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A B S T R A C T   

The brain vasculature has several specific features, one of them being the blood-brain barrier (BBB), which 
supports and protects the brain by allowing for the passage of oxygen and nutrients, while at the same time 
preventing passage of pathogens and toxins. The BBB also prevents efficient delivery of drugs to the brain, e.g. for 
treatment of brain tumors. In the murine brain, perivascular fibroblasts were recently identified as a novel po-
tential constituent of the BBB. Here we present the existence of human cells that could be the equivalent to the 
murine brain perivascular fibroblasts. Using RNA sequencing, we show a similar transcriptomic profile of 
cultured human brain cells and murine perivascular fibroblasts. These data open up a window for new hy-
potheses on cell types involved in human CNS diseases.   

1. Introduction 

Blood vessels in the central nervous system (CNS) are organized to 
support and protect our brains. Like in other organs, endothelial- and 
mural cells compose the vessel wall, but in the brain, astrocytes and 
microglia help to establish the organotypic specialization of the vascu-
lature, known as the blood-brain barrier (BBB). In addition, we and 
others have identified fibroblast (FB)-like cells in the brain using single- 
cell RNA sequencing (scRNAseq). Based on their expression of platelet- 
derived growth factor receptor-alpha (Pdgfra), FB-like cells were local-
ized between the vascular smooth muscle cells (VSMC) and astrocytic 
end-foot layers, i.e. within the paravascular Virchow-Robin spaces sur-
rounding arteries/arterioles and veins/venules [1]. Brain FB-like cells 
are so far poorly described in the literature, and their function(s) is 
largely unknown. However, Pdgfra+ and Col1a1+ perivascular stromal 
cells in mouse brains have been suggested to contribute to fibrotic scar 
formation after spinal cord injury [2], experimental stroke [3], multiple 
sclerosis [4] and experimental autoimmune encephalitis [5]. 

When asking the question whether perivascular FB-like cells exist 
also in the human brain, we recalled that a number of mesenchymal cell 
lines were established from human brain tissues in our laboratory in the 
late 1960s - early 1970s [6,7]. Cells with similar morphology and 
phenotype were derived from patients with non-malignant brain lesions 
or from patients with infiltrating glioblastomas, who underwent sur-
geries at the Akademiska Hospital, Uppsala, Sweden. A common feature 
of these cell lines was that they were all highly responsive to the growth 
promoting activity of human platelets [8]. As a result, the cells were 
instrumental for the early analyses of platelet-derived growth factors 
(PDGFs). One of the cell lines (U787 CG) was also used to establish a 
bioassay for the purification of PDGF [9]. By then, these cells were of 
unknown origin, but the hypothesis was that they were derived from 
glial cells [6]. However, it was demonstrated later that the predominant 
cells in monolayer cultures from human brain tissues resembled human 
leptomeningeal cells [10], expressing genes such as fibronectin, pro-
collagen type III, collagen type IV and laminin, similar to murine peri-
vascular FB-like cells [1]. 
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We speculated that these cells are the human equivalent to the per-
ivascular FB that we and others had found in the mouse brain. To 
address this question, we performed bulk-RNA sequencing of seventeen 
of these human cell lines following their re-establishment in culture after 
50 years’ storage in liquid nitrogen, and compared their transcriptional 
profiles with scRNAseq data of adult murine brain vascular cells 
(http://betsholtzlab.org/VascularSingleCells/database.html) [1]. Three 
of the cell lines were also subjected to scRNAseq. Our results support the 
hypothesis of a human brain cell type with a similar gene expression 
signature as murine perivascular FB-like cells. 

2. Materials and methods 

2.1. Cell lines 

During the years from 1968 to 1974, we obtained human brain tis-
sues from surgeries at the Akademiska Hospital, Uppsala, Sweden. The 
specimens were mechanically dissociated and plated in Eagle’s Minimal 
Essential Medium (EMEM) supplemented with 10% fetal calf serum 
(FCS) [6]. After a limited number of passages in culture, the cells were 
frozen in liquid nitrogen. Almost 50 years later, frozen cells from the 
lowest available passage number (#4–17) were thawed, grown and 
expanded in DMEM with 10% FCS and 1% penicillin/streptomycin. 
Handling of human cell lines and related patient data during this project 
was according to national legislation, ethical permit (#2018-422) from 
the Regional Ethics Board in Uppsala. The human brain vascular peri-
cyte cell line (HBVP, #1200) was purchased (Science Cell Research 
Laboratory, CA, USA) and grown in pericyte medium (Cat. 1201) with 
2% FBS (Cat. 0010), 1% pericyte growth supplement (Cat. 1252) and 1% 
penicillin/streptomycin solution (Cat. 0503) from ScienCell Research 
Laboratory. Four representative cell lines (U350CG, U496MG, U556CG 
and HBVP) were tested for mycoplasma and showed a negative result. 

2.2. Bulk RNA sequencing 

RNA was extracted from sub-confluent 10-cm plates using RNeasy 
mini kit (Qiagen, Cat No. 74104). RNA quality (RNA integrity number, 
RIN) and quantity was measured in a Bioanalyzer 2100 (Agilent) using 
the Agilent RNA 6000 Nano Kit (Cat No. 5067-1511). The sequencing 
libraries were prepared using the NEBNext Ultra II Directional RNA Li-
brary Prep Kit for Illumina (E7760S, New England Biolabs), with 200 ng 

of total RNA as input. In brief, mRNA was isolated and fragmented using 
the NEBNext poly(A) mRNA magnetic isolation module (E7490S, New 
England Biolabs), with the first and second strands of cDNA synthesized 
and purified using AmPure XP SPRI beads (A63880, Beckman Coulter). 
Then adaptor ligation and size selection were performed according to 
the manufacturer’s protocol. Next, the adaptor ligated cDNA was PCR 
enriched to incorporate an Illumina compatible index sequence (NEB-
Next Oligos for Illumina, Dual Index Primers Set1, E7600S, New England 
Biolabs). All libraries were purified using AmPure XP SPRI beads, and 
the size distribution of the libraries was analyzed at the Bioanalyzer 
2100 using the Agilent High Sensitivity DNA Kit (part number 5067- 
4626). Subsequently, the quantification of the libraries was performed 
with the Qubit® 2.0 Fluorometer (ThermoFisher Scientific) and Qubit™ 
dsDNA HS Assay Kits (Q32851, Invitrogen). Finally, all 18 libraries were 
pooled (3.5 nM each) for sequencing on one lane of a Hiseq 3000 
sequencer (Illumina), using a single read 50 bp and dual indexed 
sequencing strategy. 

2.3. Bulk RNA seq data analysis 

The sequencing reads for the human cell lines were aligned to the 
human genome (GRCh38) with TopHat2 [11,12] and adapter sequences 
were removed using trim galore before read alignment. The summarized 
expression values were imported into R software (version 3.5.1) for 
downstream analysis. To compare with mouse brain vascular cells, we 
utilized the brain vascular scRNAseq data from our previous study [1]. 
The human and mouse gene homolog information were imported from 
the Ensembl database (www.ensembl.org) to combine the expression 
data from the two species. For heatmap comparison of the human and 
mouse cell types, we selected the top 50 cell type-specific genes from 
each mouse brain vascular cell type. The heatmap was drawn using the R 
pheatmap package (version:1.0.10). For PCA analysis, we integrated the 
expression levels from individual mouse cells from each cell type. As the 
scRNAseq database on mouse brain vascular cells was generated with 
different number of cells for different cell types, we randomly picked 50 
single cells from the cell types which consisted of more than 50 cells, to 
generate numerally comparable groups. 

2.4. Single cell RNA sequencing (scRNAseq) 

Three representative cell lines (U350CG, U496MG and U556CG) 

Table 1 
Human cell lines used for analyses. Reason for surgery was either malignant glioma, benign brain tumor or aneurysm. Age at surgery, anatomical location and 
passage number are indicated.  

cells passage diagnosis - from op. Journals age at surgery mean age anatomical location 

U281MG 10 malignant glioma 69 
66 

cerebrum 
U489MG 12 malignant glioma (metastasis?) 67 cerebrum 
U496MG 7 malignant glioma 63        

U238CG 10 recidive after falxmeningioma 46 

52 

diffuse in dura and brain 
U333CG 12 meningioma 62 middle sinus 
U347CG 7 falxmeningioma, large bleeding tumor 69 dorsal sinus 
U350CG 3 supracellular meningioma 46 frontal 
U622CG 13 low differentiated cancer, derived from epipharynx 62 supra-sellar, around hypophyses      

U787CG 13 pituitary adenoma 24  
U234CG 18 aneurysm 49 

49 

a cerebri media 
U273CG 10 aneurysm 29 a cerebri media 
U339CG 12 aneurysm 40 a cerebri media 
U556CG 15 aneurysm 50 intracerebral, temporal lobe 
U618CG 10 aneurysm 52 a cerebri media 
U619CG 13 aneurysm 52 communicans anterior 
U810CG 6 aneurysm 61 basiliaris, deep into brain 
U940CG 7 aneurysm 57 a cerebri media    

HBVP  Human brain vascular pericyte (#1200, Science Cell Research Laboratory, CA, USA)  
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were grown to approximately 80% confluence. Single cell suspensions 
were obtained by incubation with Accutase (ThermoFisher Scientific, 
A1110501) for 5 min. Subsequently, cells were pelleted by 5 min 
centrifugation at 300×g, and resuspended in FACS buffer (PBS supple-
mented with 0.5% bovine serum albumin, 2 mM EDTA and 25 mM 
HEPES). Live cells were determined by incubation with CellTrace™ 
Calcein Green (ThermoFisher Scientific, C34852) for 10 min at room 
temperature, followed by 3 min centrifugation at 240×g and resus-
pension in FACS buffer. Thereafter cells were kept on ice until sorting. 
Single cells were sorted into 384-well plates using a Becton Dickinson 
FACSMelody cell sorter, as described previously [13]. In brief, cell 
debris and doublets were excluded, while single living cells were 
captured and stored at − 80 ◦C until downstream processing. Single cell 
cDNA libraries were prepared using the SmartSeq2 method [14], and the 
concentration and size distribution of purified cDNA was assessed by 
DNA High Sensitivity chip at a 2100 Bioanalyzer (Agilent Bio-
technologies). The cDNA was tagmented (fragmented and tagged) using 
Tn5 transposase, and each single well was uniquely indexed using the 
Illumina Nextera XT index kits (Set A–D). Thereafter, the uniquely 
indexed cDNA libraries from the three human cell lines were pooled into 
two samples for sequencing on two lanes at a HiSeq3000 sequencer 
(Illumina), using a sequencing strategy of dual indexing and single 50 
base-pair reads. 

2.5. Single cell RNA seq data analysis 

Analysis of the single cell data was performed as described earlier 
[13]. In short, all single-cell sequencing reads were aligned to the human 
genome and the data was quality filtered to remove cells with low li-
brary size (≤50,000 counts), few expressed genes (≤1500 genes), high 

mitochondrial genes (≥10%) and/or high ERCC counts (≥10%). After 
filtering the dataset comprised of 407 cells; 110 cells from U355CG, 171 
cells from U496MG and 126 cells from U556CG. Genes with a low 
expression (less than three cells with ≥20 counts and a cumulative value 
of <300 counts) were removed from the expression matrix. The PCA and 
nearest neighbor cluster analysis was done with the pathway and gene 
set over-dispersion (pagoda2) R software package (version: 1.0.1). For 
dimensionally reduction visualization, the UMAP (uniform, manifold 
approximation and projection) function was used. A heat map was 
drawn with the top 25 representative genes per cluster. For comparison 
of fibroblast marker gene expression (PDGFRA, DCN, COL3A1 and 
COL6A1), each cell with ≥10 counts for a specific gene was considered 
as positive. The cross-comparison of marker gene co-expression per cell 
line was visualized using the VennDiagram R software package 
(version:1.6.20) (https://CRAN.R-project.org/package=VennDiagram). 

3. Results and discussion 

3.1. Establishment of cell lines 

During the years between 1968 and 1974, in our lab human brain cell 
lines were established in culture from tissue biopsies originating from 
patients with either non-malignant brain lesions or infiltrating glio-
blastomas. Both types of biopsies gave rise to cell lines with similar 
morphology and growth characteristics [6,7]. Based on their CNS origin 
the cells were initially suggested to be of glial origin and they were 
consequently denoted ##CG (control glia) if originating from 
non-malignant brain tissues, or ##MG (malignant glia) if originating 
from glioblastoma tissues. The cells were frozen down at an early pas-
sage and stored in liquid nitrogen, where some vials have remained for 

Fig. 1. Representative images of sub-confluent cells from patients with malignant gliomas, benign tumors and aneurysms. Left column: U281MG, U489MG, 
U496MG; middle column: U347CG, U350CG, U787CG; right column: U339CG, U556CG, U810CG. 
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40–50 years. 
In this study, we thawed and expanded in culture 14 cell lines from 

non-malignant brain tissues and 3 cell lines from glioblastoma tissues, 
all from different patients. The cell lines were selected based on two 
main criteria: low passage number and number of remaining vials in 
liquid nitrogen. 

We searched old medical records for information about the diag-
nosis, age of the patients at surgery and anatomical locations of the 
tissue biopsies, from which the cell cultures were established (Table 1). 
Information on the exact anatomical locations of the tissue biopsies were 
not possible to obtain. Neither could we exclude that some of the 

biopsies contained meningeal cells. Most of the patients had been 
operated in the cerebrum and, as expected, the reason for surgery 
differed and confirmed the cell line designations ##MG (malignant) and 
##CG (non-malignant). The diagnoses fell into 3 distinct groups: an-
eurysms (8 patients), benign tumors (6 patients) and malignant glio-
blastomas (3 patients). The mean age for the three groups were 49 years 
(aneurysms), 52 years (benign tumors) and 66 years (malignant 
glioblastomas). 

After thawing, the cell cultures were passaged once and placed into 
78-cm2 plates for growth until sub-confluency (i.e. when the cells 
covered around 80% of the plate). Individual cells were flat, elongated 

Fig. 2. Collagens are highly expressed in the human brain cells. (A) Expression levels of COL1A1 in human cell lines. Light blue bars represent cells obtained 
from patients with benign tumors, dark blue from patients with aneurysm, red from malignant glioma patients and the green bar shows a commercial human pericyte 
cell line. (B) The presence of different collagens was highly similar between all cell lines, although the expression levels slightly varied. 
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and spindle-shaped, with minor variation (Fig. 1). The majority of the 
cells were harvested for RNA sequencing no later than 2 weeks after 
thawing. A few cell lines grew slower, and two (U238CG and U339CG) 
did not reach sub-confluency at all. As a result, the FPKMs (Fragments 
Per Kilobase of transcript per Million mapped reads) in U238CG were in 
general lower than those in the other cell lines. One cell line (U347CG) 
was treated with Fungizone® during the culture, against Candida 

infection. Based on cell morphology we were not able to distinguish 
between the three groups of diagnosis. We conclude that the growth 
pattern of the human brain cell lines studied herein were similar 
although they originated from patients with different diagnoses. 

Fig. 3. Comparison of gene expression in mouse and human samples. (A) Heatmap showing high degree of transcriptome similarity between mouse perivascular 
fibroblast-like cells and human brain cell lines. Each vertical column represents either bulk RNA-sequences of an individual human brain cell line, or shows the 
average expression in mouse brain vascular single cells for a specific cell type [1]. The color key shows the log2 scaled expression level. Each horizontal line 
represents one gene and each vertical line represents one cell. For each group of genes, the enriched cell types are indicated within brackets. (B) PCA plot where 
human cell lines (red) and mouse perivascular fibroblast-like cells (pink and purple) cluster together. Grey symbols represent other mouse vascular cell types; 
PC-pericytes, vSMC-venous smooth muscle cells, aaSMC-arteriolar smooth muscle cells, aSMC-arterial smooth muscle cells, vEC-venous endothelial cells, 
capilEC-capillary endothelia cells, aEC-arterial endothelial cells, MG-microglia, OL-oligodendrocytes, AC-astrocytes. 
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3.2. Similar transcriptional profile in human brain cell lines and murine 
perivascular fibroblast-like cells 

Transcriptomic profiles were generated for each cell line using bulk 
RNA sequencing. For comparison, a commercially available human 
brain vascular pericyte cell line (HBVP) was also included in the study. 
The expression levels of different genes were assembled in an online 
searchable database (https://betsholtzlab.org/Publications/HumanBra 
inCellLines/database.html) (login: reviewer, password: reviewer), dis-
playing the individual cell lines and the respective FPKMs for all genes. 
The levels of gene expression were slightly heterogenous among the 
different cell lines. For example, COL1A1, the gene with the highest 
average expression, was markedly higher in the cell line U556CG 
(Fig. 2A). Despite this variation, the data supported a common mesen-
chymal phenotype of the different cell lines. Among the 20 genes with 
the highest average expression (FPKM), 11 encoded collagens or 
collagen-binding proteins (COL1A1, COL1A2, COL3A1, SPARC, 
COL6A1, COL4A1, COL4A2, FN1), intermediate filaments or microfila-
ments (ACTB, VIM, ACTG1). In addition, the CG, MG and HBVP cell lines 
expressed similar sets of collagens (Fig. 2B). 

The gene expression data in the human brain cell lines was compared 
with the dataset of genes expressed in murine brain vascular-associated 
cells [1]. Hierarchical clustering of the transcriptomic profiles showed 
that the human cell lines were most similar to the two Pdgfra positive 
fibroblast-like cell types, FB1 and FB2 (Fig. 3A and B). At least some of 
these cells are known to reside immediately outside of the smooth 
muscle cell coat of penetrating arteries, arterioles, veins and venules, but 

they are missing from capillaries [1]. The gene expression in other 
murine vascular brain cells (such as pericytes, vascular smooth muscle 
cells, endothelial cells, microglia, oligodendrocytes and astrocytes) 
showed a clearly different gene expression pattern (Fig. 3A and B). The 
HBVP cell line clustered together with the CG and MG cell lines and was 
accordingly more similar to murine brain FB than to murine brain per-
icytes (green arrow on top in Fig. 3A). That is an interesting finding, as it 
either suggest that (1) the HBVP cell line is derived from perivascular 
fibroblasts instead of pericytes, or (2) that mural genes are down regu-
lated in exchange for fibroblast specific genes when the cells were grown 
in culture. Both possibilities imply that the HBVP cells require further 
characterization for in vivo studies on human brain pericytes. 

To investigate if a perivascular fibroblast equivalent of the mouse 
FB1 and FB2 cells exist in the human brain, we selected four genes with 
highly specific expression in murine perivascular fibroblasts, Pdgfra, 
Dcn, Col6a1 and Col3a1 [1] (Fig. 4A) and investigated their expression at 
the mRNA level in the cell lines and at the protein level in human brain. 
All four human orthologs, PDGFRA, DCN, COL6A1 and COL3A1, were 
abundantly expressed in the human cell lines (Fig. 4B). According to the 
Human Protein Atlas (www.proteinatlas.org) [15], the four corre-
sponding proteins PDGFRA, DCN, COL6A1 and COL3A1 were expressed 
around blood vessels in the human brain (Fig. 4C). To visualize that all 
four genes (PDGFRA, DCN, COL6A1 and COL3A1) were co-expressed in 
the same cells, we performed scRNAseq on three representative cell 
lines. We chose one cell line from a malignant glioma (U496MG), one 
from an aneurysm (U556CG) and one from a benign tumor (U350CG). 
Again, the sequence data showed that cells from different cell lines were 

Fig. 4. Expression of vascular associated genes in human and mouse cells. (A) RNA expression of four genes (Pdgfra, Dcn, Col6a1, Col3a1), whichwhich are 
highly specific in mouse perivascular fibroblasts. Bar plots were retrieved from http://betsholtzlab.org/VascularSingleCells/database.html. (B) RNA expression in 
human cell lines. (C) Protein expression around human brain vasculature, with images obtained from https://www.proteinatlas.org. Scale bar 50 μm. Links to the 
human protein atlas: https://www.proteinatlas.org/ENSG00000134853-PDGFRA/tissue/cerebral+cortex#img. https://www.proteinatlas.org/ENSG00000011465- 
DCN/tissue/cerebral+cortex#img. https://www.proteinatlas.org/ENSG00000142156-COL6A1/tissue/cerebral+cortex#img. https://www.proteinatlas. 
org/ENSG00000168542-COL3A1/tissue/cerebral+cortex#img. 
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highly similar. As expected, it was cell cycle specific genes that gave rise 
to the clustering of the cells. Cluster 2 and 3, consisted of cells in G2/M 
and S-phase, respectively (Fig. 5A), and hence did not cluster together 
with the remaining cells in the UMAP (Fig. 5B). Venn diagrams showed 
clear co-expression of PDGFRA, DCN, COL6A1 and COL3A1 in the ma-
jority of all cells (Fig. 5C). These data suggest that cells analogous to the 
murine brain perivascular FB-like cells exist also in the human brain, 
and furthermore that these may be the origin of the CG and MG cell 
lines. The HBVP cell line of supposed pericyte origin may similarly be 
derived from perivascular FB rather than pericytes, although our data 
does not exclude a pericyte origin of any of the studied cell lines, fol-
lowed by subsequent transcriptional reprogramming in vitro towards an 
FB-like gene expression profile. 

In conclusion, our data show that perivascular FB in the murine brain 
share a common transcriptomic profile with cells in the human brain. 
This is interesting as several of the FB-enriched genes have been asso-
ciated with different human CNS diseases [1]. For example, genes 
expressed in murine perivascular FB are upregulated in the vasculature 
of human glioblastoma [16], suggesting that FB1 cells contribute to the 
aberrant glioblastoma blood vessels. Knowing that similar cells exist in 

the human brain open up for new hypotheses on the development and 
function of the CNS vasculature. 
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Fig. 5. Co-expression of vascular associated genes. (A) Heatmap showing gene expression from scRNAseq of U350CG, U495MG and U556CG cells. Cells from all 
three cell lines cluster into four groups. The top-25 differentially expressed genes in each group are displayed to the right, where each horizontal line represents one 
gene and each vertical line represents one cell. Cluster 2 and 3 express genes typical for G2/M and S-phase of the cell cycle, respectively. (B) UMAP showing that all 
cells cluster together, except for cells in G2/M and S-phase. (C) Venn diagram showing co-expression of PDGFRA, DCN, COL6A1 and COL3A1 in the majority of 
all cells. 
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