epitopes in carrier proteins to 
activate the B-cell response.57,58

ALS pathology is characterized by amyloid deposits from dif-
ferent proteins such as tar-DNA-binding protein 43 (TDP43), 
Chromosome 9 open reading frame 72 (C9ORF72) dipeptide re-
peats, phosphorylated high molecular weight neurofilament protein 
(pNFH), rho guanine nucleotide exchange factor (RGNEF), and fused 

in sarcoma (FUS).59 Recent reports have indicated that misfolded 
superóxide dismutase 1 (SOD1) can act like prions and spread the 
disease.60,61 Therefore, it is a candidate protein for testing a possible 
vaccine. Two ALS vaccines against unfolded SOD1, tgG-DSE2lim, 
and tgG-DSE5b were investigated in a motor neuron disease mouse 
model expressing human SOD1-G37R.62 Both vaccines showed a ro-
bust epitope-specific antibody response with a desirable Th2-biased 
immune response. However, the question is how this approach can 
be modified to address different mutants and conformations of 
SOD1 protein.63

In conclusion, active immunity by vaccination with a short pep-
tide of misfolded protein takes advantage of eliciting an adequate 
immune response against a harmful self-antigen, but there is a risk 
of causing adverse autoimmunity. There is an increasing interest 
in searching for safe and effective immunogens for vaccination to 
minimize autoimmune reactions. An alternative strategy is passive 
immunotherapy using a humanized monoclonal antibody, which is 
considered relatively safe.64,65

F I G U R E  1 Immunomodulatory therapies. (A) Immunization to target epitopes from misfolded protein activates the immune system 
producing antigen-specific antibodies. The antigen-presenting cells (APCs) internalize and process the antigen and present it to T 
lymphocytes inducing T cell and B cell activation. The antigen-specific antibodies produced bind to extracellular misfolded protein 
aggregates in the CNS to remove these protein aggregates. (B) In passive immunization the antigen-specific antibodies are administered to 
individuals. The specific antibodies bind to extracellular misfolded protein aggregates in the CNS for clearance, without the need for immune 
response to be triggered. (C) The immunization with CNS-related peptides produces T cell activation triggering three possible mechanisms: 
(1) a decrease of systemic T regulatory (Treg) cells and an increase in IFN-γ producing cells at the choroid plexus (CP) increasing adhesion 
molecule levels leading to monocyte-derived macrophages (mo- MΦ) trafficking through the CP; (2) the CNS-related peptides reactive T 
cells infiltrate the CNS crossing the blood–brain barrier (BBB). In the CNS, these T cells come in contact with glial cells and activate microglia 
into a neuroprotective phenotype. Activated microglia present CNS-related peptide to Th2 cells producing anti-inflammatory cytokines 
and neurotrophins; (3) T cell activation, mediated by APCs, induces a prevalence of Th2 phenotype increasing the number and suppressor 
capacity of regulatory T cells and an anti-inflammatory microglia profile controlling the ongoing inflammation. All these mechanisms bring to 
protection and regeneration of the injured CNS. The PA limits neuroinflammation, enhances expression of neurotrophic factors (BDNF, NT3) 
and insulin-like growth factor-1 (IGF-1), releases anti-inflammatory cytokines (IL-4, IL-10), improves cognitive performance and removal of 
extracellular protein aggregates or protein plaques, among others in a neurodegenerative context

(A) (B) (C)
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5  |  HARNESSING “P​A” FOR NEURO -
REGENER ATION AND CNS INJURY 
RECOVERY WITH CNS- REL ATED PEPTIDES

As described above, PA is a physiological mechanism induced after 
CNS injury that could be boosted by peptides. The rationale behind 
this therapeutic strategy is that it is better to modulate the immune 
response than eliminate it. In chronic NDD, patients require a com-
petent immune response to avoid complications due to infection. 
Boosting of PA is a strategy that has rendered encouraging results 
both in acute and chronic NDD, being the latter the most difficult 
stage of injury to carry out a therapeutic approach.

As mentioned above, experimental studies demonstrated that 
immunization with a weaker version of the self-antigen could gen-
erate an appropriate PA without harmful autoimmunity. In the last 
years, much research was performed to develop these immunomod-
ulatory peptides and their possible therapeutic applications. In par-
ticular, glatiramer acetate (GA) has been used to induce PA in several 
chronic and acute NDD with encouraging results.

5.1  |  GLATIRAMER ACETATE

GA also called copolymer 1 (Cop-1), is a random copolymer of glu-
tamic acid, lysine, alanine, and tyrosine approved by the FDA for 
the treatment of relapsing–remitting multiple sclerosis.66 It has a 
well long-term safety profile and proved efficacy in a daily dose of 
20 mg/ml.67 Its mechanism of action has not been fully elucidated, 
but it seems that GA has an immune-modulatory effect and neuro-
protective properties.68 It has been shown that GA exerts an im-
munomodulatory effect on cells of the innate and adaptive immune 
systems by inhibiting the activation of MBP-reactive T cells and in-
ducing an anti-inflammatory T-cell environment. Also, it exerts an 
inhibitory effect on the pro-inflammatory (M1) microglia phenotype 
and stimulates the anti-inflammatory (M2) microglia phenotype. 
Moreover, it has been demonstrated that GA protects neurons and 
oligodendrocytes68 and affects three characteristic processes of 
neurogenesis: neuronal progenitor cell proliferation,69 migration,70 
and differentiation.71 Moreover, it has been found that GA immu-
nization enhanced the expression of hippocampal early growth re-
sponse protein 1 (Egr1), which is necessary for synaptic plasticity 
and memory formation.38

Additionally, it was reported that GA can alleviate the deleterious 
effect induced by chronic stress exposure. Thus, weekly treatment 
with GA for 3 weeks was able to reverse the learning impairment 
induced by stress through a mechanism that likely involves regulat-
ing the cytokine balance and adult neurogenesis.72 Besides, it has 
been demonstrated that the treatment with CNS-related peptides 
can ameliorate depressive behavior induced by chronic mild stress in 
rats. The behavioral outcome was accompanied by the restoration of 
hippocampal BDNF levels and neurogenesis.73

Considering the beneficial effects of GA in the CNS, this has 
been the most investigated CNS-related peptide-based therapy for 
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the treatment of chronic and acute NDD. A single injection of GA is 
protective in acute models of CNS insults, whereas, in chronic mod-
els, several boosts are necessary for a long-lasting protective effect. 
Below, we briefly described the experimental and clinical findings of 
the GA effect in NDD.

5.1.1  |  Amyotrophic lateral sclerosis

Neuroinflammation is a prominent pathological finding in ALS pa-
tients with microglial activation, astrogliosis, and infiltration of 
monocytes and T cells. It has been thought that regimens with anti-
inflammatory drugs could offer therapeutic benefits to ALS patients. 
Results in experimental models are scarce and contradictory. A phase 
II randomized controlled trial including 20 patients was performed to 
test the safety, tolerability, and immunogenicity of different doses 
of GA in human ALS.74 The authors found that the tolerability of 
GA was acceptable. In contrast to control, patients elicited a T-cell 
proliferative response to GA, indicating that immunity was modu-
lated similarly in patients with ALS and MS. In the same cohort,33 
it was showed that GA immunization induces a strong humoral re-
sponse. GA-treated ALS patients exhibited significant levels of anti-
GA antibodies. Concerning cytokine levels, the authors found that 
patients treated daily with GA had a Th2 -type response, while in 
patients treated biweekly, the production of cytokines was towards 
Th1.33 Finally, in a double-blind, randomized, multicenter, placebo-
controlled trial to study the efficacy of a 40 mg/day dose of GA in 
ALS patients, GA did not show any beneficial effect in this popula-
tion.34 The authors found acceptable safety and tolerability of GA 
in this population.34 The most common events are reactions at the 
injection site for the daily 20- and 40-mg GA doses.34 Currently, the 
efficacy with less frequent GA dosing regimens in patients with ALS 
has not been studied.

In addition, a wide range of compounds, representing at least 10 
different defined mechanisms of action were tested, but, despite 
significant research efforts, most of the human clinical trials have 
failed to demonstrate clinical efficacy in ALS. These therapeutic fail-
ures are partly due to this disease's heterogeneous characteristics 
requiring stratified case monitoring. In this sense, identifying immu-
nological biomarkers is necessary to provide precision medicine to 
patients.75,76

5.1.2  |  Parkinson's disease

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-intoxicated 
mice constitute an appropriate experimental model of PD. In this 
model, it was reported that adoptive transfer of GA-induced immune 
cells induces prompts a T-cell accumulation in the inflamed brain re-
gions with suppression of microglial response and increased local 
production of glial cell line-derived neurotrophic factor (GDNF) by 
astrocytes.44 The process was T-cell-dependent and protected the 
nigrostriatal dopaminergic system. The authors also found that Tregs 

mediated neuroprotection through suppression of microglial re-
sponses to stimuli, including aggregated, nitrated alpha-synuclein.24

It was recently demonstrated that the administration of GA could 
reverse motor dysfunction observed in MPTP-intoxicated mice. GA 
treatment recovers tyrosine hydroxylase protein expression in the 
striatum, facilitates restoration of the mature form of BDNF, and 
decreases the microglial marker, IBA1, protein expression within the 
midbrain. These results indicated that GA treatment effectively re-
versed clinical and pathological features of PD in this murine model.45

5.1.3  |  Alzheimer's disease

As mentioned, AD is characterized by plaque formation, neuronal 
loss, and cognitive decline. Transgenic mouse models resembling 
pathological features of AD are used as tools for developing insights 
into the biological basis of this pathology.

The effect of GA vaccination in a double-transgenic mouse was 
evaluated.36 Treated mice showed a decrease in the number of Aβ-
immunoreactive plaques, increased neurogenesis, and a reduced 
cognitive decline.36 The authors reported several mechanisms for 
the amelioration of pathological features. Among them was a phe-
notypic switch of the microglia to dendritic-like cells CD11c+ pro-
ducing insulin-like growth factor 1 in the brain.36 The increase in 
local CD11c+ dendritic-like cells is due to GA-induced recruitment 
of bone marrow-derived dendritic cells37 pointed to the choroid 
plexus of the brain as a selective leukocyte gateway to the CNS, en-
abling macrophages and T-cell recruitment following neural tissue 
injury.27 Moreover, they present evidence that the suppression of 
the immune response by Tregs is a negative factor in AD pathology, 
reducing the gateway activity of the choroid plexus of the brain to 
orchestrate the recruitment of leukocytes into the CNS.27

At present, it is recognized that activated macrophages effec-
tively remove Aβ42 oligomers and rescue VGluT1/PSD95 synapses, 
providing a rationale for harnessing macrophages to treat AD. In re-
cent studies,39–41 it has been shown that either an enrichment bone 
marrow-derived CD115+ monocyte subset or weekly administration of 
GA in a transgenic AD animal model enhances natural recruitment of 
blood-borne monocytes to diseased brain parenchyma. This increased 
cerebral infiltration of monocytes resulted in a substantial attenuation 
of disease progression in murine AD models by mechanisms that in-
volved enhanced cellular uptake and enzymatic degradation of toxic 
amyloid-β, as well as regulation of brain inflammation. The combined 
treatment induced higher monocyte recruitment than either therapy 
alone. These observations encourage the investigation of autologous 
monocyte administration, alone or in combination with a safe immune-
modulation therapy, for therapeutic intervention in patients with AD.

5.1.4  |  Spinal cord injury

GA effectiveness in SCI seems to depend on the dose used and the 
time of administration. It was studied the effect of 2-week treatment 
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of GA in low doses (0.5 mg/animal/day) in rats subjected to the avul-
sion of lumbar ventral roots.77 Results indicated that GA treatment 
induced a 40% increase in neuronal survival in the motor nucleus in 
the spinal cord along with a reduction of astroglial reactivity at the 
lesion site.

In a most recent study, GA treatment was carried out on female 
Sprague–Dawley rats using a high dose (2 mg/kg) for 28 consecu-
tive days after the laminectomy. In contrast to other studies, the 
authors observed an impaired locomotor recovery, increased neu-
ron loss in the acute phase after SCI, and a deleterious response 
against MBP.50

5.1.5  |  Stroke

It has been reported that the injection of low doses of GA 30 min 
after reperfusion generated a neuroprotective effect during the 
acute and chronic phases of stroke. Thus, immunization with GA 
significantly improved neurological function and decreased the 
percentage of infarct volume at 7 and 60 days after injection.46,78 
These effects are attributed to PA stimulation that alters the pro-
inflammatory cytokine profile observed after cerebral ischemia, in-
ducing neuroprotection, and neurogenesis.47 The authors suggest 
that a possible GA-induced mechanism to promote neurogenesis is 
through modulating the microenvironment of choroid plexus by the 
upregulation and release of BDNF, IGF-1, NT-3, and IL-10 and down-
regulation of IL-17.47 However, the immunization with high doses of 
GA immediately after cerebral ischemia did not show a protective 
effect. No reduction in infarct volume or improvement in the neural 
deficit was observed despite a significant increase in neurogenesis 
and a decrease in microglial activation.49 Consistent with these find-
ings, prophylactic administration of GA 30 min before stroke induc-
tion resulted in similar stroke volumes between treated and controls, 
without differences in functional parameters on Day 1.48 Overall, 
these data demonstrate that GA did not have a protective effect on 
a very early stage after stroke in mice when administered in a pro-
phylactic setting.

5.2  |  A91

A91 is a peptide derived from the immunogenic sequence (87–99) of 
the MBP, in which the lysine residue at position 91 has been replaced 
with alanine. The inoculation of A91 peptide induces the proliferation 
of CNS-antigen-specific T-cells that exert protective actions through 
several mechanisms that promote neuroprotection.51,79–82 This thera-
peutic strategy has rendered encouraging results in both acute and 
chronic SCI, being the last one a challenging state to treat successfully.

It is necessary to consider the surrounding environment at 
chronic stages of injury. The glial scar formation, avoiding a cor-
rect reconnection of axons, is one of the main obstacles to allow 
the action of this therapeutic intervention. Another important fea-
ture of the chronic phase of injury is low activity at the damage site, 

followed by a progressive decline in the neurological function of in-
jured individuals.

A beneficial effect of immunization with A91 after SCI has been 
reported. It was demonstrated that A91 acts by inhibiting lipid per-
oxidation,79 downregulating inducible nitric oxide synthase gene 
expression,51 and reducing apoptosis triggered by a traumatic in-
jury.80 It also generates an improvement in the long-term produc-
tion of the neurotrophic factors BDNF and NT381 and GAP-43.82 
Besides, A91 induced significant production of anti-inflammatory 
and regeneration-associated proteins and a significant increase in 
neurogenesis in the chronic stages of injury.83 This favorable effect 
was associated with improved motor and sensitivity recovery in the 
chronic stage of SCI.82 Additionally, it is important to point out that 
this therapeutic strategy could be useful for other trauma-related 
disorders such as TBI. Despite the promissory results described 
above for moderate injury, these beneficial effects were not ob-
served in animals with severe SCI.83

Previous research has shown that scar removal84 or a matrix 
with bone marrow-mesenchymal stem cells,85 used separately, pro-
moted a significant tissue restoration and motor recovery after SCI. 
Considering the results obtained, Ibarra's laboratory investigated 
the effect of combining CNS-related peptides with these alternative 
strategies to achieve a more efficient therapy. In a first approach, the 
authors explored both the immunization with A91 peptide alone or in 
combination with scar removal, on locomotor recovery, regeneration-
associated and cytokine gene expression, as well as the number of re-
generating axons, in a model of chronic SCI.86 The results suggested 
that both treatments could substantially modify the nonpermissive 
microenvironment prevailing at the chronic phase of SCI, providing 
the opportunity to promote higher motor recovery. Treatment using 
scar removal combined with immunization with CNS-related peptides 
therapy demonstrated greater beneficial effects.86

Afterward, the authors designed a combined therapy integrat-
ing surgical glial scar removal, a fibrin glue matrix with mesenchymal 
stem cells, and CNS-derived peptides.87 The results showed that the 
combined therapy was able to modify the non-permissive microenvi-
ronment post-SCI but wasn't capable of inducing a proper axonal re-
generation or neurogenesis as it was observed after treatment with 
CNS-related peptides alone.87 However, they recently observed that 
combined therapy of monocyte locomotion inhibitor factor, A91 
peptide, and glutathione monoethyl ester (GSH-MEE) preserved 
spinal cord tissue integrity and promoted functional motor recovery 
in rats following chronicstage SCI.88

Also, it was reported that the vaccination with spinal cord 
homogenate-pulsed dendritic cells89,90 and in particular with A91-
pulsed dendritic cells91 enhanced the expression level of BDNF and 
NT-3 and exerted neuroprotective effect in a SCI mice model.

It is important to note that it was proposing that the neuropro-
tective strategy using A91 peptide in combination with other immu-
nomodulatory peptides could be useful for other neurodegenerative 
and neuroinflammatory acute or chronic pathologies.88 However, at 
present, there is a lack of evidence about the beneficial effect of A91 
for others pathologies than SCI.
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5.3  |  POLY-YE

Poly-YE is a copolymer formed by the dipeptide Glu-Tyr that exerts 
regulatory effects on the immune system.92 Additionally, it has been 
observed that poly-YE can decrease the activity of the regulatory T 
cells. Therefore, it has been used in several animal models of CNS 
injury to facilitate the spontaneous response of effector T cells by 
recognizing the antigens associated with cell damage. In an animal 
model of ischemic stroke, a single poly-YE administration resulted in 
long-lasting clinical and behavioral benefits, combined with neuro-
protection and increased neurogenesis, from the subacute phase.93 
In two animal models of glaucoma, the administration of Poly-YE had 
a neuroprotective effect. Evidence shows that Poly-YE acts through 
the regulation of the local microglia.94

6  |  CONCLUSIONS

Traditionally, it was thought that NDD of different etiology shared 
a common local neuroinflammatory component. However, several 
findings showed that the loss of immune homeostasis and/or early 
deregulation of immune responses may represent one of the key 
initial steps in disease pathogenesis leading to excessive inflam-
mation or an inefficient reparative immune response. In the last 
years, it has become apparent that modulating the immune re-
sponse was more important than eliminating it for the treatment 
of NDD. In this context, the concept of PA allowed the search 
of neural antigens that produce a weak immune response (CNS-
derived peptides) to fight with insult limiting the inflammatory re-
sponse. The use of these peptides in experimental models of NDD 
has shown promissory results. In addition, clinical studies showed 
that GA has acceptable safety and tolerability.67 Nevertheless, the 
results have not shown the expected outcome. Combined therapy 
with other strategies that are capable of promoting significant 
tissue restoration is now under study. Considering the dual role 
of the immune system in NDD, a therapy that allows controlling 
excessive inflammation while maintaining the protective and re-
generative immune functions will likely be crucial for the efficient 
treatment of NDD.
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