
Table 1. Receptors and proteins mediating receptor-mediated transcytosis (RMT) at the blood-brain barrier. 

RMT receptor 

(class) 

Target biology BBB carriers 

Iron transporter   

Transferrin receptor 

(TFRC) 

Transferrin receptor (TfR) is a carrier protein for 

transferrin. It imports iron into the cell (via a receptor-

mediated endocytosis) and is regulated in response to 

intracellular iron concentration. TfR1/CD71 encoded by 

TFRC is a transmembrane glycoprotein composed of two 

disulfide-linked monomers joined by two disulfide 

bonds. Each monomer binds one holo-transferrin 

molecule creating an iron-Tf-TfR complex which enters 

the cell by endocytosis and crosses the BBB by 

transcytosis. 

Various rat-, mouse, and human-specific antibodies against TfR 

have been engineered as BBB carriers for therapeutic cargos, 

including bi-specific antibodies [5,56]. An anti-human TfR 

antibodies have entered Phase 1 clinical trials for brain delivery 

of A-binding antibody (Roche) and iduronate-2-sulfatase for 

patients with Hunter syndrome (JCR Pharmaceuticals Co., 

Ltd).  

Insulin transporters   

Insulin receptor 

(INSR) 

INSR is receptor tyrosine kinase which mediates the 

pleiotropic actions of insulin. Binding of insulin leads to 

phosphorylation of several intracellular substrates. 

Phosphorylation of IRSs proteins leads to the activation 

of two main signaling pathways: the PI3K-AKT/PKB 

pathway, which is responsible for most of the metabolic 

actions of insulin, and the Ras-MAPK pathway involved 

in control of cell growth and differentiation. In addition 

to binding insulin, the insulin receptor can bind insulin-

like growth factors (IGFI and IGFII).  Insulin receptor is 

expressed highly in the liver and intestine, and 

moderately in pancreas and choroid plexus (mice) [57]. 

A humanized chimeric antibody against insulin receptor is 

developed by Armagen Inc (12-14) and is in clinical trials as 

brain delivery ‘carrier’ for lysosomal enzymes in patients with 

Hunter and Hurler syndromes [13]. Insulin receptor antibody-

enzyme fusions show fast systemic pharmacokinetics and 

moderate agonistic action on insulin receptor [13].  

Insulin Growth Factor 

Receptor 1 (IGF1R) 

IGF1R is receptor tyrosine kinase which mediates actions 

of insulin-like growth factor 1 (IGF1). IGF1R binds 

IGF1 with high affinity and IGF2 and insulin (INS) with 

low affinity. Ligand binding activates the receptor 

kinase, leading to receptor autophosphorylation, and 

tyrosine phosphorylation of multiple substrates, and 

subsequent activation of two main signalling pathways: 

the PI3K-AKT/PKB pathway and the Ras-MAPK 

Humanized camelid single-domain antibodies against IGF1R, 

which do not interfere with IGF1 binding to the receptor have 

been shown to cross the BBB via receptor-mediated transport 

[9,22]. Selected IGF1R VHHs with species cross-reactivity 

demonstrated a saturable, energy-dependent transport across 

the human BBB model in vitro and highly enhanced brain and 

CSF exposure in rats [23].  



pathway; receptor activation is involved in cell growth 

and survival control. 

The transport of circulatory IGF1 across the BBB in vivo 

is modulated by local neuronal activity [58]. 

Lipid transporters   

Low-density 

lipoprotein receptor 

(LDLR) 

LDL-R is a mosaic protein of 839 amino acids that 

mediates the endocytosis of cholesterol-rich LDL. It 

recognizes apoprotein B100, which is embedded in the 

outer phospholipid layer of LDL particles, as well as 

apoE protein in chylomicron remnants and VLDL 

remnants (IDL). In humans, the LDL receptor protein is 

encoded by the LDLR gene and belongs to the Low 

density lipoprotein receptor gene family [28]. 

Peptide ligands binding to LDLR were identified using phage-

display screening approach. Two lead peptides (VH434 and 

VH4127) have been shown to mediate LDLR-dependent BBB 

transcytosis [29]. 

 

Low-density 

lipoprotein receptor-

related protein 1 

(LRP1) 

LRP1 is a plasma membrane protein involved in 

receptor-mediated endocytosis. In humans, the LRP1 

protein is encoded by the LRP1 gene. LRP1 is also a 

signalling protein involved in lipoprotein metabolism and 

cell motility, as well as in neurodegenerative diseases, 

atherosclerosis, and cancer. LRP-1 binds numerous 

ligands, including alpha2-macroglobulin, amyloid , 

APOE and others. 

LRP-1 has been implicated in BBB receptor-mediated transport 

of melanotransferrin [59] and peptide ligands (Aprotinin, 

Angiopep2) [25]. Angiochem Inc, a developer of angiopep2-

paclitaxel conjugate has initiated Phase III clinical trials for 

treatment of brain tumors.  

Low-density 

lipoprotein receptor-

related protein 8 

(LRP8/ApoER2) 

LRP8 is a cell surface receptor belonging to the LDL 

receptor family which participates in endocytosis and 

signal transduction. It co-localises with the vascular 

endothelial cell marker CD31/Pecam1 in mouse brain 

[60]. Through interactions with one of its ligands, reelin, 

LRP8 plays an important role in embryonic neuronal 

migration and postnatal long-term potentiation. 

Decreased expression of LRP8 is associated with certain 

neurological diseases. 

Fluorescence-labeled anti-LRP8 antibody was shown to 

transport across the BBB into mouse brain [61].  

Transmembrane 

protein 30A 

(TMEM30A)/CDC50

A/P4 flippase 

TMEM30A is a β subunit (transport to plasma 

membrane) of a catalytic P4-ATPase flippase. P4-

ATPase flippase complex catalyzes hydrolysis of ATP 

coupled to the transport of aminophospholipids from the 

outer to the inner leaflet of various membranes and 

ensures the maintenance of asymmetric distribution of 

A putative receptor of the BBB-crossing single-domain 

antibody FC5 [62,63], isolated from llama VhH libraries by 

function-first panning [31]. FC5 and its humanized variants 

have been fused with various centrally acting payloads, 

including neuropeptides and full monoclonal antibodies [64-

66]. 



phospholipids. Phospholipid translocation has been 

implicated in vesicle formation and in uptake of lipid 

signalling molecules [30] 

Solute carriers   

SLC3A2/CD98hc SLC3A2 comprises the heavy subunit of the large neutral 

amino acid transporter (LAT1) (CD98hc). SLC3A2 is a 

transmembrane protein and exists as the heavy chain of a 

heterodimer, covalently bound through di-sulfide bonds 

to one of several possible light chains. It associates with 

integrins and mediates integrin-dependent signaling 

related to normal cell growth and tumorigenesis. 

Bispecific antibodies targeting CD98hc and BACE1 were 

developed and shown to have brain exposure and 

pharmacodynamic effects on A levels in transgenic mice 

similar to that achieved by TfR-BACE1 bispecific antibodies 

[33].   

 

Neuroactive peptide 

receptors 

  

Leptin receptor 

(LEPR) 

1. Leptin receptor is a single-transmembrane domain Type I 

cytokine receptor that functions as a receptor for the fat 

cell-specific hormone leptin. The leptin regulates 

adipose-tissue mass through hypothalamic effects on 

hunger and energy use. 

Leptin-derived peptides bind to leptin receptor and the complex 

is transported across the BBB [66]. A leptin-derived peptide 

was used to modify pegylated nanoparticles carrying DNA 

plasmid, resulting in high efficiency of gene delivery into the 

brain [34] 

 



Table 2. Expression levels of genes encoding RMT receptors in isolated human brain microvessels 

(BMV), brain and lung (RNAseq normalized read counts; average ± SD) 

Receptors/proteins Human BMV Human brain Human lung  

TFRC 1645.22 ± 249.68 1560.20 ± 520.04 7856.40 ± 6648.12 

    

INSR  3010.84 ± 1158.90* 854.14 ± 81.00 1260.72 ± 106.44 

IGF1R 1304.87 ± 746.61 905.46 ± 229.11 800.57 ± 198.75 

    

LRP1 6896.83 ± 2520.15 5797.91 ± 1220.33 12733.83 ± 4968.54 

LDLR 1424.41 ± 2003.73* 294.13 ± 121.19 6952.95 ± 2791.13 

LRP8 (ApoER2) 695.27 ± 650.56  734.55 ± 153.52 116.66 ± 69.72 

CDC50A/TMEM30A 5578.82 ± 1174.14 7977.31 ± 2267.54 7621.38 ± 3189.82 

    

SLC3A2/CD98hc 6527.14 ± 3983.38 4619.39 ± 509.35 5088.29 ± 425.63 

    

LEPR 1131.17 ± 617.91* 1932.75 ± 612.91 3549.49 ± 132.05 

 

Comparison of gene expression (transcript abundance) across isolated human BMVs, brain and lung 

was performed using One-way ANOVA, followed by Tukey’s multiple comparisons test. Significant 

difference was indicated by (*).  For simplicity, statistical significance was shown only for 

comparisons of BMV against other tissues (but not among other tissues). 

*INSR expression in BMV was significantly (p<0.05) higher compared to either brain or lung;  

*LDLR expression in BMV was significantly higher (p<0.001) compared to brain and 

significantly lower (p<0.05) compared to lung  

*LEPR expression in BMV was significantly lower compared to lung (p<0.001)  

 



Table 3. Expression levels of mouse genes encoding RMT receptors in isolated brain microvessels (BMV), whole brain, liver, spleen and lung 

vessels (RNAseq normalized read counts; average ± SD) 

Receptors/proteins BMV Brain  Liver Spleen  Lung vessels 

TFRC 3690.57 ± 1577.32* 1366.54 ± 198.69 824.73 ± 70.64 3112.77 ± 1853.22 358.11 ± 79.98 

      

INSR  3577.43 ± 889.85* 956.02 ± 215.79 1219.83 ± 877.37 561.32 ± 212.32 1475.28 ± 84.75 

IGF1R 6876.68 ± 1430.93* 1102.77 ± 297.56  38.19 ± 27.33 386.79 ± 70.17 1920.06 ± 367.45 

      

LRP1 11506.40 ± 833.68* 8489.28 ± 1692.30 4448.88 ± 920.24 3403.74 ± 934.22 6397.87 ± 829.14 

LDLR 1015.42 ± 223.35 584.67 ± 170.78 2210.82 ± 1160.86 850.94 ± 230.47 1062.21 ± 116.65 

LRP8 (ApoER2) 3937.60 ± 777.50* 1318.88 ± 271.37 15.31 ± 20.31 310.13 ± 107.61 36.57 ± 12.07 

CDC50A/TMEM30A 4159.55 ± 119.32* 8495.71 ± 1376.15 13191.59 ± 2020.86 2457.55 ± 424.88 3534.28 ± 715.38 

      

SLC3A2/CD98hc 6369.22 ± 1046.86* 2665.44 ± 27.16 979.66 ± 147.88 7792.42 ± 1947.03 5596.12 ± 929.74 

      

LEPR/leptin receptor 356.37 ± 14.03* 90.68 ± 1.77 107.97 ± 9.58 667.06 ± 116.16 1917.86 ± 469.42 

 

Comparisons of gene expression (transcript abundance) across isolated mouse BMVs and peripheral tissues was performed using one-way 

ANOVA, followed by Tukey’s multiple comparisons test.  For simplicity, statistical significance was shown only for comparisons of BMVs 

against other tissues (but not among peripheral tissues). 

*TFRC expression in BMV was significantly (p<0.05) higher compared to lung vessels  

*INSR expression in BMV was significantly higher (p<0.01) compared to brain, liver, lung vessels or spleen. 

*IGF1R expression in BMV was significantly (p<0.0001) higher compared to brain, liver, spleen or lung vessels. 

*LRP1 expression in BMV was significantly (p<0.01) higher compared to liver, spleen, or lung vessels.  

*LRP8 expression in BMV was significantly (p<0.0001) higher compared to brain, liver, spleen or lung vessels.  

*CDC50A/TMEM30A expression in BMV was significantly (p<0.01) lower compared to brain or liver.  

*SLC3A2/CD98hc expression in BMV was significantly higher (p<0.01) compared to brain or liver.  

*LEPR expression in BMV was significantly (p<0.0001) lower compared to lung vessels or spleen and significantly (p<0.001) higher 

compared to brain or liver  

 



Table 4. Expression levels of genes encoding RMT receptors in isolated human and mouse brain microvessels 

(BMV) and whole brain tissues (RNAseq normalized read counts relative to tubulin %; average ± SD) 

Receptors/proteins Human BMVs Human brain  Mouse BMV Mouse brain  

TFRC 32.39 ± 7.65* 21.49 ± 8.71 85.72 ± 31.82 22.24 ± 2.81 

     

INSR  59.27 ± 23.17 11.77 ± 3.38 83.09 ± 18.05 15.56 ± 3.05 

IGF1R 25.69 ± 13.88* 12.47 ± 4.44 159.72 ± 29.12 17.95 ± 4.20 

     

LRP1 135.77 ± 51.07* 79.87 ± 26.57# 267.26 ± 18.29 138.18 ± 23.92 

LDLR 28.04 ± 35.16 4.05 ± 1.86# 23.59 ± 4.54 9.52 ± 2.41 

LRP8 (ApoER2) 13.69 ± 11.59* 10.12 ± 3.36# 91.46 ± 15.84 21.47 ± 3.83 

CDC50A/TMEM30A 109.82 ± 29.53 109.89 ± 41.10 96.61 ± 3.56 138.28 ± 19.47 

     

SLC3A2/CD98hc 128.49 ± 73.44 63.63 ± 18.55 147.94 ± 21.45 43.39 ± 0.66 

     

LEPR/leptin receptor 22.27 ± 11.56* 26.62 ± 10.51# 8.28 ± 0.36 1.48 ± 0.03 

 

Comparison of gene expression (transcript abundance) between human and mouse BMVs and between human and 

mouse brain was performed using unpaired two-tailed student t-test. Significant difference between human and 

mouse BMVs was indicated by (*) and significant difference between human and mouse brain is indicated by (#),  

*Receptor expression is significantly lower in human compared to mouse BMV (TFRC p<0.05; IGF1R p<0.01; 

LRP1 p<0.05; LRP8 p<0.001) 

#Receptor expression is significantly lower (LRP1 p<0.05; LDLR p<0.05; LRP8 p<0.05) or higher (LEPR 

p<0.05) in human compared to mouse brain. 

 

 


