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Abstract

Intrahepatic accumulation of cell-free hemoglobin (Hb) is a significant pathology linked with 

hemolytic disorders such as sickle cell disease (SCD). In addition to hepatic Kupffer cells, 

liver sinusoidal endothelial cells (LSECs) were recently reported to contribute to Hb clearance 

in SCD mice and patients via currently unknown endocytic mechanism. Using small-molecule 

inhibitors of endocytic pathway components in primary human and mouse LSECs, we show that 

sickle-Hb (HbS) uptake by LSECs occurs predominantly through micropinocytosis or fluid-phase 

endocytosis. However, inhibiting clathrin-mediated endocytosis, receptor recycling, or drop in pH 

also significantly attenuated HbS uptake by LSECs. LSEC-driven HbS uptake was independent 

of haptoglobin. Finally, we found that the presence of lipid droplets promotes endothelial HbS 

internalization, whereas hypolipidemic condition inhibits it. In conclusion, this study identifies 

previously unknown alternative mechanism of LSEC-mediated HbS internalization. Our findings 

also inform the need to evaluate the therapeutic potential of blocking these mechanisms to 

ameliorate hemolysis-associated liver damage in SCD and other hemolytic disorders.
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Introduction

Hemolysis is a prevalent pathophysiological phenomenon in both hematologic and 

nonhematologic disorders. The accumulation of extracellular hemoglobin (Hb) has been 

linked to hepatic injury. Sickle cell disease (SCD) is one such hemolytic disorder 

characterized by sickling of red blood cells, leading to hemolysis and the release of 

cell-free Hb into the blood circulation.1,2 Hb binds to plasma haptoglobin (Hp), and 

the Hb-Hp complex travels to the liver, where it gets cleared up by the scavenger 

receptor CD163 expressed on hepatic Kupffer cells3–5 for degradation to heme, followed 

by heme oxygenase-1–dependent metabolism to generate iron, carbon monoxide, and 

bilirubin.4,6–9 Hp-Hb binding and the enzymatic degradation of heme by heme oxygenase-1 

are the protective mechanisms that prevent Hb or heme accumulation under hemolytic 

condition.6,10–12 However, chronic hemolysis associated with SCD overwhelms these 

protective mechanisms and depletes Hp,13,14 leading to elevated levels of erythrocyte-

derived damage-associated molecular patterns (eDAMPs), causing damage to organs such 

as liver and kidney.15–17

Recently, it was shown that the liver plays a predominant role in red blood cell, Hb, 

and iron clearance.18,19 Accumulating evidence highlights the pivotal role of the hepatic 

Kupffer cells and monocyte-derived macrophages, among other phagocytic cells including 

blood monocytes and spleen red pulp macrophages, in the clearance of Hb and other 

eDAMPs (heme and iron).20,21 Our recent findings demonstrated, to our knowledge, for the 

first time that along with hepatic Kupffer cells and monocyte-derived macrophages, liver 

sinusoidal endothelial cells (LSECs) also participate in Hb clearance.19 However, the exact 

mechanisms underlying LSEC-mediated Hb clearance are not completely understood.

Using small-molecule inhibitor screen of various endocytic pathways and LSEC receptor 

blockers in in vitro cultured primary LSECs, we show that fluid-phase endocytosis is 

the main endocytic route of LSEC-mediated Hb internalization. Although fluid-phase 

endocytosis was the main endocytic route, CME was also found to contribute to LSEC-

mediated Hb internalization. Changes in pH and impaired lysosomal degradation inhibited 

sickle-Hb (HbS) clearance in LSECs. We also found that LSEC-mediated Hb internalization 

was not dependent on Hp but adversely affected by heme and iron. Finally, we show that Hb 

internalization is lipid dependent and that the lipid-depleting agents simvastatin, imanixil, 

and nystatin significantly impede endothelial Hb internalization. In conclusion, we identified 

various alternative methods of LSEC-mediated Hb internalization, which might provide 

useful therapeutic strategies to combat hemolysis-related organ damage in SCD.

Methods

Primary liver endothelial cell culture

Mouse sinusoidal endothelial cells (catalog no. ABC-TC3208) were procured from AcceGen 

and cultured in complete RPMI medium supplemented with 10% fetal calf serum and 

1% penicillin-streptomycin for a maximum of 5 passages to preserve their LSEC identity. 

Human hepatic sinusoidal endothelial cells (catalog no. 10HU-021) were obtained from 

iXCells and cultured in endothelial cell growth medium (iXCells; catalog no. MD-0010) for 

Kaminski et al. Page 2

Blood Vessel Thromb Hemost. Author manuscript; available in PMC 2025 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a maximum of 4 passages to maintain their hepatic sinusoidal endothelial cell identity. All 

experiments involving various chemical treatments were conducted when the cells reached 

70% to 80% confluence. LSECs were passaged up to 2 times to maintain their structural and 

functional integrity (characterization is shown in supplemental Figure 1)

Design of the small-molecule inhibitor of endocytosis

We conducted a small-molecule inhibitor screen (as shown in supplemental Figure 2A) 

by selecting a number of endocytosis blockers and LSEC-specific endocytosis inhibitors. 

Inhibitor concentration and administration duration are listed in supplemental Table 1. 

Broadly, the blockers were divided into the following groups (Table 1).

Compounds that were able to reduce/increase Hb internalization ≥50% were grouped into 

strong regulators (listed in supplemental Tables 2 and 3), whereas compounds that were able 

to affect Hb internalization by <50% were grouped into intermediate regulators (listed in 

supplemental Table 4). Compounds that did not show any change in Hb internalization are 

listed in supplemental Table 5. Only the strong regulators of Hb internalization are discussed 

in this study.

Flow cytometric analysis

Mouse LSECs were incubated with the specified stimuli at the indicated time point, 

followed by the addition of 2 μM Alexa 488 Hb for an additional 1 hour. After incubation, 

the cells were washed, detached with 0.25% trypsin with EDTA, and subjected to a single 

wash. Subsequently, the cells were stained with 5 μL of calcium-free apoptotic-dead cell 

tag 647 for 5 minutes without. The cells were analyzed by gating on live cells. The flow 

cytometry gating strategy is depicted in supplemental Figure 3.

Immunofluorescence and confocal imaging

Mouse LSECs were seeded in 96-well plates overnight. The next day, the cells were cultured 

with RPMI without serum for 1 hour before being treated with indicated chemicals for the 

indicated time. The cells were continuously treated with 2 μM Alexa 488–conjugated Hb 

for an additional 1 hour. After incubation, the cells were washed, detached with trypsin, 

and subjected to washes 5 times. The cells were incubated with DRAQ5 for 10 minutes, 

followed by 1 wash. The cells were imaged with Leica fluorescent microscope under a 20× 

objective.

Statistical analysis

The unpaired 2-tailed Student t test was used to determine statistical significance between 

the 2 groups (*P < .05 or **P < .01). When >2 groups were compared, statistical analysis 

was performed using 1- and 2-way analysis of variance with the Bonferroni correction. 

The calculations were done with Prism version 7.0a (GraphPad Software). All in vitro 

studies are either a collection of 3 independent experiments or reflect at least 3 independent 

experiments. Error bars indicate standard deviation.
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Results

Hb internalization to LSECs is a slow process and happens within hours

To determine the time taken by LSECs to internalize normal-Hb (HbA) and HbS, we 

administered HbA or HbS tagged with fluorescein isothiocyanate to human and mice 

primary LSEC culture and performed flow cytometric analysis at 0 minute and 1 hour after 

HbA/HbS administration (Figure 1A). When compared, HbA internalization (as measured 

by overall Hb intensity across the cells) appeared faster than HbS (Figure 1B).

To verify that HbA/HbS is taken up by LSECs and not bound to the cell surface of LSECs, 

we performed an immunofluorescence assay. Figure 1C demonstrates that the administration 

of HbA/HbS resulted in the gradual buildup of Hb inside LSECs over time, as indicated 

by the presence of small, distinct puncta of Hb. Interestingly, as shown in Figure 1C, the 

internalization of HbA/HbS appeared to be a slow process, and all LSECs were found to be 

positive for Hb staining by 1 hour. Finally, we compared the fluorescence intensity of HbA 

and HbS inside LSECs 1 hour after administration. Interestingly, HbA exhibited a stronger 

fluorescence intensity than HbS, suggestive of a slower uptake or an increased degradation 

of HbS compared with HbA (Figure 1C). Together, these observations indicate that Hb 

internalization in LSECs happens overtime, and HbA exhibits a faster internalization rate 

than HbS.

HbA/HbS internalization to LSECs is pH dependent

Next, as shown in supplemental Figure 2A and Table 1, we used a subset of small-molecule 

inhibitors that are known to affect various endocytic pathways to identify regulators of 

LSEC-mediated Hb internalization. A critical aspect of endocytosis is the formation of 

early endosomes, which requires the maintenance of an acidic internal pH, typically 

ranging from 6.0 to 6.2. The low pH in the early endosome compartment facilitates the 

dissociation of ligands from their receptors.22–24 To determine the effect of pH on HbA/HbS 

internalization, we exposed in vitro cultured LSECs to increasing doses of ammonium 

chloride, chloroquine, concanamycin A, or monensin for the stipulated time point mentioned 

in supplemental Table 1, followed by incubation with fluorescein isothiocyanate–tagged 

HbA/HbS for 1 hour. Chloroquine phosphate (a lysosomotropic weak base) and monensin 

(a carbocyclic polyether Na+ ionophore), which prevents endosomal acidification by serving 

as an Na+/H+ antiporter,25 significantly reduced HbA/HbS internalization to LSECs, as seen 

by flow cytometric analysis and confocal microscopy image analysis (Figure 1E–G; data not 

shown).

Concanamycin A, a selective inhibitor of vacuolar-type H+-adenosine triphosphatases and 

hence a potent inhibitor of endosomal acidification,26 induced a significant reduction in 

HbA/HbS internalization (by 5000-fold at a concentration of only 20 nM; Figure 1F–

G). Altogether, these data show that HbA/HbS use a pH-dependent internalization route, 

possibly an endosomal cell entry pathway.
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HbS/HbA enters liver endothelial cells predominantly through alternative endocytic routes

Proteins use a variety of pH-dependent endocytic pathways, including clathrin-mediated 

endocytosis (CME), dynamin-mediated (usually clathrin mediated but can be clathrin 

independent) endocytosis, clathrin-independent endocytosis, macropinocytosis, and caveola-

mediated endocytosis.22,27–29 We have recently shown that blocking micropinocytosis 

can mildly affect Hb internalization to LSECs.19 Because micropinocytosis is a type of 

endocytosis and several proteins are known to use various pathways simultaneously for 

internalization, we further characterized the internalization route of Hb to LSECs. To 

assess Hb internalization mechanism, we first treated primary LSECs with certain doses 

of inhibitors that are known to block different endocytic pathways, followed by analyses 

of Hb trafficking by flow cytometry and imaging analysis. The list of inhibitors used is 

shown in supplemental Table 1. Phenylarsine oxide, which is reported to inhibit fluid-phase 

endocytosis as well as abolish the development of clathrin-coated endocytic vesicles by 

interfering with the interaction between the adapter protein AP-2 and the clathrin-coated 

pit lattice,30,31 almost completely inhibited Hb internalization at a concentration of 20 

μM, as seen by flow cytometry analysis (Figure 2B) and confocal imaging (Figure 2C). 

A similar effect was observed with Pitstop 2, which inhibits CME,32 at concentrations 

of 20 μM, suggesting that both fluid-phase endocytosis as well as CME can regulate Hb 

internalization in LSECs (Figure 2D–F). To further confirm the effect of CME, we next 

used various dynamin blockers in in vitro cultured LSECs, namely dynamin inhibitors, 

dynasore, and dynamin inhibitor 1. Dynamin functions as a mechanochemical enzyme that 

drives membrane fission and as a regulatory guanosine triphosphatase in CME.33 Dynamin 

inhibitor blocks membrane fusion in CME. Dynasore is an inhibitor of dynamin and inhibits 

CME.34 We treated LSECs with dynamin inhibitor as well as dynasore for up to 30 minutes 

before Hb administration to the culture media, followed by the measurement of internalized 

HbS intensity by flow cytometry and confocal imaging. As shown in Figure 2G–I, both 

these treatments did not significantly reduce the internalization of HbS to LSECs, suggesting 

that LSEC-mediated HbS internalization is dependent on clathrin coat formation but not on 

dynamin-induced membrane fusion. Because CME is also involved in receptor recycling,35 

we further asked whether HbS internalization is impaired by blocking receptor recycling 

pathway. To inhibit receptor recycling, we used dansylcadaverine, which is known to block 

CME by inhibiting receptor recycling.36 Remarkably, dansylcadaverine treatment showed 

a stronger reduction in Hb internalization. As shown in Figure 2K–L, HbS internalization 

was significantly reduced, suggesting that either receptor recycling or CME vessel formation 

promotes HbS internalization in LSECs (Figure 2J). Taken together, the data presented 

in Figure 2 suggest that HbA/HbS enters LSECs by several endocytic routes, including 

fluid-phase endocytosis/micropinocytosis (predominant route) as well as CME (alternative 

route).

Cathepsin B–mediated lysosomal degradation promotes LSEC-mediated HbA/HbS 
clearance

To further evaluate the possible involvement of other routes of endocytosis, we blocked 

caveolin-mediated endocytosis using filipin III (Figure 3A).37 Interestingly, filipin III did 

not have a significant effect on HbS internalization by LSECs (Figure 3B–C). Similar 

effect was seen using nocodazole, which is also known to block caveola-dependent 
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endocytosis (supplemental Figure 4A–B).38,39 We next examined the effect of blocking 

macropinocytosis (Figure 3D) using wortmannin, blebbistatin, and 5-[N-ethyl-N-isopropyl] 

amiloride.40,41 5-[N-ethyl-N-isopropyl] amiloride administration caused significant cell 

death in LSECs, and thus, its potential role in Hb internalization was not tested. Blebbistatin 

inhibits myosin II light chain formation and abrogates macropinocytosis. As shown in 

Figure 3E,G, blebbistatin treatment did not significantly affect Hb internalization. We could 

find HbS-positive green dots inside LSECs after treatment. However, the overall pattern 

of HbS distribution inside LSECs appeared different after blebbistatin treatment. Similar 

to blebbistatin, wortmannin selectively inhibits macropinocytosis (Figure 3D) by blocking 

PI3K.42 Wortmannin treatment did not have a significant effect in HbS internalization 

(Figure 3F–G).

To finally test whether cathepsin-mediated processing within the endosomes is required for 

HbS internalization, we blocked cathepsin B and cathepsin L (Figure 3H).43,44 Cathepsin 

B is an intercellular cysteine protease, which promotes proteolysis of endocytosed proteins 

in the lysosome. When we blocked cathepsin B activity using a specific inhibitor, CA047, 

it significantly inhibited HbS internalization to LSECs. As shown in Figure 3I–J, both 

imaging and flow cytometric analysis revealed reduced HbS staining and colocalization in 

LSECS. However, blocking cathepsin L using an inhibitor did not significantly affect Hb 

internalization.

The proteolytic cleavage of proteins by cathepsin B is reliant on the acidic pH of the 

surrounding environment, but cathepsin L does not require this acidic condition. Thus, the 

difference seen in cathepsin L– and cathepsin B–mediated proteolytic cleavage could be 

due to pH changes. Altogether, our data suggest that Hb internalization is independent 

of caveola-mediated endocytosis or macropinocytosis. Moreover, we show that cathepsin 

B–mediated (and not cathepsin L–mediated) lysosomal degradation of protein promotes Hb 

internalization and degradation in LSECs.

Effects of SCD-related pathophysiology on endothelial Hb internalization

Hemolysis and accumulation of cell-free HbS in SCD are associated with increased 

inflammation and elevated levels of heme and iron in the hepatic sinusoidal endothelial 

area.2,45–49 Therefore, to further understand HbS internalization mechanism in SCD 

disease context, we next examined whether Hb, heme, and iron accumulation as well 

as lipopolysaccharide (LPS) treatment can affect HbS internalization to LSECs (Figure 

4A). Moreover, because Hb is known to bind to Hp and Hb-Hp complex formation 

accelerates Hb internalization,4 we also tested whether the presence of Hp promotes LSEC-

induced Hb internalization (Figure 4A). Administration of oxy-Hb or iron to the culture 

media did not significantly affect HbS internalization by LSECs (supplemental Figure 

4A–B). However, blocking iron trafficking using a small-molecule iron transport inhibitor, 

NSC30671150/ferristatin (transferrin [Tf] receptor blocker), led to significant reduction in 

HbS internalization by LSECs (Figure 4B–C). Similar effect was seen after blocking toll-

like receptor 4 (TLR4) using TAK24251,52 (Figure 4A–C), suggesting that heme and iron 

trafficking promotes LSEC-mediated Hb internalization.
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Next, we added LPS to the culture media to mimic inflammation in cultured LSECs. Hb 

internalization was not affected after LPS treatment compared with dimethyl sulfoxide–

treated cells, based on flow cytometric analysis and confocal imaging (Figure 4B–C). 

Increasing the concentration of LPS (200 ng, 600 ng, and up to 1200 ng) added to the 

culture media did not significantly affect LSEC-mediated Hb internalization (supplemental 

Figure 4C–D). Similarly, adding increasing concentrations of Hp to the media did not affect 

Hb internalization (Figure 4B–C; supplemental Figure 4E–F). Taken together, our results 

suggested that although TAK242 and NSC306711 treatment can significantly impede Hb 

internalization, administration of Hp, LPS, oxy-Hb, and iron does not have a clear effect on 

endothelial Hb internalization.

HbS/HbA internalization to liver endothelial cells is accelerated by the presence of cellular 
lipids

Because we observed that both receptor-driven CME and fluid-phase endocytosis, which 

are vesicle-driven endocytic pathways, can affect Hb internalization, we next examined the 

impact of blocking endocytic vesicle formation on HbS internalization. Because vesicles 

consist of lipid bilayers,53 we investigated how the presence or absence of lipids might affect 

HbS internalization. To examine the effect of lipids, we increased lipid concentration using 

a lipid cocktail, and conversely, we reduced lipid levels using a lipid blocker, simvastatin.54 

Remarkably, administration of the lipid cocktail significantly increased Hb internalization 

(Figure 5A,C). Both flow cytometric analysis and confocal imaging showed significant 

increase in HbS internalization (Figure 5A,C). Blocking lipid in the cell culture media using 

simvastatin led to reduced internalization of Hb. As shown in Figure 5B–C, both flow 

cytometric analysis and confocal imaging showed significant decrease in Hb internalization. 

Interestingly, HbS internalization was more affected by the presence or absence of lipids 

than HbA. Subsequently, we examined the cellular architecture after treatment with lipids 

and simvastatin. The cell-cell adhesion seen in dimethyl sulfoxide– and lipid-treated 

cells was lost in simvastatin-treated LSECs (Figure 5D). Moreover, because nystatin is 

known to block lipid-mediated endocytosis (along with blocking micropinocytosis),55 we 

administered nystatin and measured HbA/HbS internalization 30 minutes after treatment. 

Nystatin treatment showed a stronger reduction in HbS internalization, as shown by both 

imaging and flow cytometric analysis (Figure 5E). Finally, we blocked lipid internalization 

using imanixil, which is a low-density lipoprotein receptor inducer as well as a cholesterol 

reducing agent.56,57 Imanixil treatment caused significant impairment in liver endothelial Hb 

internalization, as shown by flow cytometric analysis and confocal imaging (Figure 5E–F). 

These combined results suggest that the presence of lipids can significantly enhance Hb 

internalization to LSECs, whereas hypolipidemic condition inhibits it.

Discussion

Here, we demonstrate that Hb clearance by LSECs occurs through >1 endocytic pathway. 

Although fluid-phase endocytosis/micropinocytosis was seen as the predominant route for 

Hb internalization, CME, lysosomal degradation, and receptor recycling were also shown 

to affect HbS internalization to LSECs. Among the factors affecting HbS internalization, 

pH and heme-iron content were prominent. Finally, we show that LSEC-mediated Hb 
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internalization is dependent on the presence of lipids. Altogether, these results uncover the 

mechanism of Hb entry to LSECs. Targeting LSEC-mediated Hb internalization by either 

overexpressing the receptors or manipulating the conditions for internalization may serve as 

a novel therapeutic target in treating SCD and other pathological states involving persistent 

hemolysis.

Pharmacological interventions that alter cellular pH impeded Hb entry, indicating a pH-

dependent mechanism for Hb uptake. As observed for many other proteins,58 a low pH may 

be required to cause conformational changes in surface glycoproteins required to initiate 

fusion of the protein membrane with the target cell membrane. However, it is important 

to note that pH alteration may have unintended consequences, such as disrupting receptor 

recycling, inhibiting endosome maturation, or neutralizing the trans-Golgi network.59,60 

Consequently, additional tests must be conducted to validate the pH dependency of Hb 

internalization.

Endocytosis can be differentiated into phagocytosis and pinocytosis. Phagocytosis has been 

observed only in specialized cells engulfing large particles. Because the vast majority 

of known small proteins use pinocytic pathways, we hypothesized that Hb protein 

(~5 nm in diameter) enters LSECs by fluid-phase endocytosis/micropinocytosis. Indeed, 

blocking fluid-phase endocytosis/micropinocytosis significantly inhibited Hb internalization, 

confirming our hypothesis. Pinocytosis can be categorized into dynamin-dependent 

subpathways, including CME, caveola-mediated endocytosis, and poorly characterized 

clathrin-independent dynamin-mediated endocytosis, as well as dynamin-independent 

pathways, commonly referred to as macropinocytosis, lipid raft-mediated endocytosis, and 

nonclathrin/non-caveolar endocytosis. Our experiments here show that Hb primarily uses 

a lipid-mediated endocytosis pathway. Moreover, the Hp-independent internalization of Hb 

also hints at a non–receptor-mediated fluid-phase trafficking of Hb to endothelial cells. We 

observed a mild reduction in Hb internalization upon blocking CME-mediated pathway.

CME usually happens quickly, with proteins attached to the exterior of target cells getting 

inside them within minutes. However, we found Hb internalization by LSECs to be a 

slow process, taking almost an hour to complete, suggesting that CME is most likely an 

alternative pathway used by Hb to enter LSECs or it indirectly regulates HbS internalization. 

Several proteins are known to use multiple pathways to enter their target cells, or they use 

specific yet distinct pathways in different cell types. It would be intriguing to investigate 

whether LSECs possess the distinctive ability for Hb internalization via many concurrent 

pathways. One of the key findings of our study is that lipid promotes Hb internalization 

by LSECs, and blocking lipid/cholesterol synthesis by simvastatin, imanixil, or nystatin 

treatment blocked Hb internalization by LSECs. Along with that, our screen revealed a 

negative role of NSC306711/ferristatin in endothelial Hb internalization. The small molecule 

NSC306711 decreases the uptake of Tf-bound iron by internalizing and degrading the 

unoccupied Tf receptors.50 Interestingly, prior studies have demonstrated that NSC306711-

driven internalization of Tf is independent of clathrin or dynamin but is sensitive to the lipid-

depleting agents filipin and nystatin, implying a function of lipid raft in ferristatin-induced 

Tf receptor internalization and degradation.50 We propose that the NSC306711-driven 

impairment of Hb internalization could also be due to blockage of lipid-assisted endocytic 
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trafficking. We propose several mechanisms that may contribute to lipid-mediated Hb 

internalization. First, the positive role of lipids in Hb internalization could be by promoting 

the formation of lipid-rich vesicles/microparticles that transport Hb to the LSECs. Second, 

Hb and lipids might travel together to LSECs, and blocking lipid receptors might also affect 

Hb internalization. Finally, the presence of lipids in the culture media might signal (eat me 

signal) endothelial cells to engulf the Hb proteins. Future experiments would be needed 

to determine the mechanisms contributing to the need for lipids in Hb internalization by 

LSECs.

A predominant pathophysiology associated with SCD is intravascular and extravascular 

hemolysis. Previous studies have shown that products of hemolysis (ie, heme/

decompartmentalized Hb) inflame the endothelial-vascular system.3,48,49,61 These 

byproducts are also known to cause sterile inflammation and activation of the leukocytes, 

platelets, and endothelial cells leading to vaso-occlusion.2 Here, we are showing that, along 

with several other known deleterious effects, hemolysis (increased accumulation of heme 

and iron) can also impair Hb clearance. Understanding how each of these components 

influence the internalization/clearance of Hb would be useful in deciphering the complex 

heterogeneity associated with SCD organ damage.

Interestingly, we found that LPS did not influence HbS transport; however, TLR4, which 

is involved in LPS-induced endothelium activation, affected HbS transport. The observed 

disparity between LPS- and TLR4-mediated HbS transport may be attributable to dosage, 

including both the concentration of LPS and the duration of administration. Alternatively, 

LPS may induce a slight elevation in TLR4, insufficient to affect a notable alteration in HbS 

internalization.

Our experiments are limited by the fact that some of the inhibitors used in the primary 

screen might have off-target effects and thus can lead to false positivity or negativity. Several 

exotic endocytic pathways, including the interleukin 2, glycosylphosphotidylinositol-

anchored protein enriched compartments, flotillin, and ARF6 pathways, were not examined 

in this study. Although it is unlikely, Hb could possibly enter different cell types by means of 

different pathways based on the presence or absence of external stimuli. The differences in 

HbS and HbA internalization could have therapeutic implications in SCD.

In summary, in this study, we identified alternative mechanisms of LSEC-mediated HbS 

transport. Because increased uptake of HbS by LSECs impedes HbS clearance and 

facilitates LSEC senescence, which subsequently exacerbates hepatobiliary damage,19 these 

findings on alternative methods of HbS trafficking may inform the development of new 

therapies to ameliorate liver damage associated with SCD as well as other hemolytic 

disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• Liver endothelial cell–mediated Hb internalization predominantly occurs via 

fluid-phase endocytosis.

• Presence of lipid droplets promotes endothelial HbS internalization, whereas 

hypolipidemic condition inhibits it.
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Figure 1. Endothelial Hb internalization is a slow process and depends on cellular pH.
(A) Flow cytometry analysis of Hb internalization in cells; distribution of CD31 (liver 

endothelial cell marker) and Hb before internalization (left), and the distribution after 

internalization (right). (B) Quantification of fluorescence intensity of internalized HbA 

and HbS, indicating a significant difference in internalization efficiency. (C) Time course 

study of HbA and HbS internalization in cells at 0, 15, and 30 minutes, 1 hour, and 

2 hours. Images show the fluorescence of AF-HbA-488 and AF-HbS-488, demonstrating 

the time-dependent internalization of Hb. Scale bars, 20 μm. (D) Schematic representation 

of the internalization and trafficking pathway of Hb in cells, highlighting the role of pH 
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blockers (chloroquine phosphate and concanamycin A) in altering Hb internalization. (E) 

Quantification of Hb internalization in the presence of chloroquine phosphate. Results 

indicate a significant reduction in Hb internalization when treated with chloroquine 

phosphate compared with baseline (P < .05). (F) Quantification of Hb internalization 

in the presence of concanamycin A. Results indicate a significant reduction in Hb 

internalization when treated with concanamycin A compared with baseline (*P < .05). (G) 

Confocal microscopy images showing the internalization of AF-HbS-488 in the presence 

of chloroquine phosphate and concanamycin A. Nuclear marker is shown in red, indicating 

the distribution of internalized Hb within the cells. Scale bars, 20 μm. P < .05. HBB, 

hemoglobin beta.
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Figure 2. Liver endothelial cell–driven Hb internalization depends on alternative endocytic 
routes.
(A) Schematic representation of the internalization and trafficking pathway of Hb in cells, 

highlighting the role of phenylarsine oxide (PAO) in altering Hb internalization through 

fluid-phase endocytosis. (B) Quantification of fluorescence intensity of internalized HbA 

and HbS in the presence of PAO, indicating a significant reduction in internalization 

efficiency when treated with PAO. (C) Confocal microscopy images showing the 

internalization of AF-HbS-488 in the presence of PAO. Nuclear marker is shown in red, 

indicating the distribution of internalized Hb within the cells. Scale bars, 20 μm. (D) 

Schematic representation of the internalization and trafficking pathway of Hb in cells, 
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highlighting the role of Pitstop 2 in altering Hb internalization through the inhibition of 

CME. (E) Quantification of fluorescence intensity of internalized HbA and HbS in the 

presence of Pitstop 2, indicating a significant reduction in internalization efficiency when 

treated with Pitstop 2. (F) Confocal microscopy images showing the internalization of 

AF-HbS-488 in the presence of Pitstop 2. Nuclear marker is shown in red, indicating 

the distribution of internalized Hb within the cells. (G) Schematic representation of the 

internalization and trafficking pathway of Hb in cells, highlighting the role of dynamin 

inhibitor in altering Hb internalization through the inhibition of CME. (H) Quantification of 

fluorescence intensity of internalized HbA and HbS in the presence of dynamin inhibitor, 

indicating a significant reduction in internalization efficiency when treated with dynamin 

inhibitor. (I) Confocal microscopy images showing the internalization of AF-HbS-488 in the 

presence of dynamin inhibitor. Nuclear marker is shown in red, indicating the distribution 

of internalized Hb within the cells. (J) Schematic representation of the internalization and 

trafficking pathway of Hb in cells, highlighting the role of dansylcadaverine in altering 

Hb internalization through inhibition of CME. (K) Quantification of fluorescence intensity 

of internalized HbA and HbS in the presence of dansylcadaverine, indicating a significant 

reduction in internalization efficiency when treated with dansylcadaverine (P < .05). (L) 

Confocal microscopy images showing the internalization of AF-HbS-488 in the presence of 

dansylcadaverine. Nuclear marker is shown in red, indicating the distribution of internalized 

Hb within the cells. Scale bars, 20 μm. *P < .05. MVB, multivesicular bodies.
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Figure 3. The effect of blocking caveola-mediated endocytosis and lysosomal degradation in 
LSEC-mediated Hb internalization.
(A) Schematic representation of the internalization and trafficking pathway of Hb in cells, 

highlighting the role of filipin III in altering Hb internalization through inhibition of 

caveola-mediated endocytosis. (B) Confocal microscopy images showing the internalization 

of AF-HbS-488 in the presence of filipin III. Nuclear marker is shown in red, indicating the 

distribution of internalized Hb within the cells. (C) Quantification of fluorescence intensity 

of internalized HbA and HbS in the presence of filipin III, indicating a significant reduction 

in internalization efficiency when treated with filipin III. (D) Schematic representation of the 

internalization and trafficking pathway of Hb in cells, highlighting the role of blebbistatin 
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and wortmannin in altering Hb internalization through inhibition of macropinocytosis. (E) 

Quantification of fluorescence intensity of internalized HbA and HbS in the presence of 

blebbistatin, indicating a significant reduction in internalization efficiency when treated 

with blebbistatin. (F) Quantification of fluorescence intensity of internalized HbA and 

HbS in the presence of wortmannin, indicating a significant reduction in internalization 

efficiency when treated with wortmannin. (G) Confocal microscopy images showing the 

internalization of AF-HbS-488 in the presence of blebbistatin and wortmannin. Nuclear 

marker is shown in red, indicating the distribution of internalized Hb within the cells. 

(H) Schematic representation of the internalization and trafficking pathway of Hb in cells, 

highlighting the role of cathepsin B and cathepsin L inhibitors in altering Hb internalization 

through inhibition of lysosomal degradation. (I) Quantification of fluorescence intensity 

of internalized HbA and HbS in the presence of cathepsin B and cathepsin L inhibitors, 

indicating a significant reduction in internalization efficiency when treated with cathepsin B 

and cathepsin L inhibitors. (J) Confocal microscopy images showing the internalization of 

AF-HbS-488 in the presence of cathepsin B and cathepsin L inhibitors. Nuclear marker is 

shown in red, indicating the distribution of internalized Hb within the cells. Scale bars, 20 

μm. *P < .05. MVB, multivesicular bodies.
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Figure 4. The effect of SCD pathophysiology on LSEC-mediated Hb internalization.
(A) Schematic representation of the different pathways and inhibitors affecting Hb 

internalization in Kupffer cells. The pathways include the following: Hp binding to Hb 

and interacting with CD163; LPS inducing inflammation, leading to increased red blood cell 

hemolysis and free Hb; TAK242 inhibiting TLR4 signaling, affecting Hb internalization; 

and NSC306711 interfering with TFR1-mediated iron uptake. (B) Confocal microscopy 

images showing the internalization of AF-HbS-488 under baseline conditions and in the 

presence of Hp, LPS, TAK242, and NSC306711. Nuclear marker is shown in red, indicating 

the distribution of internalized Hb within the cells. Scale bars, 20 μm. (C) Quantification of 
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Hb internalization under various treatments: Hb internalization with Hp, LPS, TAK242, and 

NSC306711; # and * indicating significant changes compared with its respective baseline (P 
< .05). RBC, red blood cell; TFR1, transferrin receptor 1.
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Figure 5. Presence of lipid promotes Hb internalization in LSECs.
(A) Quantification of fluorescence intensity of internalized HbA and HbS in the presence 

of lipid solution, indicating a significant reduction in internalization efficiency when treated 

with lipid solution. (B) Quantification of fluorescence intensity of internalized HbA and 

HbS in the presence of simvastatin, indicating a significant reduction in internalization 

efficiency when treated with simvastatin. (C) Confocal microscopy images showing the 

internalization of AF-HbS-488 at baseline, with lipid solution and with simvastatin. 

Nuclear marker is shown in red, indicating the distribution of internalized Hb within 

the cells. (D) Phase-contrast microscopy images showing the morphological changes in 
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cells at baseline, with lipid solution, and with simvastatin. (E) Confocal microscopy 

images showing the internalization of AF-HbS-488 with and without nystatin treatment. 

Nuclear marker is shown in red, indicating the distribution of internalized Hb within 

the cells. The quantification graph indicates a significant reduction in internalization 

efficiency when treated with nystatin. (F) Representative immunohistochemistry images 

showing the internalization of AF-HbS-488 with and without imanixil treatment. Nuclear 

marker is shown in red, indicating the distribution of internalized Hb within the cells. 

The quantification graph indicates a significant reduction in internalization efficiency when 

treated with imanixil. Scale bars, 20 μm. *P < .05.
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Table 1.
List of all chemicals/small-molecule inhibitors used in the screen

Category of blocker Inhibitors used

pH regulators Concanamycin A, chloroquine, and NH4Cl

General endocytosis blockers Pitstop 2, dynasore, and dynamin hydrate

Micropinocytosis Phenylarsine oxidase and nystatin

Macropinocytosis Wortmannin, blebbistatin, and EIPA

Actin cytoskeleton related Cytochalasin, latrunculin A, and paclitaxel

Lipid related Lipid cocktail, simvastatin, imanixil, nystatin, and NSC306711 (ferristatin)

CME Dynamin inhibitors, dynasore hydrate, and dansylcadaverine,

Caveola-mediated endocytosis Filipin III and nocodazole

Lysosomal degradation blocker Cathepsin L inhibitor, cathepsin B inhibitor, amantadine, and Z-Phe-Tyr(tBu)-diazomethylketone

Receptor recycling blockers Dansylcadaverine

SCD related Oxy-Hb, iron dextran, Hp, LPS, TAK242, ferristatin (NSC306711), IL-4, and TNFα

ATP dependence/P2X receptors NF279, NF499, and dipyridamole

LSEC specific receptors/blockers Methyl-β-cyclodextrin, amiloride hydrochloride hydrate, infliximab, GW4869, KF38739, SBI115, 
AZD4547, and H2L5186303

ATP, adenosine triphosphate; EIPA, 5-[N-ethyl-N-isopropyl] amiloride; IL-4, interleukin-4; TNFα, tumor necrosis factor α.
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