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Abstract 

Background: Improvements in drug delivery to brain metastases are needed. We hypothesized 

that albumin transcytosis would demonstrate widespread distribution in experimental brain 

metastases of breast cancer.  

Methods: The metastatic and uninvolved brain localization of five transcytotic pathways was 

determined in two hematogenous models of breast cancer brain metastasis. Albumin was 

compared to distribution of a Biocytin-TMR, which uses paracellular permeability. An in vitro 

model for transcytosis of albumin across a blood-tumor barrier (BTB) was developed and 

characterized for modes of endocytosis. Human craniotomy specimens were stained for 

endocytic proteins.  

Results: Albumin transcytosis occurred in virtually all metastases, including micrometastases; 

distribution was greater than, and independent of paracellular permeability. Albumin uptake into 

the normal brain parenchyma was negligible.  Using an in vitro assay that permits albumin 

transcytosis through a BTB, albumin used a form of macropinocytosis with features of clathrin-

independent endocytosis (CIE), involving the neonatal Fc receptor (FcRn), Galectin-3 and 

membrane sphingolipids. Human craniotomy specimens demonstrated FcRn and Galectin-3 

staining.  

Conclusions: The data identify CIE as a pathway with optimal features for drug delivery into 

brain metastases.  

Keywords: Brain metastasis, transcytosis, albumin, blood-tumor barrier 

Key Points: 

• Albumin transcytosis occurred in virtually all experimental brain metastases in two 

model systems.  

• Albumin transcytosis occurred independently of paracellular permeability. 

• Albumin transcytosis uses a clathrin-independent endocytosis pathway.  

 Importance of the Study: Improvements in drug delivery to brain metastases are needed to 

enhance therapeutic efficacy. We report that labeled albumin has a distribution pattern in two 
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models of experimental brain metastases of breast cancer that may be optimal for translational 

development: Albumin transcytosis occurred in nearly all lesions, including micrometastases, 

and was independent of paracellular permeability. Using an in vitro model of the blood-tumor 

barrier, we found that albumin uses a clathrin-independent endocytic pathway requiring FcRn 

and galectin-3. Human craniotomy specimens stained for both proteins, demonstrating that the 

pathway can be operative in the human. A CIE pathway may represent an advantageous 

mechanism for linkage to drugs for brain metastasis therapy.  
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Introduction 

 Brain (CNS) metastases of breast and lung cancers and melanoma confer serious physical 

and neurocognitive effects and contribute to patients’ deaths1. Most cytotoxic drugs, including 

those with known systemic activity in the metastatic setting, do not fully penetrate an intact BBB 

and have limited activity in CNS malignancies 2,3. In HER2-positive breast cancer, antibody-drug 

conjugates and new small-molecule tyrosine kinase inhibitors, including combinations with 

neratinib or tucatinib, confer increased progression free survival4-6. New approaches to drug 

delivery to brain metastases are still needed.  

 Drug distribution to brain metastases is complex, involving standard variables such as 

uptake, clearance, and edema, but a unique contributor is the blood-brain barrier (BBB). When a 

tumor forms in the brain, tumor cells often colonize on the outside of the BBB, which is now 

described as a blood-tumor barrier (BTB)7. Low and heterogeneous drug levels in 

hematogenously derived brain metastases were reported for drugs and markers8-13. For paclitaxel, 

approximately 85% of brain lesions had greater drug distribution than uninvolved brain, yet only 

the 10% of lesions with the highest uptake showed apoptosis in response to drug11. Most BTB 

permeability in these studies is paracellular, resulting from breakage of the tight- and adherens 

junctions linking endothelial cells in the BBB, so that drug can diffuse between endothelial cells 

into the brain7.  

 We have now focused on transcytosis as a potential mechanism of drug permeability for 

breast cancer experimental brain metastases. Transcytosis is a complex series of mechanisms for 

the intracellular transport of macromolecules within membrane-bound vesicles. In the normal 

BBB needednutrients enter via multiple transcytotic pathways, including receptor-mediated 

transport, carrier-mediated transport, lipid transport, lipid diffusion and, to a  limited extent, 

macropinocytosis of soluble compounds (rev. in7). Transcytotic pathways vary in initial modes 

of cell membrane endocytosis and the intracellular fate of vesicles. For various CNS diseases, 

ligands to transcytotic pathways such as the transferrin receptor (TfR) have been linked to a 

number of potential drugs or used to coat nanoparticles (rev. in14), demonstrating the intent for 

translation of these pathways. However, most of these studies use normal brain as an endpoint 

for permeability experiments, and the relationship of transcytotic pathways to brain metastases is 

inadequately understood. Angiopep, a peptide derived from low density lipoprotein receptor 
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related protein 1 (LRP1), also uses transcytosis. A clinical trial of Angiopep conjugated to 

paclitaxel showed some disease benefit but the trial did not meet its primary endpoint15. 

 Herein we have focused on albumin as a transcytotic pathway of interest based on 

preliminary experiments identifying a widespread metastatic distribution pattern among five well 

known transcytosis ligands. Albumin is a major constituent of blood. It has been reported to use 

vesicles to move into the normal BBB 16,17 where it is then recycled back to the bloodstream. 

Interestingly, in a time course of another BBB disruption, experimental ischemic stroke, an 

initial rapid increase in BBB permeability to Alexa-Albumin by transcytosis was observed, 

followed by increased paracellular permeability of biocytin18.  

 Herein, we hypothesize that albumin transcytosis is elevated in brain metastases. We 

demonstrate its consistent permeation into brain metastases, including micrometastases. Albumin 

transcytosis was independent of a paracellular permeability marker. To further study its 

transcytotic mechanism, we developed an in vitro BTB assay that demonstrated both paracellular 

permeability and transcytosis comparable to in vivo data. Albumin used a form of 

macropinocytosis termed clathrin-independent endocytosis (CIE) involving its binding to the 

neonatal Fc receptor (FcRn) and coalescence for endocytosis via Galectin-3 (Gal-3) and 

sphingolipids. These data identify a CIE pathway for transcytosis with high specificity for brain 

metastases, which may facilitate the development of improved drug delivery of compounds.  
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Materials and Methods 

 Cell line origins and authentication. The origins and validation of the triple-negative 

231-BR19 and the HER2-overexpressing JIMT1-BR20 are previously reported (see 

Supplementary methods). For in vitro BBB and BTB assays, immortalized human astrocytes 

(HAL) and pericytes (HPL) were generated using SV40 Large T antigen 21. The mouse brain 

endothelial line bEnd.3 was used. Culture conditions are listed in Supplementary Methods.  

 Animal Experiments- General Information. All animal experiments were performed 

under the regulation of the Animal Care and Use Committee (ACUC) of the National Cancer 

Institute (NCI). Five-seven week old female athymic NIH nu/nu mice were injected in the left 

cardiac ventricle with 1.75 x 105 231-BR or JIMT1-BR cells as described, with metastasis 

formation in 3-4 weeks20. Microscopic analysis of brain sections quantified the number and types 

of lesions, and probe distribution. Metastatic colonies were defined as grouped nests of tumor 

cells that would coalesce into a single large lesion if the mice were not sacrificed for a humane 

endpoint. Micrometastases were defined as single tumor cells or a group of a few tumor cells 

distant from a metastatic colony. Further details are in Supplemental Methods.  

 Comparison of five transcytosis ligands. Five known transcytosis ligands, similarly 

labeled, were compared for distribution to metastases in vivo. After the development of brain 

metastases and on the day of necropsy, mice were injected iv with a far-red fluorescent probe of 

either albumin, cationic albumin, transferrin peptide, LRP-1 peptide or folic acid peptide; the 

probes circulated for a short (30 min-1h) or longer (4-6h) period, followed by perfusion. All 

metastatic colonies in one section per mouse brain were assigned to an expression pattern fitting 

its maximal distribution, as listed on Figure 1B. The normal brains of three uninjected mice per 

arm were also analyzed for transcytosis of each probe by these same criteria.  

 Comparison of transcytosis versus paracellular permeability:  231-BR and JIMT1-

BR cells were injected into mice and developed brain metastases. After brain metastasis 

formation and on the day of necropsy Far-red-Albumin (Alexa Fluor™ 647-albumin) and 

Biocytin-TMR was injected (iv) and circulated for 60 and10 min, respectively, followed by the 

perfusion. Whole brain sections were scanned for fluorescence or H&E staining using a Zeiss 

AxioScan.Z1 Slide Scanner. All metastatic colonies and micrometastases were evaluated for the 

extent of albumin and biocytin distribution into categories listed on Figure 2. For the metastatic 
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colonies, distribution was further categorized into paravascular (around capillaries) and diffuse 

(throughout the lesion) distribution patterns.   

 Electron microscopy: Nu/nu mice bearing JIMT1-BR brain metastases were obtained as 

described above and compared to six uninjected mice (sham). Metastases were manually 

dissected and processed for electron microscopy, as were samples of normal brain 

(Supplementary methods). Samples were processed and analyzed by the Electron Microscopy 

Laboratory, Leidos Biomedical Research, Inc. as described in Supplementary Methods.  

         In vitro blood-brain barrier (BBB) and blood-tumor barrier (BTB) assays. The in 

vitro BBB/BTB assays reflecting paracellular permeability was previously established21 in 24-

well plates with transwell inserts. Herein, inserts with 0.4 µm (Corning, #353095) and 3 µm 

pores (Corning, #353096) were tested. Albumin endocytosis and transcytosis was evaluated by 

addition of 50 μg/ml Alexa Fluor™ 594-albumin or Alexa Fluor™ 488-albumin to the top of the 

assay, and culture for 30 min. Endpoints included (1) endocytosis within endothelial cells, (2) 

albumin transcytosis to the lower fluid compartment, and (3) albumin transcytosis and uptake 

into astrocytes in the lower compartment (see Supplementary methods). For inhibitor studies, 

after establishment of BBB/BTB endothelial cells were serum deprived for 1 hour in Opti-MEM. 

Cells were pre-treated with inhibitors for 30 min at nontoxic concentrations (see Supplementary 

methods).  

  shRNA-mediated knockdown of endothelial clathrin-independent endocytosis (CIE) 

genes. shRNA knockdown of genes associated with CIE was performed in bEnd.3 cells as 

described in Supplementary methods.  

 Glycoprotein Isolation. Glycoproteins were isolated using a glycoprotein isolation kit 

(89804; Thermo Fisher Scientific) as per the manufacturer’s protocol. 50 µg of proteins were 

loaded on SDS PAGE gel for assessing the level of FcRn and SPARC glycosylation using their 

antibodies. 

 Co-immunoprecipitation (Co-IP). Protein–protein interactions between Galectin-3 and 

FcRn were studied using Co-Immunoprecipitation Kit (ab206996, Abcam) (see Supplementary 

methods).  
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 Colocalization using confocal microscopy. Mouse bEnd.3 endothelial cells were 

cultured in chamber slides and stained by immunofluorescence for FcRn or Galectin-3 as 

described in Supplementary methods. Confocal microscopy was used to visualize staining.  

 Immufluorescence (IF) of frozen human brain metastasis specimens. IF staining was 

performed as described previsouly19 on flash frozen human brain metastasis craniotomy 

specimens, collected under approved protocols (see Supplementary Methods). 

 Immunohistochemistry (IHC) of human brain metastasis specimens. Formalin-fixed, 

paraffin embedded blocks of human craniotomy specimens were collected as described in 

Supplementary methods. All procedures were performed according to the manufacturer’s 

instructions (LifeSpan, Inc.). The immunoreactivity was scored semi-quantitatively on a 0-3+ 

intensity basis in the endothelial, cancer, and brain parenchymal compartments. 

 Graphic representation and statistical analysis. See Supplementary methods.  
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Results 

 Far-red albumin exhibits a widespread distribution in experimental brain 

metastases.  Far-red emitting fluorescent labeled ligands/proteins for five well-known CNS 

transcytosis pathways were analyzed in vivo to identify those with the highest distribution pattern 

in brain metastases. Mice bearing either 231-BR or JIMT1-BR metastases were injected iv with 

Far-red labeled albumin, cationic albumin, LRP-1 receptor peptide, transferrin peptide or folic 

acid peptide; each probe was circulated for a short (30 min-1h) or long (4-6h) period, at which 

time mice were perfused to remove probe from the bloodstream (Figure 1A). Brain sections were 

analyzed by confocal microscopy for the maximal extent of distribution in metastatic colonies 

and uninvolved brain; a similar experiment was performed on uninjected mice. Representative 

images of the most abundant pattern of probe distribution in the JIMT1-BR model system, and a 

tabulation of the percentage of metastatic colonies with each class of probe distribution are 

shown on Supplementary Figures 1-2 and Figure 1B. The probe with the most widespread 

metastatic distribution was albumin.  The “diffuse” category of albumin distribution (Figure 1B-

D), including perivascular distribution and a cloud of diffuse ligand expression covering much of 

the lesion, increased from 9.2% to 32.4% of metastatic colonies with time of circulation in the 

231-BR model, and from 21.1% to 28.6% of metastatic colonies in the JIMT1-BR model system. 

This pattern is hypothesized to be optimal for drug delivery to most tumor cells. At short 

circulation times, albumin was localized in intracellular vesicles in the capillary space (Figure 

1E). Co-localization of albumin to tumor cells was widespread (Figure 1F). Uninvolved brain 

parenchyma was rarely positive. In the normal brain, albumin was distributed only within 

endothelial cells at 1h and largely absent at 6h (Figure 1B), consistent with the known endocytic 

and recycling role of the endothelial neonatal Fc receptor (FcRn) (rev. in22). Distribution of Far-

red-Dye control was absent in the normal brain and predominantly faint in the metastatic models.  

The data point to widespread, stable distribution of albumin in metastases over the 6h 

experimental period, with relatively little normal or uninvolved brain penetration.  

 Albumin transcytosis is distinct from paracellular marker distribution. To provide a  

comparison of paracellular and transcytotic BTB pathways, mice with 231-BR or JIMT1-BR 

brain metastases were dosed iv with Far-red-Albumin (Albumin-Alexa FluorTM 647) and 

Biocytin TMR (Tetramethylrhodamine Biocytin), a compound of approximate drug size (869 

Da) used as a probe of paracellular permeability18,23, before perfusion and necropsy.  
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Translational questions addressed by this experiment were: (1) if albumin distribution occurred 

in both large and micrometastases, and (2) could albumin reach metastases impermeable to a 

paracellular permeability marker.  

 Figure 2A demonstrates the colocalization of metastases and Far-red albumin. Albumin 

distribution was determined in 252 231-BR and 301 JIMT1-BR metastases. Micrometastases 

outnumbered metastatic colonies by approximately 2-fold in both models. Albumin was visible 

in 97.6% and 96.4% of 231-BR metastatic colonies and micrometastases, respectively, and all 

JIMT1-BR metastases (Figure 2B). For the metastatic colonies, positive distribution was scored 

as “paravascular”, an albumin+ area around the capillary, or “diffuse” throughout the lesion. 

Diffuse albumin distribution was observed in the majority of metastatic colonies, 64.3% of 231-

BR and 87.4% of JIMT1-BR lesions (Figure 2C); paravascular albumin expression was observed 

in 32.1% and 12.6% of the metastases, respectively. 

 For a comparison of albumin and biocytin distribution, metastases were separated into 

metastatic colonies and micrometastases; each category was further separated into an expression 

pattern: No uptake; biocytin only; albumin only (representative examples, Figure 2D); both 

biocytin and albumin, with biocytin more prominent; both compounds with albumin more 

prominent (Example, Figure 2D). Where both compounds were detected but albumin > biocytin, 

the difference in expression levels was remarkable with albumin bright and biocytin barely 

detectable. For the 231-BR and JIMT1-BR models, metastatic colonies were predominately 

albumin > biocytin (65.5% and 78.2%, respectively) with 30.9% and 21.6% albumin only 

distribution, respectively. Biocytin-only expression was not observed and biocytin>albumin 

constituted <2% of lesions (Figure 2E and Supplementary Figure 3). Micrometastases of 231-BR 

and JIMT1-BR were predominately albumin-only (73.8% and 74.8%, respectively), with 

albumin > biocytin constituting most of the remaining lesions (23.8% and 24.8%, respectively) 

(Figure 2F). Biocytin only expression was not observed and biocytin > albumin constituted < 1% 

of micrometastases.  

 Development of an in vitro BBB and BTB model system incorporating albumin 

transcytosis. We previously reported an in vitro model system for paracellular distribution of 

compounds through a BBB or BTB21. Briefly, brain endothelial cells were cultured to confluence 

on the top side of a 0.4 µm porous filter, with pericytes cultured on the bottom side. The insert 

was then placed in a chamber containing astrocytes in culture medium, with (BTB) or without 
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(BBB) tumor cells. This model faithfully reflected Texas red dextran paracellular permeability in 

vivo24. When Albumin-Alexa FluorTM 594 was applied to this configuration, no endocytosis or 

transcytosis was observed. After many modifications, revision of one feature enabled 

transcytosis. Albumin endocytosis into endothelial cells was observed only with wider, 3.0 µm 

pores (Figure 3A-B and Supplementary Figure 4A-B). Confocal microscopy through the width 

of the 3.0 µm porous filter showed that cell processes from phalloidin/NG2 stained pericytes 

invaded through these larger pores to establish connections with the endothelium (Figure 3C), 

similar to their peg-and-socket physical interaction in the normal BBB25. Transcytosis was 

confirmed in the 3.0 µm cultures by albumin distribution into culture medium in the lower 

chamber (Figure 3D and Supplementary Figure 4C). Paracellular distribution of doxorubicin was 

slightly higher in BTB than BBB cultures but was unaffected by pore size (Figure 3E). Both 231-

BR and JIMT1-BR tumor cells promoted endothelial endocytosis of albumin in vesicles that 

costained with Rab11 (Figure 3F-H) and transcytosis into astrocytes in the lower chamber 

(Figure 3I).  

 Albumin transcytosis by macropinocytosis, but dependent on FcRn. We investigated 

the endocytic process by which albumin penetrates endothelia. Incubation of in vitro BTB 

cultures with Fillipin III or Chlorpromazine, inhibitors of  caveolin-dependent26 and clathrin-

dependent27, endocytosis, respectively, had no significant effect on albumin endocytosis. 

Ethylisopropylamiloride, (EIPA), an inhibitor of macropinocytosis28, inhibited albumin 

endocytosis by 80.3% (p<0.0001) in 231-BR cells and  (Figure 4A, C) and 95.5% (p<0.0001)  in 

JIMT1-BR cells (Figure 4B, D). Macropinocytosis, translated as “big drinking”, is the intake of 

fluid and soluble constituents in large vesicles. As a nonselective process, however, fluid and 

whatever is dissolved in it is taken up in classical macropinocytosis. It would make little sense 

that drugs would not be similarly taken up and readily distributed to brain metastases, in contrast 

to voluminous experimental data.  

 A potential answer to this conundrum lies within the general category of 

macropinocytosis: A protein-binding macropinocytotic pathway has been described, termed 

clathrin-independent endocytosis (CIE), also known as clathrin-independent carrier (CLIC), 

glycolipid and lectin hypothesis (GL-Lec), or GPI-enriched compartment (GEEC). As an 

example, the membrane protein CD44, via extracellular N-glycosylation, binds galectin 3 (Gal-3) 

which, via its pentamerization, coalesces multiple CD44 proteins. When coalesced in a 
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membrane region containing high levels of glycosphingolipids, an endocytic pit forms29. If this 

mechanism were to apply to albumin, it must bind an endothelial membrane protein. At least two 

prominent endothelial proteins have been reported to bind albumin, FcRn30 and 

secreted protein acidic and rich in cysteine (SPARC or osteonectin)31. An albumin binding 

protein gp60 was previously reported but we could not identify it in our models on western blots. 

 FcRn is highly expressed in BBB endothelia where it binds and recycles both albumin 

and IgG back to the bloodstream22. Partial knockdown of FcRn in brain endothelial cells by two 

shRNAs resulted in a significant reduction (>80%, p<0.0001) in endothelial albumin endocytosis 

in vitro (Figure 4E-F and Supplementary Figure 5A-B). FcRn knockdown also reduced 

transcytosis of albumin in BTB cultures by ~37% (Figure 4G, p=0.004) without affecting 

paracellular permeability (Supplementary Figure 5C). Our data indicate that a major portion of 

albumin endocytosis and transcytosis in the BTB is not via nonselective macropinocytosis but 

involves an FcRn-mediated pathway. 

 Albumin macropinocytosis through the BTB displays features of CIE. We asked if 

albumin endocytosis, via FcRn binding, fit a general profile of CIE described for CD44 in vitro. 

Brain endothelial FcRn was N-glycosylated (Figure 5A), in agreement with previous data in rat 

kidney cells32. Brain endothelial FcRn bound Gal-3 in two-way co-immunoprecipitations (Figure 

5B-C, input controls on Supplementary Figure 6) and in co-immunofluorescence experiments 

(Figure 5D). When Gal-3 was knocked down from brain endothelial cells using two shRNAs, 

albumin endocytosis was reduced by 80% (p<0.0001) (Figure 5E-G). A reduction in albumin 

endocytosis was also observed if membrane glycosphingolipids were depleted from endothelial 

cells using a Glucosylceramide synthase (GCS) inhibitor33 (Figure 5H-I). Endocytosis of 

albumin was dynamin-independent (Supplementary Figure 7A-D) and dependent on cdc42 

(Supplemental Figure 8A-B).  

 A feature of CIE, post-endocytosis, is the formation of tubular endocytic vesicles that sort 

cargo to different outcomes29,34. We asked whether in vivo evidence of elongated intracellular 

nanotubes could be found in metastases undergoing transcytosis in vivo. Figure 5J presents 

multiple electron micrographs of in vivo JIMT1-BR normal (BBB) and metastatic (BTB) 

endothelia. Vesicles were prominent in both BBB and BTB endothelia (pink arrows) as this is 

the major route of transport for nutrients. However, in each BTB specimen, and not in BBB 
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tissues, more elongated vesicular structures were found suggestive of sorting nanotubes (blue 

arrows).  

 SPARC is an extracellular matrix modifying protein made by brain endothelial cells with 

albumin binding properties35.  shRNA knockdown of SPARC only heterogeneously decreased 

albumin endocytosis in two clones (Supplementary Figure 9A-B). SPARC was also non-

glycosylated (Supplementary Figure 9C). These data eliminated SPARC from further 

consideration as an albumin CIE pathway.  

 

 Albumin CIE proteins in human brain metastases. Whether the albumin CIE 

transcytotic pathway is evident in human brain metastases is important for potential translational 

development. Initial studies were conducted with a limited number of frozen craniotomy 

specimens, suitable for IF. A specimen, representative of 4/9 examined, shows localization of 

collagen IV to identify BTB capillaries and colocalization of Gal-3. The adjacent section was 

stained for FcRn and also shows patchy colocalization, which could be consistent with its 

coalescence into membrane domains (Figure 6A).  

 Additional studies were performed by IHC using formalin-fixed, paraffin embedded 

craniotomy specimens from multiple cancer histologies. Staining for Gal-3 on capillary 

endothelial cells was found in 60% of breast cancer and 50% of ovarian cancer craniotomies but 

only 17% of lung cancer specimens (Figure 6B-C). Staining was intracellular, which could 

reflect synthesis or intracellular sorting and trafficking, and luminal, consistent with an 

extracellular glycocalyx/CIE structure. A single specimen contained a margin of uninvolved 

brain in which Gal-3 was less prominent (Figure 6D). In addition to brain metastasis endothelial 

cells, Gal-3 expression was quantified on cancer cells, neurons, glial cells and macrophages in 

craniotomies on a 0-3+ intensity scale (Figure 6E, Supplementary Figure 10). While mainly 

absent on brain cells, intense staining was seen in cancer cells. These data suggest that a drug 

delivery via the CIE pathway could also operate in tumor cells, but spare most normal brain 

neurons.  
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Discussion 
 

 The identification of novel molecular pathways whereby drugs can be delivered at 

efficacious concentrations to brain metastases is an important goal in neuro-oncology. This 

manuscript used albumin as a probe to identify a CIE transcytosis pathway that may be of value 

for translation. Among five known transcytotic pathways tested in two brain-tropic, 

hematogenous model systems, albumin exhibited the most prevalent distribution to brain 

metastases, and little to the uninvolved or normal brain parenchyma. Additional endpoints may 

be informative in this type of comparison, but our initial use of confocal microscopy at different 

magnifications and photographic exposures to identify the maximal expression pattern limited 

subsequent analytical analyses. Albumin distributed to virtually all metastatic colonies and 

micrometastases, the latter rarely permeated by paracellular permeability compounds. Thus, the 

pathway may have a metastasis preventive role. Albumin distribution was also independent of 

biocytin-TMR, a paracellular permeability probe. Its relative lack of permeation into normal or 

uninvolved brain parenchyma may offer the advantage of minimizing adverse effects to normal 

neuronal function.  

 An in vitro assay was used to study albumin transcytosis. Many in vitro models of the 

BBB and BTB have been reported, each with strengths and deficiencies36. Our assay was 

modified from a previously reported culture system that faithfully replicated in vivo paracellular 

distribution24. Enlarging the pores separating endothelia from pericytes allowed cell connections 

and transcytosis.  Albumin endocytosed into endothelial cells and transcytosed past the pericytes 

into culture medium and astrocytes.  

 Albumin penetrated the BTB, at least in part, by a transcytotic mechanism with features 

of CIE. Albumin transcytosis through the BTB was inhibited by 80-95% by inhibitors of 

macropinocytosis, in agreement with earlier EM studies of the BBB demonstrating large 

vesicles16,17. This observation identified a fundamental conundrum: If albumin dissolved in the 

bloodstream is pinocytosed passes the brain endothelium into metastases by the non-selective 

macropinocytosis process, why don’t drugs dissolved in the bloodstream demonstrate the same 

trend? This question forced the hypothesis that an albumin-selective form of macropinocytosis 

must exist. We demonstrate herein that albumin transcytosis shows features of CIE. CIE includes 

a diverse set of pathways and cargoes where endocytic pit formation is independent of clathrin or 
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caveolin. Albumin endocytosis/transcytosis of the BTB required binding to FcRn, that FcRn was 

N-glycosylated and bound Gal-3, and membrane glycosphingolipids, all in agreement with 

classic CIE data for CD4429. Sorting intracellular tubules were found in JIMT-1BR BTB 

specimens in vivo, consistent with this post-endocytic CIE sorting mechanism37. Gal-3 staining 

was found on BTB endothelia of breast and ovarian human craniotomy specimens.  

  Translational research to promote drug delivery to brain metastases could follow a 

number of facets of a CIE pathway: First, albumin could itself serve as a drug delivery vehicle. 

Albumin temporarily and unstably coats nanoparticles to increase their solubility and adsorption, 

such as nab-paclitaxel38.  It also stably conjugates to peptides or drugs to improve their half-life 

or accumulation39-41. Stable incorporation of albumin into nanoparticles has resulted in limited 

distribution in the normal mouse brain, and enhanced distribution in glioma or metastatic cancer 

lesions42,43. Second, other CIE pathways may be concentrated and active in the BTB and serve as 

drug linkages. CIE cargoes include MHC class I, the GPI anchored protein CD59, 

immunoglobulin superfamily member CD166, integrin β1, and CD44 29,44,45. Third, the FcRn-

based pathway may also be important for monoclonal antibody efficacy for brain metastases. 

Finally, another facet of CIE is the galectin lattice/glycocalyx, glycoproteins and proteoglycans 

that cover the luminal surface of brain endothelial cells.  BBB capillaries have ~40% of the 

lumen occupied with glycocalyx, higher than pulmonary or cardiac capillaries, and the brain 

glycocalyx is degraded by common CNS diseases such as stroke46. Galectins bind glycosylated 

proteins and lipids to form a lattice. With regard to CNS malignancies, an in vitro BTB model 

suggested a breakdown in the endothelial glycocalyx at the site of tumor cell intravasation47.  
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Figure legends 

Figure 1. Characteristics of Far-red albumin distribution in two models of experimental 
brain metastasis. (A) Mice bearing either 231-BR or JIMT1-BR metastases were injected iv 
with Far-red labeled albumin, which was circulated for a short (30 min-1h) or long (4-6h) period, 
followed by perfusion. Brains were sectioned and analyzed by confocal microscopy for the 
maximal extent of distribution in metastatic colonies (groups of metastatic lesions) and 
uninvolved brain; a similar experiment was performed on normal mice. (B) Percentage of 
metastatic lesions (or microscopic fields in normal mice) with each pattern of maximal albumin 
distribution. (C-D) Representative examples of diffuse albumin transcytosis in 231-BR (C) and 
JIMT1-BR (D). (E) Representative examples of endocytosis limited to capillaries, where 
albumin-laden vesicles are observed. (F) “Stitched” image of brain section with JIMT1-BR 
metastases demonstrating widespread delivery of albumin to tumor cells.  
 
Figure 2. Far-red-Albumin distribution to metastatic colonies and micrometastases is 
independent of paracellular distribution. Mice with either 231-BR or JIMT1-BR metastases 
received iv Far-red-Albumin and Tomato Red Biocytin (Biocytin TMR), a marker of paracellular 
permeability; probes circulated for 60 and 10 min, respectively, followed by perfusion. All 
lesions in a brain section were analyzed for fluorescent uptake pattern, and an adjacent section 
was H&E stained to co-localize metastases. (A) Representative example. (B) Extent of albumin 
distribution. (C) Distribution pattern of albumin in metastatic colonies, (D) Representative 
photographs of three predominant classes of albumin and biocytin-TMR distribution. (E-F) 
Distribution patterns in metastatic colonies and micrometastases. Magnification bar, 200 µm, 
Panel A, 50. µm, Panel D.  

Figure 3. An in vitro assay of BBB and BTB function that demonstrates albumin 
transcytosis. A-E. Comparison of cultures using 3 µm and 0.4 µm porous filters. (A) 
Experimental design. 50 µg/ml Albumin-Alexa FluorTM 594 was applied to the top chamber and 
incubated for 30 min. (B) Albumin endocytosis into endothelial cells. (C) Confocal microscopy 
through a 3 µm filter from a completed BTB assay demonstrating invasive NG2+ pericyte 
processes. (D) Albumin transcytosis into the lower chamber culture medium (n=5). (E) 
Paracellular distribution of doxorubicin after 45 min incubation, into the lower chamber (n=3). 
(F, G) Albumin endocytosis into endothelial cells using 231-BR or JIMT1-BR cells (n=4) and its 
representative images.  (H-I) Endocytosis into endothelial cells, showing vesicles.  (H) Confocal 
images of endothelial layer of completed assay showing increased Rab11 in BTB cultures and 
colocalization with albumin. (I) Transcytosis of albumin to astrocytes in lower chamber. All 
experiments conducted at least four times. Statistical differences were calculated using One-way 
analysis of variance (ANOVA).  

Figure 4. Albumin transcytosis uses macropinocytosis, but dependent on FcRn. (A-D) 
Using the in vitro assay of BTB function, inhibitors of endocytic pathways were applied 30 min 
before addition of 50 µg/ml Albumin-Alexa FluorTM 488 for 30 min. Brain endothelial 
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endocytosis was quantified in cultures with 231-BR (A,C) or JIMT1-BR (B,D) tumor cells, 
respectively (n=6). Scale bar 20 µm. (E-G) Endothelial knockdown of FcRn disrupts albumin 
endocytosis and transcytosis. (E) FcRn was knocked down in mouse brain endothelial cells using 
two independent shRNAs; the FcRn band is the top of a doublet as indicated by an arrow. (F) 
Confocal images of albumin endocytosis into endothelial cells using 231-BR and JIMT1-BR 
cells; scale bar 10 µm, (G) Transcytosis measuring albumin fluorescence into the lower chamber 
(n=4). Statistical differences were calculated using One-way ANOVA.  

Figure 5. Albumin transcytosis demonstrates features of clathrin-independent endocytosis 
(CIE). (A) FcRn content of a brain endothelial lysate was separated into glycosylated and non-
glycosylated fractions using Concanavilin A. (B-C) Brain endothelial FcRn bound Gal-3 in two-
way co-immunoprecipitations. (D) Co-immunofluorescence of FcRn and Gal-3 in cultured brain 
endothelial cells. (E-G) Gal-3 knockdown in brain endothelial cells. (E) Western blot. (F-G) 
Endothelial endocytosis of Green-albumin in 231-BR and JIMT1-BR cultures, respectively. (H-
I) Endothelial endocytosis of albumin after treatment with 30 µM of PPMP (DL-threo-1-Phenyl-
2-palmitoylamino-3-morpholino-1-propanol) for 1 h to deplete glycosphingolipids in 231-BR 
(H) and JIMT1-BR (I) cultures. All experiments were performed at least four times and 
statistical differences were calculated using One-way ANOVA. (J) Electron micrographs of 
JIMT1-BR metastases and sham-injected brain. In both tissues normal vesicles are observed 
(pink arrows). Blue arrows identify long endocytic vesicles seen only in BTB specimens, 
consistent with sorting endothelial tubules (blue arrows). Scale bar: 10 nm.  

Figure 6. Gal-3 positivity is a consistent feature of the BTB of human brain metastases. (A) 
Co-immunofluorescence of a snap frozen brain metastasis of human breast cancer showing Gal-3 
colocalization with BTB vessels outlined by collagen IV. In the adjacent section the same 
structures demonstrate colocalization with FcRn. (B-C) Gal-3 immunohistochemical staining of 
formalin-fixed, paraffin embedded resected human brain metastases. (B) Representative 
photographs of Gal-3 staining patterns, on the luminal surface of, or within the BTB (black 
arrows highlighting perivascular, endothelial and negative staining-left to right). (C) Percentage 
of craniotomy specimens from three cancer histologies expressing BTB endothelial Gal-3. (D) 
Single example of a craniotomy specimen with a border of uninvolved brain, which 
demonstrated less Gal-3 staining. (E) Gal-3 staining patterns of other components of brain 
metastases of breast cancer, expressed as a percentage of specimens with 0-3+ intensity staining 
(n=10). Scale bars: 50 µm. 
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