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A B S T R A C T   

Inflammatory reactions resulting from spinal cord injury cause significant secondary damage. 
Microglial cells activate CD4+ T cells via major histocompatibility complex class II (MHCII) 
molecules. The activated T cells lead to neural tissue damage and demyelination at early stages of 
spinal cord injury. Control of the inflammatory response may attenuate the injury process. In this 
study, we compared gene expression in human microglia grown on soy protein-collagen hybrid 
scaffolds versus collagen scaffolds. Differentially expressed genes (DEGs) were subjected to gene 
ontology (GO) and pathway enrichment assays. Among down-regulated genes, the “antigen 
processing and presentation” pathway shows enrichment, primarily due to the down-regulation of 
MHCII molecules. The DEGs in this pathway show enrichment of binding sites for several tran-
scription factors, with CIITA and IRF8 being the top candidates. The down-regulation of MHCII 
along with the significant enrichment of the GO term “focal adhesion” among the up-regulated 
genes helps explain the higher motility of microglial cells on the hybrid scaffold compared 
with that on the collagen scaffold. Up-regulated genes associated with “focal adhesion” include 
DNM2, AHNAK, and HYOU1, which have been previously implicated in increased cell motility. 
Overall, our study indicates that the use of hybrid scaffolds containing soy protein and collagen 
may modulate the immune response of wounded neural tissue.   

1. Introduction 

Soy protein has been recognized as a “green” and renewable material for tissue repair applications [1]. Various soy protein-based 
scaffolds have been generated and studied for cellular interaction and tissue repair. A previous study showed that electrospun soy 
protein nanofibers allow induced human pluripotent stem cells to properly differentiate into retinal pigment epithelium [2]. Moreover, 
freeze-dried porous soy protein scaffolds and bioscaffolds created by 3D printing with soy protein slurry support the growth of human 
mesenchymal stem cells [3,4]. 

In vivo studies have shown that scaffolds made from soy protein improve wound healing, in part by reducing inflammation. Spun 
nanofibers generated from cellulose acetate and soy protein hydrolysate were used to treat wounded mouse skin [5,6]. The grafts 
accelerated re-epithelialization and epidermal thinning during the healing process and reduced scarring [5]. Wound dressings made of 
electrospun soy protein nanofibers accelerated and enhanced skin regeneration after full thickness skin excision in a pig wound healing 
model [6]. A number of studies have tried to determine the molecular basis of the anti-inflammatory effect of soy protein. Most of the 
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attention has been focused on estrogen-like compounds called isoflavones. One of the major soy isoflavones, genistein, reduces 
adhesion of monocytes to human vascular endothelial cells, and thus may be responsible for the protective effects of soy isoflavones 
against atherosclerosis [7]. Another study showed that genistein modulates the function of natural killer cells by reducing the pro-
duction of interleukin (IL)-12/IL-18-induced interferon-gamma) [8]. 

Spinal cord injury (SCI) leads to an inflammatory response in neural tissue at the lesion site. The inflammatory reaction causes 
secondary damage and therefore control of this response may attenuate the injury process [9–11]. Several types of immune cells are 
involved in the inflammatory reaction. The resident immune cells, microglia, are activated a few minutes after SCI [12]. Other immune 
cells, including T cells, migrate and infiltrate the lesion, reaching peak amounts one week after the injury [13,14]. CD4+ T cells can be 
activated by microglia, which act as antigen-presenting cells via the major histocompatibility complex class II (MHCII) antigens on the 
microglial surface. The activated CD4+ T cells proliferate and differentiate into a few subtypes such as Th1, Th2, Th9, Th17 [15–17]. 
The activated T cells may cause further neural injury by secreting cytokines and activating other immune cells that exaggerate the 
injury [18–20]. Better functional recovery of wounded spinal cord was observed when T cells were suppressed [21–23]. 

In a previous study, we reported the creation of a multichannel conduit composed of soybean protein isolate (SPI) and collagen and 
characterized its chemical and mechanical properties. We also studied the growth of human microglial clone 3 cell line (HMC3) cells 
on the SPI-collagen composite scaffolds [24]. The conduit showed potential for neural repair applications. Although it has been shown 
that soy protein can reduce inflammatory reactions and contribute to wound healing in some tissues, it still not known if it can 
modulate the inflammatory function of immune cells in neural tissue. In this study, primary human microglia were grown on either 
SPI-collagen substrate or collagen substrate. RNA-Seq was performed to compare gene expression under the two conditions to 
determine whether soy protein-based scaffolds might affect inflammatory processes in microglia. A previous study suggested that the 
activation of T cells via MHCII antigens on dendritic cells requires antigen processing and regulation of cell motility [25,26]. These 
processes are coupled through the function of the major histocompatibility complex II–associated invariant chain (Ii/CD74), which is 
involved in antigen processing and also negatively regulates dendritic cell motility [25,26]. Investigation of MHCII gene expression 
and microglia migration on the hybrid bioscaffolds will help determine the effect of soy protein on the immunoregulatory function of 
microglia and the potential utility of soy protein-based bioscaffolds in regulating the immune response in damaged neural tissue. 

2. Materials and methods 

2.1. Motility assay of human microglial cells on SPI-collagen coated plates 

To make the SPI-collagen scaffolds, a soybean protein isolate (SPI, MP Biomedicals, LLC, Santa Ana, CA) solution was generated as 
previously reported [24]. After SPI was added to distilled water (10% w/v), the mixture was stirred constantly while glycerol was 
added to the solution (weight ratio of glycerol to SPI: 50%). The solution was then heated at 55 ◦C for 30 min. Type I collagen solution 
was prepared by dissolving collagen sponge in acetic acid (10 mg/mL). The collagen solution and the cooled SPI solution were mixed at 
a protein weight ratio of 1:1. 

Human brain microglial cells (Immortalized primary cells, Neuromics Inc, Minneapolis, MN) were cultured with Alpha-glia 
Expansion Medium containing 5% fetal bovine serum (FBS) (Neuromics Inc, Minneapolis, MN) in a 37 ◦C incubator with 5% CO2. 
The SPI-collagen substrate was created in 24-well plates by spreading the SPI-collagen mixture (80 μl/well) in the wells and air-drying. 
Collagen coated dishes were prepared in the same way as a control. The dried membrane was crosslinked with 20 mM 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 20 mM N-hydroxysuccinimide (NHS). The crosslinked membrane was 
then washed with NaH2PO4 (0.1 M) and distilled water repeatedly. Before cell seeding, the membranes were washed with phosphate- 
buffered saline (PBS). To study cell migration, the human microglial cells were seeded in wells (50000/well) containing either SPI- 
collagen membrane or collagen membrane. After culturing for two days, the migration of microglial cells was documented with a 
Zeiss Axio Observer microscope. The environment of the microscope was controlled at 37 ◦C with CO2 supply during imaging, which 
occurred every 2 min for 1 h. NIH ImageJ software was used to analyze cell migration distance and speed. 

2.2. Next generation RNA sequencing 

As described in Section 2.1, SPI-collagen or collagen membranes were created in 6-well plates by coating the wells with the 
appropriate solution followed by EDC and NHS crosslinking. Human microglial cells were seeded on the membranes at 200,000 cells 
per well. The microglial cells were cultured for 3 days and then RNA was extracted from the cultured cells with the Direct-zol RNA 
Microprep kit (Zymo Research, Irvine, CA). 

RNA-Seq was performed at the Kansas University Medical Center Genome Sequencing Center. RNA libraries were prepared using 
the Universal Plus mRNA-Seq with NuQuant kit (Tecan Genomics 0520-A01). Libraries were validated using the D1000 ScreenTape 
Assay kit (Agilent Technologies 5067-5582) followed by concentration determination with a Qubit fluorometer. A concentration of 
2.125 nM was used for multiplexed sequencing. Adapter ligation was verified by qPCR. The NovaSeq 6000 S1 Reagent Kit (200 cycle) 
(Illumina 20012864) was used to run the pooled libraries on an Illumina NovaSeq 6000 Sequencing System using 2 × 101 cycle 
sequencing with dual indexes. A one percent spike-in of PhIX Illumina Control library was included in the sequencing runs to allow 
measurement of error rates. 
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2.3. Data analysis of RNA gene sequencing assay 

Paired reads from the RNA-Seq analysis were uploaded onto Beocat, the high-performance computing cluster at Kansas State 
University, for processing and analysis. Trimmomatic-0.39 [27] was used to remove adapter contamination and low-quality 3′

sequence (defined as a mean score of <15 in a four base window), after which Bowtie 2 [28] was used to align reads to a transcriptome 
extracted from the human genome (version GRCh38.p13) using the GCA_000001405.28_GRCh38.p13_genomic.gtf.gz annotation file 
[29]. Expression counts for each gene were determined using RSEM [30] and the probability of each gene being differentially 
expressed was calculated with EBSeq, which uses Bayesian statistics [31]. Differentially expressed genes were defined as the set of 
genes with a posterior probability of equivalent expression (PPEE) less than or equal to 0.05, which corresponds to a false discovery 
rate (FDR) of 5% [31]. 

Differentially expressed genes were separated into up-regulated and down-regulated gene sets using the Posterior Fold Change 

Fig. 1. Migration of human microglial cells. (A) Microglia migration on a polylysine-coated culture dish; (B) Microglia migration on a collagen 
treated culture dish; (C) Microglia migration on a SPI-collagen treated culture dish. Scale bar: 100 μm. Colored lines indicate individual cell 
migration tracks. (D–F) Graphs showing 1-h migration tracks of multiple microglial cells on polylysine (D), collagen (E) or SPI-collagen (F), with the 
starting position for each cell placed at the center of the graph. (G) Quantification of cell migration speed on different substrates; (H) Quantification 
of cell migration distance on different substrates. *, p < 0.05, vs. collagen and polylysine. ^, p < 0.05, vs. polylysine. Three independent replicates 
were performed in this study. 
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value calculated by EBSeq. These sets were analyzed using the Functional Annotation Tool from the Database for Annotation, Visu-
alization, and Integrated Discovery (DAVID) [32,33] to identify enriched gene ontology terms and KEGG pathways [34]. GO terms or 
pathways with an adjusted p-value of less than 0.05 after use of the Benjamini-Hochberg correction for multiple testing were 
considered significantly enriched. The annotated KEGG pathway diagram was produced using Pathview [35]. DEGs associated with 
the “antigen processing and presentation” pathway were assessed for enrichment of transcription factor binding sites using ChEA3 [36] 
and Gene Set Enrichment Analysis (GSEA) Molecular Signatures Database (MSigDB) transcription factor target sets [37–40]. 

Normalized counts for up-regulated and down-regulated genes were used to create heatmaps with Heatmapper [41]. Data was 
scaled by row and hierarchically clustered by row using the absolute value of the Pearson correlation coefficient as the distance method 
and Average Linkage as the clustering method. 

2.4. Statistical analysis 

We used one-way ANOVA in SPSS to compare the velocity and migration distance of cells grown on different substrates, with a p- 
value of 0.05 considered statistically significant. Measurements are given as the mean plus or minus the standard deviation. 

3. Results 

3.1. Human microglial cell motility on SPI-collagen substrate 

Migration of microglial cells on SPI-collagen membrane or collagen membrane was analyzed by using time-lapse images to track 
cell movement. The migration pathways of individual human microglial cells on different substrates are shown by colored lines in 
Fig. 1A–C. Individual cell migration tracks were superimposed on graphs in Fig. 1D–F. The center of each graph represents the initial 
position of all tracks. The tracks show the migration distance of the cells on different substrates. Quantitative analysis shows that the 
cell migration speed on SPI-collagen substrate is 6.3 ± 0.2 μm/min, which is significantly higher than the speed on collagen substrate 
(4.8 ± 0.3 μm/min, p < 0.05) (Fig. 1G). The migration distance of microglial cells on SPI-collagen membrane (183.4 ± 6.7 μm) is also 
significantly higher than that on collagen membrane (140.8 ± 10.5 μm, p < 0.05) (Fig. 1H). Supplemental videos 1, 2 and 3 show 
microglial cell migration on a polylysine-coated dish, collagen substrate, and SPI-collagen substrate, respectively. 

3.2. GO term and KEGG analysis of differentially expressed genes 

We performed RNA-Seq on three samples each of microglia grown on SPI-collagen or collagen substrate (Table 1). Differential 
expression analysis identified 149 up-regulated and 93 down-regulated genes in the cells grown on SPI-collagen substrate compared 
with those grown on collagen substrate (Fig. 2). We analyzed the up-regulated and down-regulated differentially expressed genes 
(DEGs) separately using the DAVID Functional Annotation Tool to identify significantly enriched GO terms and KEGG pathways for 
each gene set. 

The analysis of down-regulated DEGs identified several significantly enriched GO terms that are related to the regulation of T cells 
(Fig. 3A). These GO terms include “MHC class II protein complex binding” and “MHC class II receptor activity” in the Molecular 
Function (MF) category and “antigen processing and presentation of peptide or polysaccharide antigen via MHC class II”, “antigen 
processing and presentation”, “antigen processing and presentation of exogenous peptide antigen via MHC class II”, “T cell receptor 
signaling pathway”, “T cell costimulation”, and “T-helper 1 type immune response” in the Biological Process (BP) category. 

For the up-regulated DEGs, the significantly enriched GO terms included “focal adhesion” (Fig. 3B). This GO term was associated 
with 13 DEGs (Table 2) including AHNAK nucleoprotein, calpain 2 (CAPN2), calreticulin (CALR), dynamin 2 (DNM2), heat shock 
protein family A (Hsp70) member 1B (HSPA1B), heat shock protein family A (Hsp70) member 5 (HSPA5), hypoxia up-regulated 1 
(HYOU1), insulin like growth factor 2 receptor (IGF2R), peptidylprolyl isomerase B (PPIB), plectin (PLEC), prolyl 4-hydroxylase 
subunit beta (P4HB), scavenger receptor class B member 2 (SCARB2), and vimentin (VIM). 

KEGG pathway enrichment analysis revealed 24 pathways enriched among down-regulated genes (Fig. 4A) and one pathway 
enriched among up-regulated genes (Fig. 4B). Many of the pathways enriched among down-regulated genes involve regulation of 
inflammatory reactions that could affect the inflammatory response of host to grafted scaffold, including “antigen processing and 
presentation” (13 DEGs) (Table 3 and Fig. 4C). Most of the DEGs in this set are MHCII genes, which is noteworthy because the 

Table 1 
RNA-Seq and mapping statistics for each sample. Mapped read pairs and alignment rate include all pairs that mapped at least once to the human 
GRCh38.p13 transcriptome.  

Sample Read pairs (raw) Total bases (raw) Read pairs (cleaned) Total bases (cleaned) Mapped read pairs Alignment Rate 

C1 39,420,244 7,884,048,800 38,681,240 7,739,643,114 32,351,292 83.64% 
C2 32,059,797 6,411,959,400 31,436,195 6,290,578,302 26,185,720 83.30% 
C3 34,057,891 6,811,578,200 33,410,006 6,685,667,039 27,957,625 83.68% 
SPI1 32,232,744 6,446,548,800 31,611,246 6,324,944,069 26,298,194 83.19% 
SPI2 31,909,770 6,381,954,000 31,321,324 6,274,199,109 26,179,472 83.58% 
SPI3 28,040,493 5,608,098,600 27,470,000 5,495,223,238 22,800,287 83.00%  
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downregulation of MHCII molecules in microglial cells should decrease the activation of the CD4+ T cells (Fig. 4C). The down 
regulation of MHCII may also contribute to the increased microglial motility on soy protein-collagen hybrid scaffolds [25,26,42]. Also 
of note, the enrichment of the “cell adhesion molecules (CAMs)" pathway (10 DEGs) among down-regulated genes could contribute to 
the increase in microglial motility on SPI-collagen substrate (Table 4) [42]. 

3.3. Transcription factor binding site enrichment for differentially expressed genes 

Transcription factor (TF) binding site enrichment analysis was performed on the set of 13 DEGs in the “antigen processing and 
presentation” pathway, most of which are human leukocyte antigen (HLA) genes encoding MHCII molecules. Two different analysis 
tools using different sets of transcription factor data were used to investigate this gene set. GSEA MSigDB TF analysis shows that the 
gene set is significantly enriched in class II transactivator (CIITA) target genes. In the ChEA3 TF analysis, the top 10 TFs for the gene set 
are IRF8, NKX23, PAX5, IKZF3, RFX5, NFKB1, POU2AF1, IRF4, NFATC1, and BATF3. A local network of the top 10 TFs shows 
numerous connections between TFs (Fig. 5). 

4. Discussion 

In the central nervous system, microglia are a primary component of the innate immune system and are activated by spinal cord 
injury. This immune response contributes to functional recovery post SCI, but can also cause secondary damage. Numerous studies 
have reported the implantation of bioscaffolds after SCI to help regenerate wounded spinal cord. A neural conduit scaffold acts as a 
bridge to connect the gap across the neural defect and conduct axonal growth. In a previous study, we fabricated a soy protein and 
collagen hybrid protein scaffold and demonstrated that the scaffold supported the growth of hippocampal neurons, HMC3 cells and 
neural stem cells [24]. Other studies have suggested that soy protein may modulate the immune response in wounded tissue, because 
soy isoflavones regulate cytokine production and the function of immune cells [7,8,43]. However, it is not yet known how microglial 
cells respond to a scaffold containing soy protein. In this study, we compared gene expression in microglial cells grown on SPI-collagen 
substrate or collagen substrate to understand the effects of soy protein. Many of the DEGs with lower expression when grown on 
SPI-collagen are related to the immune function of microglial cells. 

The “antigen processing and presentation” pathway, which is enriched among the down-regulated DEGs, is responsible for the 
interaction of microglial cells with CD4+ T cells. Most of the DEGs associated with this pathway are MHCII molecules. In fact, nine of 
the 15 MHCII genes show significantly reduced expression in microglia grown on SPI-collagen. Microglial cells activate CD4+ T cells 
via MHCII molecules, so lower expression of MHCII genes could reduce T cell activation. Activated T cells lead to secondary neural 
tissue impairment and demyelination during early stages of SCI [23]. Subcutaneous injection of the immunosuppressant cyclosporin A 
in rats with spinal cord injury reduced T cell infiltration and microglia activation compared to untreated animals. The reduced immune 
cell response improved the preservation of residual myelination and the functional recovery of the wounded spinal cord [23]. Other 
studies showed that athymic nude rats lacking T cells had better locomotor function than normal rats after spinal cord injury, 

Fig. 2. Heatmaps of up-regulated (A) and down-regulated genes (B). Unsupervised hierarchical clustering (by row) of genes differentially expressed 
in microglia grown on SPI-collagen (SP1–SP3) versus on collagen (C1–C3) substrates. Rows represent genes and columns represent samples. 

L. Yao et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e13352

6

particularly about a week after injury when T cell response would normally be greatest [21,44]. Our results suggest that use of an 
SPI-collagen scaffold may restrict the immune response induced by CD4+ T cells and therefore attenuate the secondary injury to the 
spinal cord. 

We were also interested in understanding the transcriptional control of the DEGs we identified. Transcription factors that regulate 

Fig. 3. GO term enrichment analysis. (A) Significantly enriched GO terms of down-regulated DEGs. (B) Significantly enriched GO terms of up- 
regulated DEGs. The significantly enriched GO term “focal adhesion” is highlighted. 
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the function of microglia contribute to a number of neuropathological conditions [45,46]. We performed transcription factor binding 
site enrichment analysis of the DEGs to gain insight into the proteins that might be driving the differences in gene expression on the 
SPI-collagen substrate. In the GSEA MSigDB TF analysis of the 13 DEGs associated with the “antigen presentation and processing” 
KEGG pathway, we found that these genes are enriched in target sites for the CIITA transcription factor complex. This is not surprising 
since CIITA binds the transcription factors CREB, RFX and NF–Y to form an “enhanceosome” that is critical for expression of MHCII 
genes [47]. CIITA gene expression itself does not meet the criteria for statistically significant differential expression in our study, 
although it appears to be somewhat reduced in cells grown on SPI-collagen. Intriguingly, a previous study showed that treatment with 
an estrogen receptor beta (Erβ)-selective agonist reduced the expression of CIITA and consequently MHCII genes in microglia. When 
diarylpropionitrile was applied to cultured microglia or used to feed female mice, both CIITA and MHCII expression decreased, 
suggesting that ERβ-selective agonists could potentially treat multiple sclerosis by inhibiting MHCII expression in microglia [48]. Soy 
isoflavones are also ERβ-selective agonists, able to bind to estrogen receptors and regulate cell function [49,50]. Thus, it seems possible 
that the down-regulation of MHCII molecules we observed in microglial cells grown on SPI-collagen substrate could be at least partly 
caused by the effect of soy isoflavones on estrogen receptors. However, further study is needed to test this hypothesis. 

ChEA3 analysis identified interferon regulatory factor 8 (IRF8) as the top-ranked TF associated with the DEGs in the “antigen 
presentation and processing” pathway as well as for the entire set of DEGs down-regulated on SPI-collagen. In microglia, IRF8 is 
required for the expression of genes that mediate microglial maturation, phagocytosis, and cytokine generation [51–53]. Importantly, 
IRF8 seems to be involved in development of reactive microglia. IRF8 expression was observed in spinal microglia after peripheral 
nerve injury. Moreover, in vitro overexpression of IRF8 in microglial cells resulted in the transcription of genes related to a reactive 
phenotype [52]. It has also been reported that IRF8 regulates microglial motility, with cell motility being notably reduced in the 
absence of IRF8 [51]. 

In vivo imaging of mouse neocortex has shown that resting microglial cells are very active and thus poised to respond to injury or 
disease [54]. After SCI, activated glial cells become more motile and are attracted to the lesion. Once there, microglia participate in the 
neuroprotective process by phagocytosis of dead and wounded neural tissue components [55]. In a lesion with a grafted conduit, cell 
motility along the surface of a grafted scaffold significantly affects the involvement of the microglia. We previously reported that the 
motility of HMC3 cells, a human microglial cell line, was not markedly different on SPI-collagen scaffold versus collagen scaffold [24]. 
In this work, we measured the motility of immortalized primary microglial cells on these substrates. In contrast to the previous study of 
HMC3 cells, we show that primary microglial cells are more motile on SPI-collagen substrate than on collagen substrate. Thus, grafting 
of SPI-collagen composite scaffolds into wounded spinal cord could enhance microglial cell migration toward the lesion and therefore 
facilitate microglial cell involvement in neural regeneration. 

A previous study revealed the dual effect of MHCII molecules on antigen processing and cell motility of dendritic cells, with Ii- 
deficient cells showing increased cell motility [25]. Another study showed that MHCII genes must be downregulated to allow skin 
dendritic cell migration to lymph nodes [42]. In our study, we observed increased cell motility and reduced MHCII expression for 
microglia grown on SPI-collagen hybrid scaffolds compared with collagen scaffolds. This result is consistent with previous observations 
and suggests that soy protein can modulate microglial motility by reducing MHCII expression. We also found that the Cellular 
Component (CC) GO term “focal adhesion” was enriched among DEGs up-regulated in cells grown on SPI-collagen. Many of the 
thirteen up-regulated DEGs associated with this GO term have effects on migration. Here we discuss three examples: dynamin 2 
(DNM2), AHNAK nucleoprotein, and hypoxia up-regulated 1(HYOU1). Dynamins, which are members of the large GTPase family, 
organize the polymerization of actin and regulate focal adhesion [56]. Overexpression of DNM2 in pancreatic ductal tumor cells led to 
increased cell migration velocity, while depletion of DNM2 significantly reduced cell migration [57]. AHNAK, a large structural 
protein also known as desmoyokin, has been implicated in migration and invasion in a variety of tumor cell types [58–61]. Knockdown 
of AHNAK in mesothelioma cell lines significantly decreased tumor cell motility and invasion ability [61]. HYOU1 is a heat shock 
protein 70 family member whose overexpression is associated with a poor prognosis in many cancer types. Silencing of HYOU1 

Table 2 
Genes associated with the enriched GO-CC term focal adhesion (adjusted p-value 1.7E-5) that are significantly upregulated in primary human 
microglia grown on SPI-collagen substrate. Posterior Probability of Equivalent Expression (PPEE) and Posterior Fold Change (PostFC) as calculated by 
EBSeq are shown for each differentially expressed gene. PPEE can be considered equivalent to the False Discovery Rate (FDR), with values less than 
0.05 considered significant.  

ENSEMBL_GENE_ID Gene name PPEE PostFC 

ENSG00000124942 AHNAK nucleoprotein (AHNAK) 0 0.58841176 
ENSG00000138760 Scavenger receptor class B member 2(SCARB2) 0.00178483 0.74676144 
ENSG00000204388 Heat shock protein family A (Hsp70) member 1B(HSPA1B) 0.02219659 0.79619198 
ENSG00000162909 Calpain 2(CAPN2) 1.03E− 07 0.84079051 
ENSG00000178209 Plectin (PLEC) 8.57E− 05 0.88409593 
ENSG00000149428 Hypoxia up-regulated 1(HYOU1) 0 0.88428807 
ENSG00000044574 Heat shock protein family A (Hsp70) member 5(HSPA5) 0 0.88508704 
ENSG00000197081 Insulin like growth factor 2 receptor (IGF2R) 0.0004497 0.90423334 
ENSG00000079805 Dynamin 2 (DNM2) 8.33E− 05 0.91266271 
ENSG00000026025 Vimentin (VIM) 2.27E− 05 0.91673574 
ENSG00000185624 Prolyl 4-hydroxylase subunit beta (P4HB) 0.00016091 0.92451871 
ENSG00000166794 Peptidylprolyl isomerase B(PPIB) 6.59E− 10 0.94477926 
ENSG00000179218 Calreticulin (CALR) 1.16E− 10 0.94812221  
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Fig. 4. KEGG pathway enrichment analysis of DEGs. (A) Pathways enriched among down-regulated DEGs. The antigen processing and presentation pathway is highlighted. (B) The single pathway 
enriched among up-regulated DEGs. (C) Diagram of the KEGG “antigen processing and presentation” pathway. Red stars indicate genes that are down-regulated in microglia grown on SPI-collagen. Note 
that the number of stars is not equal to the number of DEGs because some boxes (e.g. MHCII) represent multiple genes and others such as Ii, SLIP and CLIP are proteolytic products of a single protein. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Table 3 
Genes associated with the enriched KEGG signaling pathway of antigen processing and presentation (adjusted p-value 8.1E-9) that are significantly 
down-regulated in primary human microglia grown on SPI-collagen substrate. Posterior Probability of Equivalent Expression (PPEE) and Posterior 
Fold Change (PostFC) as calculated by EBSeq are shown for each differentially expressed gene. PPEE can be considered equivalent to the False 
Discovery Rate (FDR), with values less than 0.05 considered significant.  

ENSEMBL_GENE_ID Gene name PPEE PostFC 

ENSG00000096384 Heat shock protein 90 alpha family class B member 1(HSP90AB1) 0.0112477 1.03081833 
ENSG00000127022 Calnexin (CANX) 1.46E− 06 1.04324545 
ENSG00000080824 Heat shock protein 90 alpha family class A member 1(HSP90AA1) 0.01249158 1.04476615 
ENSG00000179344 major histocompatibility complex, class II, DQ beta 1(HLA-DQB1) 0.0153 1.08862569 
ENSG00000196126 Major histocompatibility complex, class II, DR beta 1(HLA-DRB1) 0.00023991 1.09418428 
ENSG00000019582 CD74 molecule (CD74) 8.83E− 13 1.11870416 
ENSG00000204252 Major histocompatibility complex, class II, DO alpha (HLA-DOA) 3.79E-05 1.13420614 
ENSG00000196735 Major histocompatibility complex, class II, DQ alpha 1(HLA-DQA1) 2.22E− 16 1.14140178 
ENSG00000198502 major histocompatibility complex, class II, DR beta 5(HLA-DRB5) 0 1.15569127 
ENSG00000231389 Major histocompatibility complex, class II, DP alpha 1(HLA-DPA1) 0 1.15923315 
ENSG00000204287 Major histocompatibility complex, class II, DR alpha (HLA-DRA) 0 1.18760327 
ENSG00000242574 Major histocompatibility complex, class II, DM beta (HLA-DMB) 3.77E− 08 1.19366641 
ENSG00000223865 Major histocompatibility complex, class II, DP beta 1(HLA-DPB1) 0 1.23255112  

Table 4 
Genes associated with the enriched KEGG signaling pathway of cell adhesion molecules (adjusted p-value 3.7E-4) that are significantly down- 
regulated in primary human microglia grown on SPI-collagen substrate. Posterior Probability of Equivalent Expression (PPEE) and Posterior Fold 
Change (PostFC) as calculated by EBSeq are shown for each differentially expressed gene. PPEE can be considered equivalent to the False Discovery 
Rate (FDR), with values less than 0.05 considered significant.  

ENSEMBL_GENE_ID Gene name PPEE PostFC 

ENSG00000081237 protein tyrosine phosphatase, receptor type C(PTPRC) 0.00063544 1.07395023 
ENSG00000179344 major histocompatibility complex, class II, DQ beta 1(HLA-DQB1) 0.0153 1.08862569 
ENSG00000196126 major histocompatibility complex, class II, DR beta 1(HLA-DRB1) 0.00023991 1.09418428 
ENSG00000204252 major histocompatibility complex, class II, DO alpha (HLA-DOA) 3.79E− 05 1.13420614 
ENSG00000196735 major histocompatibility complex, class II, DQ alpha 1(HLA-DQA1) 2.22E− 16 1.14140178 
ENSG00000198502 major histocompatibility complex, class II, DR beta 5(HLA-DRB5) 0 1.15569127 
ENSG00000231389 major histocompatibility complex, class II, DP alpha 1(HLA-DPA1) 0 1.15923315 
ENSG00000204287 major histocompatibility complex, class II, DR alpha (HLA-DRA) 0 1.18760327 
ENSG00000242574 major histocompatibility complex, class II, DM beta (HLA-DMB) 3.77E− 08 1.19366641 
ENSG00000223865 major histocompatibility complex, class II, DP beta 1(HLA-DPB1) 0 1.23255112  

Fig. 5. Transcription factor binding site enrichment analysis with ChEA3. Local network clustering of the top 10 transcription factors whose binding 
sites are enriched in DEGs associated with the KEGG “antigen processing and presentation” pathway shows many interactions (either direct or 
indirect) among the enriched transcription factors. IRF8 and IRF4 appear to have the most interactions with other proteins suggesting they may be 
key drivers of differential expression for this gene set. 
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suppressed migration and invasion in epithelial ovarian cancer and papillary thyroid cancer cells [62,63]. 

5. Conclusion 

In this study, we compared the response of human microglia to SPI-collagen and collagen substrates using RNA-Seq. We looked for 
enriched GO terms and pathways associated with genes differentially expressed during growth on the two materials. Association with 
the KEGG “antigen processing and presentation” pathway was enriched among genes downregulated on SPI-collagen. Interestingly, 
most of the DEGs in this set were MHCII genes. Previous studies have shown that MHCII molecules on the surface of microglial cells can 
activate CD4+ T cells. The activated T cells can cause secondary neural tissue impairment and demyelination after spinal cord injury. 
Reduced expression of MHCII on the microglial surface may decrease T cell activation and attenuate the injury process. Transcription 
factor enrichment assays suggest that CIITA and IRF8 are likely regulators of the DEGs in the “antigen processing and presentation” 
gene set in response to the soy protein in the hybrid protein scaffold. We also found higher motility of microglia on the SPI-collagen 
substrate compared with that on collagen scaffold. The significantly enriched GO term focal adhesion is associated with 13 up- 
regulated genes, including DNM2, AHNAK, and HYOU1, that may mediate the higher motility of microglial cells on SPI-collagen 
substrate. This outcome indicates that microglia can migrate along SPI-collagen scaffolds to participate in the immune reaction 
after spinal cord injury. However, CD4+ T cell activation by microglia may be reduced, perhaps limiting neural damage. Overall, our 
study indicates that the grafting of soy protein-collagen hybrid scaffolds may modulate the immune response of wounded neural tissue. 
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