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ABSTRACT

Introduction: Spinal cord injury (SCI) triggers an inflammatory response that exacerbates tissue damage and limits neuronal 
regeneration. This response involves the overexpression of inflammatory genes associated with oxidative stress, apoptosis, 
and demyelination. A promising neuroprotective strategy is immunization with neural-modified peptides (INMP), such as 
A91 and Cop-1, derived from myelin basic protein. These peptides induce a regulatory immune response via Th2-type T 
lymphocytes, promoting an anti-inflammatory environment. Methods: A severe contusion model of SCI was used in rats. 
Following injury, animals were immunized with either A91 or Cop-1. Spinal cord tissue was collected seven days post-injury 
for transcriptomic analysis using microarray technology. Gene expression profiles were compared to a non-immunized con-
trol group (PBS). Results: Both treatments led to a general reduction in the expression of inflammatory genes. However, only 
A91 immunization resulted in a statistically significant downregulation of eleven key genes: Bmp2, Casp1, Casp3, Ccl2, Cebpb, 
Cish, Socs2, Socs3, Il1rap, Tgfb3, and Tnfs11. These findings are consistent with previous studies from our group, which sug-
gest that the neuroprotective effects of INMPs are less evident in cases of severe SCI. Conclusion: Immunization with INMPs 
modulates the inflammatory response following severe SCI. A91 produced a more pronounced effect than Cop-1, suggesting 
greater therapeutic potential. These results indicate that gene expression responses to INMPs may vary depending on injury 
severity, and further research is required to optimize therapeutic strategies.
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RESUMEN

Introducción: La lesión de la médula espinal (LME) activa una respuesta inflamatoria que agrava el daño tisular y limita la 
regeneración neuronal. Esta respuesta implica la sobreexpresión de genes inflamatorios, relacionados con procesos como 
estrés oxidativo, apoptosis y desmielinización. Una estrategia neuroprotectora es la inmunización con péptidos neurales 
modificados (INMP), como A91 y Cop-1, derivados de la proteína básica de mielina. Estos péptidos inducen una respuesta 
inmune reguladora mediante linfocitos T tipo Th2, promoviendo un entorno antiinflamatorio. Metodología: Se utilizó un 
modelo de contusión medular severa en ratas. Tras la lesión, los animales fueron inmunizados con A91 o Cop-1. A los siete 
días post-lesión se obtuvo la médula espinal para análisis transcriptómico mediante microarreglos. Los perfiles de expresión 
génica se compararon con un grupo control no inmunizado (PBS). Resultados: Ambos tratamientos redujeron la expresión 
general de genes inflamatorios. Sin embargo, solo la inmunización con A91 mostró una disminución estadísticamente sig-
nificativa en once genes clave: Bmp2, Casp1, Casp3, Ccl2, Cebpb, Cish, Socs2, Socs3, Il1rap, Tgfb3 y Tnfs11. Estos hallazgos 
coinciden con estudios previos de nuestro grupo, que indican que los efectos neuroprotectores de los INMP son menos evi-
dentes en casos de LME severa. Conclusión: La inmunización con INMP modula la respuesta inflamatoria tras LME severa. 
A91 mostró un efecto más significativo que Cop-1, lo que sugiere un mayor potencial terapéutico. Estos resultados sugieren 
que la respuesta génica a los INMP varía según la gravedad de la lesión, y se requiere mayor investigación para optimizar las 
estrategias terapéuticas.

Palabras clave: expresión génica; péptidos de origen neural; lesión medular.

INTRODUCTION 

Following spinal cord injury (SCI), several autodestructive 
mechanisms have been observed. These include significant 
calcium influx into the cellular compartment, neural fiber 
damage, metabolic disturbances, destruction of microves-
sels, and breakdown of the blood-medullary barrier. The 
latter results in the recruitment of immune cells at the in-
jury site (neutrophils, hematogenous macrophages, and 
T lymphocytes) and the activation of resident microglia, 
which triggers an inflammatory reaction at the damaged 
area, leading to an increased inflammatory response. This 
inflammatory process is mediated by different cells and 
proinflammatory cytokines, which exacerbate lipid perox-
idation, free radical production, and demyelination, ulti-
mately resulting in extensive secondary tissue damage.1,2 
Furthermore, the exacerbated inflammatory response can 
trigger a pathological autoreactive reaction, primarily me-
diated by the activation of T lymphocytes. If these lympho-
cytes differentiate into a Th1 phenotype (proinflammatory), 
they contribute to increased demyelination and expansion 
of the injury. However, if the response is directed toward 
a Th2 phenotype, the balance Th1/Th2 could regulate sec-
ondary damage by developing a neuroprotective microen-
vironment.3–5

The immune response has been demonstrated to play a 
pivotal role in the pathophysiology of secondary injury.6 
Recently, it has been demonstrated that modulating rather 

than inhibiting the immune response is beneficial and pro-
motes neurological recovery after SCI.7,8 Protective auto-
immunity (PA) is an innovative strategy based on immune 
response modulation.5,9–11 This approach is enhanced by 
immunization with non-encephalitogenic neural-modified 
peptides (INMP) such as A91 or Cop-13,12 A91 is a myelin 
basic protein (MBP)-derived peptide (sequence 87-99), ob-
tained by replacing the lysine residue at position 91 with 
alanine.12–14 On the other hand, Cop-1 is a random poly-
peptide synthesized from four amino acids (L-tyrosine, 
L-glutamic acid, L-alanine, and L-lysine), with an average 
molar fraction of 0.141, 0.427, 0.095, and 0.0338, respec-
tively.15,16

Despite promising results, the precise mechanisms by 
which PA exerts its neuroprotective effects remain un-
clear, and many aspects have yet to be elucidated. Gene 
expression analysis may provide valuable insights into 
these mechanisms, as gene regulation can influence cellu-
lar function over both short and extended periods. Based 
on our previous studies, the neuroprotective effects of 
A91 and Cop-1 were found to be limited in cases of severe 
compared to moderate SCI, we aimed to investigate gene 
expression changes seven days after severe SCI, following 
immunization with A91 or Cop-1. Gene expression profiling 
was performed using microarray analysis to identify novel 
therapeutic targets associated with INMP in the context of 
severe spinal cord injury.
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MATERIALS AND METHODS

Study Design

The sample size for this experiment was calculated using 
an alpha level of 0.05 and a beta of 0.20. Sixteen rats were 
subjected to severe spinal cord contusion and were rando-
mly assigned to four groups (GraphPad QuickCalcs: http://
www.graphpad.com/quickcalcs/): (1) non-immunized rats 
receiving PBS (n = 4), (2) rats immunized with A91 pepti-
de (n = 4), (3) rats immunized with Cop-1 (n = 4), and (4) 
Sham-operated rats (n = 4), which were used to normali-
ze gene expression values across all experimental groups. 
Seven days post-injury, all animals were euthanized, and 
spinal cord tissue was collected for microarray analysis of 
inflammation-related gene expression.

Animals

Adult female Fischer 344 rats (F344; 13–14 weeks old, 
200–230 g; n = 12) were used in three independent experi-
ments. Animals were obtained from Proyecto Camina A.C. 
and housed according to NIH guidelines for the care and 
use of laboratory animals. All procedures were approved 
by the Animal Bioethics and Welfare Committee (Protocol 
ID: 57204; CSNBTBIBAJ 090812960) and conducted in com-
pliance with the Mexican Official Norm for Laboratory Ani-
mal Care (NOM-062-ZOO-1999).

Spinal Cord Injury

Rats were anesthetized with intramuscular ketamine (100 
mg/kg; Probiomed, Mexico City) and xylazine (10 mg/kg; 
Fort Dodge Laboratories, IA, USA). A T9 laminectomy was 
performed to expose the spinal cord, and a 10 g rod was 
dropped from a height of 50 mm onto the exposed cord 
using the New York University (NYU) Impactor to induce a 
severe SCI.17,18 After surgery, muscles and skin were sutured 
in layers. Animals were kept in a temperature-controlled 
environment at 23°C for the first 7 days post-injury. Manual 
bladder expression was performed twice daily. Antibiotics 
(enrofloxacin, 64 mg/kg/day; Marvel, Mexico City) and an-
algesics were administered daily to prevent infections and 
minimize pain.

Active Immunization

Sixty minutes after injury, rats were immunized subcutane-
ously at the base of the tail with a single dose of 150 μg 
of either A91, Cop-1, or 0.15 M phosphate-buffered saline 
(PBS), each emulsified in an equal volume of complete Fre-
und’s adjuvant (CFA) containing 0.5 mg/mL Mycobacterium 
tuberculosis. A91 (purity >95%) was obtained from Invitro-
gen Life Technologies (San Diego, CA), and Cop-1 was pur-
chased from Sigma (St. Louis, MO).

Microarray Analysis

Gene expression analysis was focused on 90 inflamma-
tion-related genes. Seven days post-injury, a 3 cm spinal 
cord segment centered at the injury site was collected. To-
tal RNA was extracted using the TRIzol-chloroform method 
(Sigma-Aldrich), followed by purification using the SuperAr-
rays RT-QPCR grade RNA isolation protocol. RNA concentra-
tion and purity were assessed via UV spectrophotometry. 
Only samples with an A260:A280 ratio of ~2.0 and intact 
ribosomal bands (28S and 18S) on agarose gel electropho-
resis were used.

Complementary RNA (cRNA) was synthesized from 2 μg of 
total RNA using the TrueLabeling-AMP™ 2.0 Kit (Oligo GE-
Array®, SuperArrays), incorporating biotin-6-UTP. cRNA was 
purified using the ArrayGrade™ Cleanup Kit and hybridized 
to nylon membrane arrays. Each array was performed in 
quadruplicate. Images were acquired using a cooled CCD 
camera, and data were analyzed with the SABiosciences 
GEArray® Expression Analysis Suite. Ribosomal protein L32 
and lactate dehydrogenase A (LDHA) were used as internal 
controls. Expression levels were reported in arbitrary units 
after normalization. Gene expression from injured tissue 
was compared to sham-operated controls. A change great-
er than a 1-fold increase or a decrease of more than 50% 
was considered significant.

Data Analysis

ImageJ software was used to quantify signal intensity and 
density (IntDen) for each microarray spot. The same area 
was selected for all samples using the “rectangle” tool. 
Expression data from all 90 genes across 15 arrays (three 
per group) were analyzed. Delta 1 values were calculated 
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for each gene using LDHA (lactate dehydrogenase A) as a 
normalization control, and Delta 2 values were derived by 
comparing results to the Sham group.

Statistical Analysis

Statistical significance was determined using the Kruskal–
Wallis test or the Mann–Whitney U test. A p value ≤ 0.05 
was considered statistically significant.

RESULTS

To elucidate the molecular mechanisms underlying the 
neuroprotective effects of A91 and Cop-1, we analyzed 
the gene expression profiles induced by these synthetic 
peptides using microarray assays. A broad range of differ-
entially expressed genes was observed in the microarray 
clustergram across the A91, Cop-1, PBS, and Sham groups 
(Figure 1).

 

17 

 

 

Figure 1. Clustergram of inflammatory gene expression following severe SCI in rats immunized with A91 or Cop-1. Colors indicate the 
relative magnitude of gene expression changes. Several inflammatory genes exhibited differential expression in both the A91 and Cop-1 
treatment groups.
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Gene expression changes were systematically analyzed and 
compared across all experimental groups in the study, with 
Delta 2 values represented relative to the Sham group. Ta-
ble 1 summarizes the fold changes in gene expression, as 
determined by microarray analysis, for each treatment con-
dition. Immunization with A91 or Cop-1 generally resulted 
in a downregulation of genes associated with inflammatory 
processes. Notably, statistically significant differences were 
observed exclusively in the A91-treated group when com-

pared to both the PBS and Cop-1 groups. For clarity, gene 
expression fold changes in Table 1 are represented using a 
color-coded scheme: red indicates genes with a ≥1-fold in-
crease, yellow represents genes with a ≥0.3-fold increase, 
and green denotes genes with a fold change <0.3. Among 
the A91-treated group, Bmp2, Casp1, Casp3, Ccl2, Cebpb, 
and Cish exhibited the most pronounced downregulation 
(average fold change < 0.3), suggesting potential suppres-
sion of pro-inflammatory and apoptotic pathways (Table 1).

Table 1. Fold change in gene expression from the microarray analysis across treatment groups

 Groups mean +/- SD 

Gen PBS A91 Cop-1 P value

Bmp2 1.76 +/- 0.11 0.28 +/- 0.23 1.04 +/- 0.47 0.001

Bmp3 1.34 +/- 0.38 1.74 +/- 0.45 1.1 +/- 0.28 ns

Casp1 1.38 +/- 0.38 0.26 +/- 0.17 1.04 +/- 0.47 0.001

Casp3 1.45 +/- 0.43 0.29 +/- 0.19 1.15 +/- 0.48 0.05

Ccl2 1.8 +/- 0.04 0.3 +/- 0.17 1.3 +/- 0.14 0.001

Ccl22 1.66 +/- 1.33 1.82 +/- 1.83 1.36 +/- 1.21 ns

Ccl3 1.31 +/- 0.30 0.63 +/- 0.64 0.89 +/- 0.41 ns

Cebpb 1.76 +/- 0.16 0.24 +/- 0.16 1.03 +/- 0.47 0.05

Cish 1.59 +/- 0.11 0.27 +/- 0.14 0.97 +/- 0.38 0.001

Socs2 1.61 +/- 0.29 0.85 +/- 0.24 0.81 +/- 0.13* 0.05

Socs3 1.31 +/- 0.40 0.49 +/- 0.40 0.96 +/- 0.45 0.05

Cx3cl1 1.22 +/- 0.32 0.55 +/- 0.53 0.9 +/- 0.44 ns

Cxcl10 1.32 +/- 0.30 0.51 +/- 0.50 0.94 +/- 0.44 ns

Cxcl2 1.33 +/- 0.29 0.5 +/- 0.48 0.97 +/- 0.43 ns

Il3ra 1.27 +/- 0.26 0.54 +/- 0.45 0.92 +/- 0.41 ns

Fgf1 1.54 +/- 0.49 0.68 +/- 0.48 0.91 +/- 0.34 ns

Fgf10 2.02 +/- 1.50 0.54 +/- 0.11 0.74 +/- 0.12 ns

Fgf11 1.2 +/- 0.41 0.48 +/- 0.30 0.88 +/- 0.39 ns

Fgf12 0.93 +/- 0.26 0.45 +/- 0.11 0.58 +/- 0.10 ns

Fgf13 1.22 +/- 0.40 0.49 +/- 0.45 0.91 +/- 0.51 ns

Fgf14 1.25 +/- 0.29 0.47 +/- 0.42 0.91 +/- 0.44 ns

Fgf15 1.21 +/- 0.30 0.44 +/- 0.37 0.91 +/- 0.42 ns

Fgf16 1.22 +/- 0.24 0.44 +/- 0.38 0.89 +/- 0.41 ns

Fgf17 1.21 +/- 0.34 0.44 +/- 0.35 0.92 +/- 0.46 ns

Fgf18 1.19 +/- 0.36 0.41 +/-0.31 0.87 +/- 0.46 ns

Fgf2 1.11 +/- 0.44 0.38 +/-0.27 0.85 +/ -0.46 ns

Fgf20 0.83 +/- 0.12 0.42 +/-0.20 0.63 +/- 0.04 ns

Fgf21 1.19 +/- 0.39 0.5 +/-0.45 0.9 +/- 0.50 ns
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 Groups mean +/- SD 

Gen PBS A91 Cop-1 P value

Fgf22 1.18 +/- 0.30 0.46 +/-0.40 0.87 +/- 0.43 ns

Fgf23 1.22 +/- 0.35 0.44 +/-0.38 0.89 +/- 0.47 ns

Fgf3 1.19 +/- 0.37 0.45 +/-0.39 0.89 +/- 0.48 ns

Fgf5 1.11 +/- 0.44 0.45 +/-0.37 0.88 +/ -0.47 ns

Fgf6 1.11 +/- 0.43 0.39 +/-0.30 0.83 +/- 0.48 ns

Fgf7 1.11 +/- 0.45 0.41 +/-0.29 0.83 +/- 0.49 ns

Fgf8 1.19 +/- 0.40 0.45 +/-0.38 0.88 +/- 0.48 ns

Fgf9 1.18 +/- 0.47 0.52 +/-0.39 0.9 +/- 0.47 ns

Fgfbp1 1 +/- 0.23 0.57 +/-0.32 0.74 +/- 0.12 ns

Fgfr1 1.27 +/- 0.17 1.05 +/-0.46 0.94 +/- 0.28 ns

Fgfr2 1.17 +/- 0.33 0.5 +/-0.43 0.85 +/-0.40 ns

Fgfr3 1.17 +/- 0.30 0.48 +/-0.42 0.87 +/-0.40 ns

Frag1 1.16 +/- 0.32 0.45 +/-0.39 0.96 +/-0.41 ns

Ifrd1 1.17 +/- 0.38 0.42 +/-0.35 0.87 +/-0.47 ns

Il18bp 1.26 +/- 0.36 0.49 +/-0.46 0.92 +/-0.48 ns

Il10 1.2 +/- 0.71 0.63 +/-0.37 0.9 +/-0.19 ns

Il10ra 1.21 +/- 0.40 0.51 +/-0.32 0.85 +/-0.35 ns

Il11 1.21 +/- 0.34 0.48 +/-0.39 0.89 +/-0.46 ns

Il12a 1.18 +/- 0.35 0.47 +/-0.39 0.9 +/-0.46 ns

Il12b 1.14 +/- 0.35 0.5 +/-0.44 0.87 +/-0.41 ns

Il13 1.17 +/- 0.37 0.46 +/-0.39 0.88 +/-0.44 ns

Il15 1.2 +/- 0.21 0.61 +/-0.35 0.85 +/-0.27 ns

Il18 1.22 +/- 0.41 0.49 +/-0.44 0.86 +/-0.38 ns

Il1a 1.23 +/- 0.40 0.56 +/-0.49 0.97 +/-0.48 ns

Il1b 1.26 +/- 0.36 0.5 +/-0.41 0.93 +/-0.45 ns

Il1r1 1.23 +/- 0.37 0.51 +/-0.43 0.95 +/-0.47 ns

Il1r2 1.17 +/- 0.33 0.6 +/-0.55 0.92 +/-0.43 ns

Il1rap 1.71 +/- 0.52 0.5 +/-0.08 1.56 +/-0.13 0.05

Il1rl2 1.24 +/- 0.20 0.49 +/-0.22 0.85 +/-0.21 ns

Il1rn 2.03 +/- 2.12 0.65 +/-0.40 0.95 +/-0.58 ns

Il2 1.23 +/- 0.41 0.52 +/-0.42 0.87 +/-0.40 ns

Il24 1.42 +/- 0.62 0.58 +/-0.46 0.98 +/-0.44 ns

Il2ra 1.31 +/- 0.37 0.53 +/-0.44 0.99 +/-0.47 ns

Il2rb 1.26 +/- 0.33 0.52 +/-0.46 0.97 +/-0.43 ns

Il3 1.92 +/- 0.91 1.74 +/-0.91 1.78 +/-0.68 ns

Il4ra 1.17 +/- 0.38 0.46 +/-0.37 0.92 +/-0.46 ns

Il5 1.2 +/- 0.38 0.55 +/-0.47 0.93 +/-0.46 ns

Il5ra 1.2 +/- 0.38 0.5 +/-0.42 0.92 +/-0.47 ns
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 Groups mean +/- SD 

Gen PBS A91 Cop-1 P value

Il6 1.19 +/- 0.28 0.52 +/-0.48 0.97 +/-0.41 ns

Il6ra 1.31 +/- 0.34 0.55 +/-0.46 0.98 +/-0.42 ns

Il6st 1.24 +/- 0.33 0.52 +/-0.41 0.94 +/-0.42 ns

Il7 1.27 +/- 0.38 0.51 +/-0.37 0.99 +/-0.45 ns

Il8rb 1.24 +/- 0.39 0.49 +/-0.39 0.96 +/-0.48 ns

Il9r 1.23 +/- 0.41 0.47 +/-0.37 0.95 +/-0.49 ns

Ilf3 1.26 +/- 0.36 0.51 +/-0.46 0.95 +/-0.47 ns

Lta 1.16 +/- 0.39 0.46 +/-0.36 0.88 +/-0.48 ns

Ccl11 1.21 +/- 0.35 0.52 +/-0.43 0.9 +/-0.42 ns

Ccl17 1.2 +/- 0.24 0.57 +/-0.43 0.89 +/-0.29 ns

Ccl20 1.38 +/- 0.85 1.3 +/-0.56 1.41 +/-0.94 ns

Ccl4 1.22 +/- 0.32 0.53 +/-0.43 0.97 +/-0.42 ns

Tgfa 1.29 +/- 0.37 0.47 +/-0.34 0.97 +/-0.45 ns

Tgfb1 0.94 +/- 0.17 0.42 +/-0.15 0.74 +/-0.09 ns

Tgfb1i1 1.34 +/- 0.45 0.51 +/-0.40 1 +/-0.44 ns

Tgfb1i4 1.49 +/- 0.82 0.48 +/-0.34 0.66 +/-0.21 ns

Tgfb2 1.21 +/- 0.38 0.43 +/-0.33 0.9 +/-0.48 ns

Tgfb3 1.32 +/- 0.37 0.32 +/-0.26 1.32 +/-0.05 0.05

Tgfbr2 1.2 +/- 0.28 0.62 +/-0.45 0.96 +/-0.35 ns

Tgfbr3 1.28 +/- 0.35 0.52 +/-0.40 1.02 +/-0.43 ns

Klf10 1.31 +/- 0.39 0.49 +/-0.39 1.03 +/-0.45 ns

Tnf 1.21 +/- 0.30 0.57 +/-0.27 1.02 +/-0.37 ns

Tnfsf11 1.33 +/- 0.41 0.49 +/-0.41 1.01 +/-0.46 0.05

Tnfsf4 1.26 +/- 0.37 0.49 +/-0.37 0.97 +/-0.46 ns

Faslg 1.02 +/- 0.24 0.48 +/-0.21 0.85 +/-0.26 ns
The values represent relative expression levels compared to the Sham group. Statistical analy-
sis was performed using the Kruskal–Wallis test, followed by post hoc Mann–Whitney U tests 
(p < 0.05). SD: standard deviation.

Among all the genes analyzed, only eleven exhibited statis-
tically significant downregulation in the A91-treated group 
compared to the PBS and Cop-1 groups. Although the Cop-1 

group showed a reduction in the expression of these genes, 
the differences were not statistically significant when com-
pared to the PBS group (Table 2). 
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Table 2. Changes in gene expression of the different groups

 Groups mean +/- SD

Gen PBS A91 Cop-1 p compared with 
all the groups

Bmp2 1.76 +/- 0.11 0.28 +/- 0.23 1.04 +/- 0.47 0.001
Casp1 1.38 +/- 0.38 0.26 +/- 0.17 1.04 +/- 0.47 0.001
Casp3 1.45 +/- 0.43 0.29 +/- 0.19 1.15 +/- 0.48 0.05
Ccl2 1.8 +/- 0.04 0.3 +/- 0.17 1.3 +/- 0.14 0.001
Cebpb 1.76 +/- 0.16 0.24 +/- 0.16 1.03 +/- 0.47 0.05
Cish 1.59 +/- 0.11 0.27 +/- 0.14 0.97 +/- 0.38 0.001
Socs2 1.61 +/- 0.29 0.85 +/- 0.24 0.81 +/- 0.13 0.05
Socs3 1.31 +/- 0.40 0.49 +/- 0.40 0.96 +/- 0.45 0.05
Il1rap 1.71 +/- 0.52 0.5 +/-0.08 1.56 +/-0.13 0.05
Tgfb3 1.32 +/- 0.37 0.32 +/-0.26 1.32 +/-0.05 0.05
Tnfsf11 1.33 +/- 0.41 0.49 +/-0.41 1.01 +/-0.46 0.05
The values represent relative expression levels compared to the Sham group. Statistical 
analysis was performed using the Kruskal–Wallis test, followed by post hoc Mann–Whitney 
U tests (p < 0.05). SD: standard deviation.

DISCUSSION

The present study provides insight into the complex and 
severity-dependent gene expression changes induced by 
immunization with neural-derived peptides (A91 and Cop-
1) following severe spinal cord injury (SCI). Previous work 
by our laboratory demonstrated the neuroprotective and 
anti-inflammatory effects of these peptides in moderate 
SCI models;7,8,19 however, these effects were significant-
ly diminished under conditions of severe injury. Using a 
targeted microarray approach focused on inflammatory 
genes, the study reveals that only immunization with A91 
significantly modulates the expression of a subset of in-
flammation-related genes, with limited efficacy observed 
for Cop-1.

The Bmp2 gene encodes a bone morphogenetic protein 
(BMP) involved in neural repair and astrocytic reactivity,20,21  
Bmp2 was significantly downregulated in the A91 group. 
This contrasts with the sustained expression in PBS and 
Cop-1 groups and may suggest that A91 helps attenuate as-
trocyte-driven gliosis, a major impediment to axonal regen-
eration in SCI. 20,22 Interestingly, while Bmp3 gene, a known 
antagonist of canonical BMP signaling,23 was overexpressed 
in all groups, its functional role in SCI remains undefined. 
This divergence highlights the nuanced regulation of the 

BMP pathway, where the balance between members (e.g., 
Bmp2 vs. Bmp3) may influence lesion architecture and the 
potential for regeneration.20,21

One of the most striking findings was the significant down-
regulation of Ccl2, Casp1, and Casp3 genes exclusively in 
the A91 group. Ccl2 gene encodes for Ccl2 protein that is 
a chemokine critical for monocyte and T-cell recruitment.24 
Its reduction could limit excessive immune infiltration and 
consequent secondary tissue damage. Fang et al.25 reported 
that Ccl2 modulates the PI3K/Akt pathway, impacting apop-
tosis through regulation of Bax and Caspase-3. Thus, the 
concurrent downregulation of Caspase-3 (apoptosis mark-
er) and Caspase- 1 (pyroptosis mediator) further supports 
the hypothesis that A91 immunization shifts the post-injury 
environment toward neuroprotection by dampening cell 
death mechanisms.25,26 Pyroptosis, a highly inflammatory 
form of programmed cell death mediated via the NLRP3 
inflammasome and Caspase-1,26,27 is known to exacerbate 
SCI. A91-suppression of Casp1 gene, along with Cebpb gene 
and Il1rap gene—both involved in inflammasome signal-
ing—suggests it may partially inhibit inflammasome activa-
tion, reducing pyroptosis and preserving neural tissue.28

Furthermore, the study found significant suppression of 
SOCS genes (Suppressor of Cytokine Signaling) family —Cish, 
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Socs2, and Socs3— only in the A91 group. While SOCS 
proteins typically act as negative feedback regulators of 
cytokine signaling,29,30 Socs3 has been implicated in exci-
totoxic neuronal death and inflammation-induced injury 
in the CNS.31,32 Its reduction may reflect a compensato-
ry mechanism or could result in enhanced activation of 
anti-inflammatory signaling via STAT3, which has shown 
neuroprotective roles.31 Similarly, the reduction in Tgfb3 
gene, that encode a TGF-β superfamily member regu-
lating Th17/Th1 balance, may indicate suppressed neu-
roinflammatory polarization.33 The reduction in Tnfsf11 
gene (RANK), which influences dendritic cell survival and 
immune activation via non-canonical NF-κB pathways,34 
suggests broader immunomodulatory effects mediated 
by A91.

Importantly, although A91 significantly decreased the ex-
pression of several key genes involved in immune modu-
lation, apoptosis, and chemotaxis, these molecular effects 
did not translate into evident neuroprotection or improved 
outcomes in the context of severe SCI, as shown in prior 
work by our group.7,19 This discrepancy may be attributed 
to the highly deleterious microenvironment generated af-
ter severe injury, particularly in the more advanced stages 
of the lesion. Such a hostile environment, characterized 
by sustained oxidative stress, pro-inflammatory cytokine 
release, and cellular necrosis, could override the potential 
benefits of A91-induced gene modulation. Therefore, de-
spite its promising immunomodulatory profile, A91’s clini-
cal efficacy appears limited under severe injury conditions. 
This disconnection between gene expression changes and 
functional outcomes highlights a critical area for future re-
search. Investigating the temporal evolution of the post-in-
jury microenvironment and its impact on therapeutic re-
sponsiveness will be essential to optimize the timing and 
context of peptide-based interventions.

Interestingly, while Il1b, Il18, and Tnf genes showed numer-
ical decreases in the A91 and Cop-1 groups, the changes 
were not statistically significant. These cytokines are cen-
tral to SCI pathology, and their persistent expression might 
explain the limited functional recovery observed in pri-
or severe SCI studies using these peptides.7,19 The lack of 
suppression in other chemokines genes, such as Ccl20 and 
Ccl22, across all groups suggests that certain inflammatory 
circuits remain unresponsive to peptide immunization, pos-
sibly due to overwhelming injury-related damage-associat-
ed molecular patterns (DAMPs) that continuously activate 
NF-κB and MAPK pathways.35,36

Despite the similarities between A91 and Cop-1 in immune 
modulation goals.3,12,15 their divergent gene regulation pat-
terns observed here reinforce that even subtle biochemical 
differences can drastically alter immunological outcomes. 
For instance, Cop-1 failed to significantly downregulate any 
of the eleven key inflammatory genes modulated by A91, 
consistent with previous findings that A91 is more effective 
in moderate SCI, but less so in severe models.7,19

These results suggest that the neuroprotective potential of 
peptide immunization is not solely dependent on peptide 
structure, but also on the severity of the injury and the ex-
isting inflammatory milieu. In cases of severe SCI, where im-
mune activation and tissue damage are more profound, the 
ability of immunomodulatory therapies to tip the balance 
toward repair is diminished. Therefore, optimizing the tim-
ing, dosage, and possibly combining A91 with other anti-in-
flammatory or neuroregenerative agents may be necessary 
to overcome this limitation.

CONCLUSION

The present study provides compelling evidence that A91, 
in comparison with Cop-1, induces a focused anti-inflam-
matory gene expression profile in severe SCI, particularly 
affecting genes associated with apoptosis (Caspase-3), py-
roptosis (Caspase-1, Cebpb), chemotaxis (Ccl2), and key 
signaling regulators (SOCS3, Tgfb3). However, the beneficial 
effects of A91 on gene expression are not reflected in func-
tional outcomes after severe SCI, likely due to the noxious 
microenvironment generated in later stages of injury. It is 
imperative that future studies prioritize the investigation 
of the way this environment interferes with therapeutic 
interventions. Further research is required to evaluate the 
following:

−	 Dose-dependent responses.
−	 Time-course gene expression dynamics.
−	 The correlation between molecular changes and 

histological and behavioral outcomes Elucidation 
of these relationships may facilitate refinement and 
optimization of therapeutic immunization strategies 
in the context of SCI.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

https://doi.org/10.36105/psrua.2025v5n9.01


Proceedings of Scientific Research Universidad Anáhuac January-June 2025, Vol. 5, No. 9

https://doi.org/10.36105/psrua.2025v5n9.0114

REFERENCES

1.	 Bethea JR, Dietrich WD. Targeting the host inflam-
matory response in traumatic spinal cord injury. Curr 
Opin Neurol. 2002;15(3):355–60. doi: https://doi.
org/10.1097/00019052-200206000-00021

2.	 Hausmann ON. Post-traumatic inflammation following 
spinal cord injury. Spinal Cord. 2003;41(7):369–78. doi: 
https://doi.org/10.1038/sj.sc.3101483

3.	 Schwartz M. Harnessing the immune system for 
neuroprotection: therapeutic vaccines for acute 
and chronic neurodegenerative disorders. Cell Mol 
Neurobiol. 2001;21(6):617–27. doi: https://doi.
org/10.1023/a:1015139718466

4.	 Schwartz M, Kipnis J. Protective autoimmunity: regula-
tion and prospects for vaccination after brain and spinal 
cord injuries. Trends Mol Med. 2001;7(6):252–8. doi: 
https://doi.org/10.1016/s1471-4914(01)01993-1

5.	 Ibarra A, García E, Flores N, Martiñón S, Reyes R, Cam-
pos MG, et al. Immunization with neural-derived anti-
gens inhibits lipid peroxidation after spinal cord inju-
ry. Neurosci Lett. 2010;476(2):62–5. doi: https://doi.
org/10.1016/j.neulet.2010.04.003

6.	 Donnelly DJ, Popovich PG. Inflammation and its role 
in neuroprotection, axonal regeneration and func-
tional recovery after spinal cord injury. Exp Neurol. 
2008;209(2):378–88. doi: https://doi.org/10.1016/j.ex-
pneurol.2007.06.009

7.	 Garcia E, Silva-Garcia R, Mestre H, Flores N, Martinon S, 
Calderon-Aranda ES, et al. Immunization with A91 pep-
tide or copolymer-1 reduces the production of nitric ox-
ide and inducible nitric oxide synthase gene expression 
after spinal cord injury. J Neurosci Res. 2012;90(3):656–
63. doi: https://doi.org/10.1002/jnr.22771

8.	 Rodríguez-Barrera R, Fernández-Presas AM, García E, 
Flores-Romero A, Martiñón S, González-Puertos VY, et 
al. Immunization with a neural-derived peptide protects 
the spinal cord from apoptosis after traumatic injury. 
Biomed Res Int. 2013;2013:827517. doi: https://doi.
org/10.1155/2013/827517

9.	 Hauben E, Nevo U, Yoles E, Moalem G, Agranov E, 
Mor F, et al. Autoimmune T cells as potential neu-
roprotective therapy for spinal cord injury. Lancet. 
2000;355(9200):286–7. doi: https://doi.org/10.1016/
s0140-6736(99)05140-5

10.	 Berger T, Weerth S, Kojima K, Linington C, Wekerle H, 
Lassmann H. Experimental autoimmune encephalomy-
elitis: the antigen specificity of T lymphocytes deter-
mines the topography of lesions in the central and pe-
ripheral nervous system. Lab Invest. 1997;76(3):355–64. 

doi: https://doi.org/10.1007/s004180050078
11.	 Linington C, Berger T, Perry L, Weerth S, Hinze-Selch D, 

Zhang Y, et al. T cells specific for the myelin oligoden-
drocyte glycoprotein mediate an unusual autoimmune 
inflammatory response in the central nervous system. 
Eur J Immunol. 1993;23(6):1364–72. doi: https://doi.
org/10.1002/eji.1830230614

12.	 Gaur A, Boehme SA, Chalmers D, Crowe PD, Pahuja A, 
Ling N, et al. Amelioration of relapsing experimental au-
toimmune encephalomyelitis with altered myelin basic 
protein peptides involves different cellular mechanisms. 
J Neuroimmunol. 1997;74(1-2):149–58. doi: https://doi.
org/10.1016/s0165-5728(96)00220-2

13.	 Samson MF, Smilek DE. Reversal of acute experimen-
tal autoimmune encephalomyelitis and prevention of 
relapses by treatment with a myelin basic protein pep-
tide analogue modified to form long-lived peptide-MHC 
complexes. J Immunol. 1995;155(5):2737–46. doi: 
https://doi.org/10.4049/jimmunol.155.5.2737

14.	 Katsara M, Yuriev E, Ramsland PA, Tselios T, Deraos G, 
Lourbopoulos A, et al. Altered peptide ligands of myelin 
basic protein (MBP87–99) conjugated to reduced man-
nan modulate immune responses in mice. Immunolo-
gy. 2009;128(4):521–33. doi: https://doi.org/10.1111/
j.1365-2567.2009.03206.x

15.	 Guan L, Eisenstein TK, Adler MW, Rogers TJ. Copo-
lymer-1-induced inhibition of antigen-specific T cell 
activation: interference with antigen presentation. J 
Neuroimmunol. 1992;37(1-2):75–84. doi: https://doi.
org/10.4049/jimmunol.165.11.6519

16.	 Liu J, Johnson TV, Lin J, Ramirez SH, Bronich TK, Ca-
plan S, et al. T cell independent mechanism for co-
polymer-1-induced neuroprotection. Eur J Immunol. 
2007;37(11):3143–54. doi: https://doi.org/10.1002/
eji.200737634

17.	 Basso DM, Beattie MS, Bresnahan JC, Anderson DK, 
Faden AI, Gruner JA, et al. MASCIS evaluation of open 
field locomotor scores: effects of experience and team-
work on reliability. J Neurotrauma. 1996;13(7):343–59. 
doi: https://doi.org/10.1089/neu.1996.13.343

18.	 Basso DM, Beattie MS, Bresnahan JC. A sensitive and 
reliable locomotor rating scale for open field testing in 
rats. J Neurotrauma. 1995;12(1):1–21. doi: https://doi.
org/10.1089/neu.1995.12.1

19.	 García E, Silva-García R, Flores-Romero A, Blancas-Es-
pinoza L, Rodríguez-Barrera R, Ibarra A. The severity of 
spinal cord injury determines the inflammatory gene 
expression pattern after immunization with neural-de-

https://doi.org/10.36105/psrua.2025v5n9.01
https://doi.org/10.1097/00019052-200206000-00021
https://doi.org/10.1097/00019052-200206000-00021
https://doi.org/10.1038/sj.sc.3101483
https://doi.org/10.1023/a:1015139718466
https://doi.org/10.1023/a:1015139718466
https://doi.org/10.1016/s1471-4914(01)01993-1
https://doi.org/10.1016/j.neulet.2010.04.003
https://doi.org/10.1016/j.expneurol.2007.06.009
https://doi.org/10.1016/j.expneurol.2007.06.009
https://doi.org/10.1002/jnr.22771
https://doi.org/10.1155/2013/827517
https://doi.org/10.1016/s0140-6736(99)05140-5
https://doi.org/10.1016/s0140-6736(99)05140-5
https://doi.org/10.1007/s004180050078
https://doi.org/10.1002/eji.1830230614
https://doi.org/10.1002/eji.1830230614
https://doi.org/10.1016/s0165-5728(96)00220-2
https://doi.org/10.1016/s0165-5728(96)00220-2
https://doi.org/10.4049/jimmunol.155.5.2737
https://doi.org/10.1111/j.1365-2567.2009.03206.x
https://doi.org/10.1111/j.1365-2567.2009.03206.x
https://doi.org/10.4049/jimmunol.165.11.6519
https://doi.org/10.4049/jimmunol.165.11.6519
https://doi.org/10.1002/eji.200737634
https://doi.org/10.1002/eji.200737634
https://doi.org/10.1089/neu.1996.13.343
https://doi.org/10.1089/neu.1995.12.1
https://doi.org/10.1089/neu.1995.12.1


García, E. et al. The Effect of Immunizing with Neural Derived Peptides on the Expression of Inflammatory Genes...

https://doi.org/10.36105/psrua.2025v5n9.01 15

rived peptides. J Mol Neurosci. 2018;65(2):190–5. doi: 
https://doi.org/10.1186/s12868-016-0331-2

20.	 Sahni V, Mukhopadhyay A, Tysseling V, Hebert A, Birch 
D, McGuire TL, et al. BMPR1a and BMPR1b signaling 
exert opposing effects on gliosis after spinal cord in-
jury. J Neurosci. 2010;30(5):1839–55. doi: https://doi.
org/10.1523/JNEUROSCI.4459-09.2010

21.	 Xiao Q, Du Y, Wu W, Yip HK. Bone morphogenetic pro-
teins mediate cellular response and, together with Nog-
gin, regulate astrocyte differentiation after spinal cord 
injury. Exp Neurol. 2010;221(2):215–27. doi: https://
doi.org/10.1016/j.expneurol.2009.12.023

22.	 Burda JE, Bernstein AM, Sofroniew MV. Astrocyte roles 
in traumatic brain injury. Exp Neurol. 2016;275(Pt 
3):305–15. doi: https://doi.org/10.1016/j.expneu-
rol.2015.03.020

23.	 Lowery JW, LaVigne AW, Kokabu S, Rosen V. Compara-
tive genomics identifies the mouse Bmp3 promoter and 
an upstream evolutionary conserved region in mam-
mals. PLoS One. 2013;8(2):e57211. doi: https://doi.
org/10.1371/journal.pone.0057211

24.	 Gao YJ, Ji RR. Chemokines, neuronal-glial interactions, 
and central processing of neuropathic pain. Phar-
macol Ther. 2010;126(1):119–45. doi: https://doi.
org/10.1016/j.pharmthera.2009.10.010

25.	 Fang S, Tang H, Li MZ, Chu JJ, Yin ZS, Jia QY. Identifica-
tion of the CCL2 PI3K/Akt axis involved in autopha-
gy and apoptosis after spinal cord injury. Metab Brain 
Dis. 2023;38(4):655–65. doi: https://doi.org/10.1007/
s12035-023-03641-z

26.	 McKenzie BA, Dixit VM, Power C. Fiery cell death: py-
roptosis in the central nervous system. Trends Neuro-
sci. 2020;43(3):248–63. doi: https://doi.org/10.1016/j.
tins.2019.12.007

27.	 Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflam-
masome: an overview of mechanisms of activation and 
regulation. Int J Mol Sci. 2019;20(13):3328. doi: https://
doi.org/10.3390/ijms20133328

28.	 Dodington DW, Desai HR, Woo M. JAK/STAT – emerg-
ing players in metabolism. Trends Endocrinol Metab. 
2018;29(7):55–70. doi: https://doi.org/10.1016/j.
tem.2018.04.005

29.	 Park KW, Nozell SE, Benveniste EN. Protective role 
of STAT3 in NMDA- and glutamate-induced neuronal 
death: negative regulatory effect of SOCS3. PLoS One. 
2012;7(11):e48714. doi: https://doi.org/10.1371/jour-
nal.pone.0048714

30.	 Park KW, Lin CY, Lee YS. Expression of suppressor of 
cytokine signaling-3 (SOCS3) and its role in neuronal 

death after complete spinal cord injury. Exp Neurol. 
2014;261:232–40. doi: https://doi.org/10.1016/j.ex-
pneurol.2014.06.015

31.	 Novack DV, Yin L, Hagen-Stapleton A, et al. The IκB func-
tion of NF-κB2 p100 controls stimulated osteoclastogen-
esis. J Exp Med. 2003;198(5):771–85. doi: https://doi.
org/10.1084/jem.20030116

32.	 Mills KHG. TLR-dependent T cell activation in autoim-
munity. Nat Rev Immunol. 2011;11(12):807–21. doi: 
https://doi.org/10.1038/nri3080

33.	 Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, Mac-
Donald K, Speert D, et al. NF-κB activating pattern 
recognition and cytokine receptors license NLRP3 in-
flammasome activation by regulating NLRP3 expres-
sion. J Immunol. 2009;183(2):787–91. doi: https://doi.
org/10.4049/jimmunol.0901369

34.	 Novack DV, Yin L, Hagen-Stapleton A, Schreiber RD, 
Goeddel D V., Ross FP, et al. The IκB function of NF-κB2 
p100 controls stimulated osteoclastogenesis. Journal of 
Experimental Medicine. 2003;198(5).

35.	 Mills KHG. TLR-dependent T cell activation in autoim-
munity. Nature Reviews Immunology. 2011.

36.	 Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, Mac-
Donald K, Speert D, et al. Cutting Edge: NF-κB Activat-
ing Pattern Recognition and Cytokine Receptors License 
NLRP3 Inflammasome Activation by Regulating NLRP3 
Expression. The Journal of Immunology. 2009;183(2)

https://doi.org/10.36105/psrua.2025v5n9.01
https://doi.org/10.1186/s12868-016-0331-2
https://doi.org/10.1523/JNEUROSCI.4459-09.2010
https://doi.org/10.1523/JNEUROSCI.4459-09.2010
https://doi.org/10.1016/j.expneurol.2009.12.023
https://doi.org/10.1016/j.expneurol.2009.12.023
https://doi.org/10.1016/j.expneurol.2015.03.020
https://doi.org/10.1016/j.expneurol.2015.03.020
https://doi.org/10.1371/journal.pone.0057211
https://doi.org/10.1371/journal.pone.0057211
https://doi.org/10.1016/j.pharmthera.2009.10.010
https://doi.org/10.1016/j.pharmthera.2009.10.010
https://doi.org/10.1007/s12035-023-03641-z
https://doi.org/10.1007/s12035-023-03641-z
https://doi.org/10.1016/j.tins.2019.12.007
https://doi.org/10.1016/j.tins.2019.12.007
https://doi.org/10.3390/ijms20133328
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1016/j.tem.2018.04.005
https://doi.org/10.1016/j.tem.2018.04.005
https://doi.org/10.1371/journal.pone.0048714
https://doi.org/10.1371/journal.pone.0048714
https://doi.org/10.1016/j.expneurol.2014.06.015
https://doi.org/10.1016/j.expneurol.2014.06.015
https://doi.org/10.1084/jem.20030116
https://doi.org/10.1084/jem.20030116
https://doi.org/10.1038/nri3080
https://doi.org/10.4049/jimmunol.0901369
https://doi.org/10.4049/jimmunol.0901369
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 
http://10.4049/jimmunol.0901369 

	_Hlk215488278
	_Hlk125710661
	OLE_LINK6
	_Hlk210308702

