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ABSTRACT Cerebral malaria is a severe complication of Plasmodium falciparum infec-
tion characterized by the loss of blood-brain barrier (BBB) integrity, which is associated
with brain swelling and mortality in patients. P. falciparum-infected red blood cells and
inflammatory cytokines, like tumor necrosis factor alpha (TNF-a), have been implicated
in the development of cerebral malaria, but it is still unclear how they contribute to the
loss of BBB integrity. Here, a combination of transcriptomic analysis and cellular assays
detecting changes in barrier integrity and endothelial activation were used to distin-
guish between the effects of P. falciparum and TNF-a on a human brain microvascular
endothelial cell (HBMEC) line and in primary human brain microvascular endothelial
cells. We observed that while TNF-a induced high levels of endothelial activation, it only
caused a small increase in HBMEC permeability. Conversely, P. falciparum-infected red
blood cells (iRBCs) led to a strong increase in HBMEC permeability that was not medi-
ated by cell death. Distinct transcriptomic profiles of TNF-a and P. falciparum in HBMECs
confirm the differential effects of these stimuli, with the parasite preferentially inducing
an endoplasmic reticulum stress response. Our results establish that there are funda-
mental differences in the responses induced by TNF-a and P. falciparum on brain endo-
thelial cells and suggest that parasite-induced signaling is a major component driving
the disruption of the BBB during cerebral malaria, proposing a potential target for much
needed therapeutics.

IMPORTANCE Cerebral malaria is a severe complication of Plasmodium falciparum
infection that causes the loss of blood-brain barrier integrity and frequently results
in death. Here, we compared the effect of P. falciparum-infected red blood cells and
inflammatory cytokines, like TNF-a, in the loss of BBB integrity. We observed that
while TNF-a induced a small increase in barrier permeability, P. falciparum-infected
red blood cells led to a severe loss of barrier integrity. Our results establish that
there are fundamental differences in the responses induced by TNF-a and P. falcipa-
rum on brain endothelial cells and suggest that parasite-induced signaling is a major
component driving the disruption of the BBB during cerebral malaria, proposing a
potential target for much needed therapeutics.
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Despite large efforts to reduce the global burden of malaria, over 600,000 deaths were
reported in 2020, with children under the age of 5 accounting for most of those

deaths (1). A major cause of death by malaria is cerebral malaria (CM), a severe neurologi-
cal complication of Plasmodium falciparum infection with clinical features that include
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coma and seizures and which frequently leads to death (2). Mortality in children with CM
is caused by brain swelling (3), which is thought to occur as a consequence of increased
permeability of the blood-brain barrier (BBB) resulting in vasogenic edema (4). No specific
therapies for CM are available; therefore, current treatments can only rely on classical anti-
malarial drugs to kill the parasite.

P. falciparum-infected red blood cells (iRBCs) bind to the endothelial lining of blood ves-
sels through a variable P. falciparum protein called PfEMP1 and can cause microvascular
obstruction. In particular, iRBC binding to endothelial protein C (EPCR) and intercellular adhe-
sion molecule-1 (ICAM-1) receptors in brain microvascular endothelial cells is associated with
CM (5). Binding of iRBCs to brain capillaries is thought to be a critical step for the disruption
of the BBB since dense sequestration of iRBCs is found near hemorrhage sites in the brains
of deceased CM patients (6). Densely packed capillaries impede blood flow and allow for the
generation of microenvironments where P. falciparum-iRBC-derived factors can accumulate
in high concentrations upon the rupture and release of the iRBC contents after the comple-
tion of the erythrocytic infection cycle. This is important due to mounting evidence suggest-
ing that P. falciparum-iRBC-derived factors can disrupt brain endothelial integrity (7, 8).

Inflammation is an important aspect of malarial pathogenesis, as indicated by the correla-
tion of inflammatory cytokine levels and disease severity (9, 10). Particularly, elevated levels of
tumor necrosis factor alpha (TNF-a) have been implicated in CM pathogenesis due to its cor-
relation with mortality in CM patients (11). TNF-a is a strong activator of endothelial cells,
which results in increased levels of surface ICAM-1 (12, 13), facilitating increased sequestration
of P. falciparum-iRBCs and contributing to CM pathogenesis (14, 15). TNF-a can also disrupt
endothelial barrier integrity in vitro (16–18), but it is still uncertain whether it has a significant
role in the breakdown of the BBB in the context of CM since the statistical relationship
between TNF-a levels and brain swelling in CM patients is inconsistent (19, 20).

Inflammatory cytokines and inflammation in general have extensively been implicated
in CM pathogenesis. As a result, the call for adjunctive therapies for CM has largely been
focused on immunomodulatory strategies (21, 22). However, clinical trials to reduce circulat-
ing TNF-a by monoclonal antibodies or pentoxifylline did not improve survival in children
with CM (23, 24). Novel therapies directed at the inhibition of P. falciparum sequestration
and endothelial dysfunction, including BBB breakdown and endothelial activation (25) have
been proposed, but successful endothelial-cell-targeted therapies have yet to be developed.
Significant evidence implicates both TNF-a and P. falciparum in CM pathogenesis, but the
cellular and molecular mechanisms underlying their effects are not clearly defined, hinder-
ing the development of effective targeted therapies. Specifically, their effect on the endo-
thelium, a vital component of the BBB, remains ambiguous.

The aim of this study is to differentiate between the effects of TNF-a and P. falciparum
on human brain endothelial cells (HBMECs) in order to gain an understanding of their role
in CM pathogenesis. By measuring barrier integrity, endothelial activation, and transcrip-
tional activity, we found that TNF-a and P. falciparum elicit distinct effects on HBMECs.
Specifically, we observed P. falciparum induced a strong disruption of the endothelial barrier
integrity with dampened endothelial activation. On the other hand, TNF-a was a potent ac-
tivator of the endothelium, but only moderately disrupted HBMEC barrier integrity.
Divergent transcriptomic profiles induced by TNF-a and P. falciparum in HBMECs substanti-
ate the differential effects observed at the endothelial cellular level. These data suggest that
P. falciparum is the critical factor driving the disruption of the BBB, while TNF-a is largely re-
sponsible for the endothelial inflammatory response. Targeted strategies that inhibit P. fal-
ciparum-induced signaling in endothelial cells could protect the integrity of the BBB and
constitute the basis of novel therapies for CM.

RESULTS
Surface markers of endothelial activation increase in response to TNF-a, but

not to P. falciparum. The activation of the endothelium is characterized by the
increase of leukocyte adhesion molecules, like ICAM-1 and vascular cell adhesion pro-
tein-1 (VCAM-1) (26). Since both inflammatory cytokines and P. falciparum have been
proposed to contribute to endothelial activation during malaria, changes in the surface
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expression of ICAM-1 and VCAM-1 were measured in a well-characterized human brain
microvascular endothelial cell (HBMEC) line (7) after incubation with different cytokines
and intact or lysed P. falciparum-infected red blood cells (iRBCs). As previously
described (9, 10), TNF-a, a cytokine that is highly elevated in the circulation of cerebral
malaria patients (0.001 to1 ng/mL), increases the expression of ICAM-1 and VCAM-1 in
HBMEC monolayers in a dose-dependent manner (Fig. 1A). Similar results were
observed in primary human brain microvascular endothelial cells (see Fig. S1A in the
supplemental material). Other inflammatory cytokines, such as interferon gamma (IFN-
g), interleukin-6 (IL-6), and IL-1b , are also elevated in adults and children with cerebral
malaria, with circulating concentrations ranging between 0.01 and 1 ng/mL (9, 10). In
contrast to TNF-a, these cytokines do not strongly increase ICAM-1 or VCAM-1 surface
expression (Fig. 1B to D).

In contrast to TNF-a, incubation of HBMECs with P. falciparum-iRBCs at the schizont
stage or with their lysates did not induce significant increases in markers of endothelial
activation. The maximal concentration of iRBCs used (8 � 106 iRBCs/cm2) represents
the amount necessary to cover the surface of the well at double-layer density (see
Materials and Methods), mimicking the situation in vivo where iRBCs are sequestered
in brain capillaries (6). Despite the high concentrations of iRBCs that ruptured and
released their contents over the HBMEC monolayer during the time of incubation of
the assay, no significant increases in ICAM-1 or VCAM-1 surface expression were
observed (Fig. 1E). No increases were also observed after incubation with lysates of
iRBCs at the same concentrations in HBMECs (Fig. 1F) or in primary human brain micro-
vascular endothelial cells (Fig. S1B). Taken together, these results indicate strong differ-
ences in the effects of TNF-a and P. falciparum on endothelial activation.

HBMEC barrier integrity is strongly disrupted by P. falciparum. P. falciparum and
inflammatory cytokines have both been implicated in the disruption of endothelial barrier
integrity (27, 28), but their relative contributions are not clearly understood. To better
understand the effects of inflammatory cytokines and P. falciparum on HBMEC barrier integ-
rity over time, we measured the monolayer’s impedance utilizing xCELLigence technology.
TNF-a reduced barrier integrity in a dose-dependent manner, with physiological concentra-
tions such as 1 ng/mL (10) causing small, but significant decreases over 24 h (Fig. 2A). In
parallel, a filter permeability assay showed similar effects of TNF-a on endothelial integrity
(Fig. 2B). Similar results were observed in primary human brain microvascular endothelial
cells (Fig. S1C). Physiological concentrations of IFN-g, IL-6, and IL-1b did not affect HBMEC
barrier integrity over 24 h (Fig. 2C to E). In contrast, conditioned medium from lipopolysac-
charide (LPS)-stimulated human peripheral blood mononuclear cells (PBMCs), which con-
tains a mixtue of cytokines, including high levels of TNF-a, similarly affected HBMEC barrier
integrity (Fig. S2).

To study the effect of P. falciparum on HBMEC barrier integrity, the effects of differ-
ent concentrations of intact iRBCs and lysed iRBCs (iRBCLs) were compared, using unin-
fected RBCs and their lysates as controls. Both iRBCLs and intact iRBCs strongly disrupt
HBMEC barrier integrity in a dose-dependent manner, with significant decreases in
HBMEC barrier integrity detected already at 4 � 106/cm2, a concentration that results
in a monolayer of iRBCs over the surface of the well (Fig. 3A and B). A marked delay in
the effect of intact iRBCs compared to iRBCLs was observed, probably reflecting the
time needed for iRBCs to spontaneously rupture and release their contents, a process
necessary for the iRBC-induced HBMEC barrier disruption (7). A similar iRBCL dose-de-
pendent loss of barrier integrity was observed when primary human brain microvascu-
lar endothelial cells were used in the assay (Fig. S1D).

The effect of iRBCLs was observed after 3 to 4 h of incubation, which suggests that
signaling induced by iRBCLs in HBMECs could mediate the loss of barrier integrity. We
also confirmed that iRBCL-induced HBMEC barrier disruption can be significantly inhib-
ited by pretreatment with losartan (an inhibitor of angiotensin receptor 1), as described
previously for intact iRBCs (7), further suggesting that specific signaling triggered by
iRBCLs, and not unspecific toxicity, could induce HBMEC barrier disruption (Fig. 3C). A

Plasmodium falciparum Regulates Endothelial Integrity mBio

September/October 2022 Volume 13 Issue 5 10.1128/mbio.01746-22 3

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01746-22


parallel filter permeability assay confirmed similar effects of iRBCLs on HBMEC barrier
function (Fig. 3D). Taken together, these results show different intensities and kinetics of
endothelial barrier disruption induced by TNF-a and P. falciparum. These results also sup-
port that the multiwell xCELLigence permeability assay may be used as a first-line
screening tool to identify candidate endothelial protective drugs.

FIG 1 TNF-a, but not P. falciparum-iRBC lysates, significantly increases surface expression of ICAM-1 and VCAM-1 in HBMECs. HBMEC monolayers were
incubated for 20 to 24 h with the indicated stimuli before determination of surface ICAM-1 or VCAM-1 levels (expressed as fold change over medium
control). (A) TNF-a, (B) IFN-g, (C) IL-6, and (D) IL-1b were tested at a range of physiological concentrations. (E and F) The dosages of P. falciparum-infected
red blood cells (iRBCs), iRBC lysates (iRBCLs), uninfected red blood cells (RBCs), and RBC lysates (RBCLs) are expressed as number of RBCs or iRBCs (�106)
per surface area (square centimeters) of the cell culture well. Results are the average from 3 independent experiments with standard deviations. Statistical
significance was determined by the Friedman test with Dunn’s multiple-comparison test (*, P , 0.05).
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P. falciparum induces low levels of cell death in HBMECs. To determine whether
TNF-a and P. falciparum-induced HBMEC barrier disruption is mediated by the onset of ap-
optosis, the quantification of early and late apoptotic and necrotic cell populations was
first set up in HBMECs (Fig. S3). HBMEC monolayers incubated with TNF-a presented an
increase in early apoptotic cells (annexin V1 propidium iodide [PI]2) starting at 4 h,
although it was not statistically significant (Fig. 4A). Similarly, late apoptotic HBMEC popu-
lations increase at 12 h, as cellular membranes become compromised (annexin V1 PI1)
(Fig. S4A). The appearance of these populations suggests that TNF-a induces apoptosis in
a fraction of cells (Fig. 2A). Similar results have been described before with TNF-a inducing
apoptosis in other types of endothelial cells (16, 29).

To determine whether P. falciparum-iRBCLs induce apoptosis, HBMEC monolayers
were incubated with the iRBCL concentration that induced the strongest barrier dis-
ruption (8 � 106 iRBCs/cm2) (Fig. 3B). Unlike TNF-a, iRBCLs did not induce an increase
in early apoptotic cells at any time (Fig. 4B), indicating that the observed loss of barrier

FIG 2 TNF-a moderately increases the permeability of HBMEC monolayers. The changes in HBMEC monolayer integrity were determined
using (A and C to E) xCELLigence RTCA Biosensor technology or (B) leakage of FITC-dextran in a filter assay after addition of increasing
concentrations of (A and B) TNF-a, (C) IFN-g, (D) IL-6, or (E) IL-1b . Cell index values are proportional to the monolayer integrity. Results are
expressed as fold change relative to the medium control and represent the average from at least 3 independent experiments with standard
deviations. Statistical significance was determined by (A) the Kruskal-Wallis test or (B) the Friedman test with Dunn’s multiple-comparison
test (*, P , 0.05; **, P , 0.01; ***, P , 0.001).
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FIG 3 P. falciparum-iRBCs and their lysates strongly increase the permeability of HBMEC monolayers. The changes in HBMEC monolayer integrity in
response to different dosages of (A) intact iRBCs in the schizont stage or (B to D) their lysates (iRBCLs) were measured using (A to C) xCELLigence
RTCA Biosensor technology or (D) the leakage of FITC-dextran in a filter assay. The concentrations are expressed as the number of RBCs or iRBCs
(�106) per surface area (square centimeters) of the cell culture well. (A) Uninfected RBCs (8 � 106/cm2) or (B to D) their lysates (RBCLs) (8 � 106/
cm2) from the same blood donation were included as a control. (C) HBMEC monolayers were preincubated with 200 mM losartan for 1 h prior to
addition of the lysates (8 � 106/cm2). (D) The leakage of FITC-dextran is expressed as fold change relative to the medium control. Results represent
the average from 3 independent experiments with standard deviations. Statistical significance was determined by (A, C, and D) one-way ANOVA
with Tukey’s multiple-comparison test or (B) the Kruskal-Wallis test with Dunn’s multiple-comparison test (*, P , 0.05; **, P , 0.01; ***, P , 0.001;
****, P , 0.0001).
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FIG 4 P. falciparum-iRBC lysates do not induce apoptosis in HBMECs. HBMEC monolayers were incubated with increasing concentrations of (A) TNF-a or
(B) RBCLs and iRBCLs (8 � 106/cm2) for the indicated times. (A and B) The presence of early apoptotic (annexin V1 PI2) and necrotic (annexin V2 PI1)
populations was detected by flow cytometry. (C and D) HBMEC monolayers were incubated with RBCLs (8 � 106/cm2), iRBCLs (8 � 106/cm2), or H2O2

(1 mM) as a positive control and stained for F-actin (green) and PI (red) to detect necrotic cells (C) or PI and nuclear staining to quantify the number of
HBMECs that remain attached to the coverslip (D) at 3 and 6 h after treatment. (C) Representative immunofluorescent images are shown. The relative
frequency of PI1 cells (C) and the average number of nuclei per field from 3 fields (D) from 2 independent experiments are shown and include the
medium control. (A and B) Results are the average from 3 independent experiments with standard deviations. Statistical significance was determined by
one-way ANOVA with Tukey’s multiple-comparison test (B) or the Kruskal-Wallis test with Dunn’s multiple-comparison test (C and D) (*, P , 0.05; **, P ,
0.01).
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integrity induced by iRBCLs (Fig. 3B) is not caused by a generalized apoptotic response.
However, there was a small increase in necrotic cell populations (annexinV2 PI1) at all
time points (Fig. 4B). To further analyze these necrotic cells, nuclear staining of PI was
detected through immunofluorescence microscopy. No nuclear PI staining could be
observed in HBMECs at 3 or 6 h after incubation with iRBCLs (Fig. 4C), suggesting that
the slight increase in necrotic cell populations (annexin V2 PI1) observed through flow
cytometry could be in part a consequence of the trypsinization step necessary to col-
lect these cells and would imply that incubation with iRBCLs left HBMECs more suscep-
tible to necrosis. To estimate the relative contribution of the small levels of HBMEC cell
death to the disruption of endothelial barrier integrity, we used TNF-a as a reference,
since it is well known that TNF-a is a potent inducer of apoptosis at high concentra-
tions (100 ng/mL) (16). We observed that after 3 h of incubation with iRBCLs, there is
no detectable increase in HBMEC cell death (Table S1), but there is already a significant
loss of barrier integrity, as evidenced by a 19% decrease in the cell index (Fig. 3). After
6 h of incubation, TNF-a induced 3.8 times more cell death, but 2.2 times less barrier
disruption than iRBCLs, which corresponds to iRBCLs being 8.3 times more disruptive
than what would be predicted based in the observed increase in cell death at this time
(Table S1). These estimates suggest that although HBMEC cell death may contribute to
the loss of endothelial barrier integrity by iRBCLs, it does not appear to be the major
cause driving it.

Actin cytoskeleton patterns typical of cells detaching from each other were observed in
HBMECs incubated with iRBCLs at 3 and 6 h (Fig. 4C), when loss of endothelial monolayer
integrity is detected (Fig. 3B), but no significant cell detachment is observed at these time
points (Fig. 4D). Similar results were observed in primary human brain microvascular endo-
thelial cells (Fig. S5). Taken together, these results indicate that although iRBCLs induce a
small percentage of cell death, the loss of HBMEC barrier integrity is probably driven by
the activation of specific signaling pathways that destabilized interendothelial cell junc-
tions in the monolayer.

HBMECs display distinct transcriptional profiles upon exposure to TNF-a and P.
falciparum-iRBCLs. To further characterize the effects of P. falciparum-iRBCLs and TNF-
a on HBMEC monolayers, transcriptional changes were determined by RNA sequencing
in 3 independent experiments. Principal-component analysis using differentially
expressed genes (DEGs) (n = 2,373) demonstrates the reproducibility of our experi-
ments and indicates that P. falciparum-iRBCLs and TNF-a induce very different tran-
scriptional profiles in HBMECs (Fig. 5A). Conversely, samples of HBMECs exposed to
medium or uninfected red blood cell lysates (RBCLs) clustered closely, suggesting they
have similar transcriptional profiles. The transcriptional differences upon TNF-a or P.
falciparum-iRBCL exposure were further investigated by hierarchical clustering analysis
of DEGs, which groups them into 5 uniquely regulated clusters visualized by a heat
map (Fig. 5B). Out of the 5 clusters, cluster 4 is the only one to contain genes regulated
similarly by TNF-a and P. falciparum-iRBCLs, which highlights the differences in tran-
scriptional responses to these two factors.

We next performed supervised comparisons to identify genes that are significantly up-
and downregulated relative to their respective controls. We then determined the unique
and overlapping upregulated genes in response to TNF-a and P. falciparum-iRBCLs. Overall,
TNF-a uniquely upregulated (n = 987) and downregulated (n = 707) more genes than P. fal-
ciparum-iRBCLs (Fig. 5C; Fig. S6A). Pathway enrichment analysis of genes uniquely upregu-
lated by TNF-a indicates roles in the regulation of inflammatory responses (Fig. 5D). Many
of these genes encode proteins that mitigate the signal transduction regulating these
inflammatory responses. For example, TRAF2 and TRAF3 encode TNF receptor-associated
factors (TRAFs), which are responsible for transducing downstream signaling of immune
receptors and regulating the inflammatory responses associated with NF-kB (Table S1) (30).
There is also upregulation of interferon regulatory factors (IRFs), which are thought to regu-
late the signaling of pattern recognition receptors (Table S2A) (31). In contrast, genes
uniquely upregulated (n = 295) by P. falciparum-iRBCLs are enriched in pathways that
broadly fall under the endoplasmic reticulum (ER) stress response (Fig. 5E; Table S2B).
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FIG 5 TNF-a and P. falciparum-iRBC lysates induce distinct transcriptional profiles, with overlap in genes associated with inflammation. HBMEC monolayers
were incubated with medium, TNF-a (1 ng/mL), RBCLs (8 � 106/cm2), or P. falciparum-iRBCLs (8 � 106/cm2) for 6 h prior to RNA extraction and sequencing.
(A) Principal-component analysis of 2,373 differentially expressed genes (DEGs). Sample points correspond to independent experiments. (B) Heat map of
the 2,373 DEGs with K-means clustering to distinguish uniquely regulated sets of genes. Experimental samples for all conditions are shown and denoted
with 1, 2, or 3. (C) Overlap analysis of TNF-a versus medium (TNF-a) and iRBCL versus RBCL (iRBCL) DEGs. Cutoffs of DEGs were set to log2 fold change of
.1 or ,21 with an adjusted P value of ,0.05. (D to F) Gene Ontology (GO) term enrichment analysis of DEGs from panel C. (D to F) Top 20 pathways
mapped by upregulated DEGs (D) unique to TNF-a, (E) unique to iRBCLs, and (F) shared by both. (G) Gene list of the top pathway from panel F.
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However, P. falciparum-iRBCLs also induced an increase of inflammatory response-related
genes that are shared with TNF-a and include ICAM1, a marker of endothelial activation
(Fig. 5F and G; Table S2C). Overall, these data demonstrate that P. falciparum-iRBCLs and
TNF-a have fundamentally different effects on HBMEC monolayers at the transcriptional
level, inducing preferentially ER stress and inflammatory responses, respectively.

Pathway enrichment analysis focused on interendothelial junction structural compo-
nents and regulators of junction integrity was performed to identify signaling pathways
modulated by iRBCLs compared to RBCLs (Table S3). This analysis identified specific upreg-
ulated pathways, such as vascular endothelial growth factor (VEGF) and endothelial nitric
oxide synthase (eNOS), but also downregulated pathways, such as RhoA and focal adhe-
sion kinase (FAK), which are all known to regulate BBB integrity (32–34), suggesting possi-
ble mechanisms for the iRBCL-induced loss of barrier integrity of endothelial cells.

To obtain more insight into the distinct features of P. falciparum-iRBCL effects on
cellular activation, we decided to compare our transcriptome sequencing (RNA-seq)
transcriptional profiling results with previously published data on the effects of P. fal-
ciparum-iRBCs on an immune cell type, myeloid dendritic cells (mDCs) (35). We
observed that the number of regulated genes induced by iRBCs in mDCs is significantly
larger than that in HBMECs, probably reflecting the large quantity of immune-related
pathways activated by iRBCs in mDCs (35) that are not present in endothelial cells. We
also observed that the majority of modulated genes induced by iRBCs in HBMECs are
unique to this cell type and are not found in mDCs (Fig. S7).

Discrepancies in mRNA versus protein expression levels in different cytokines
and chemokines upon HBMEC exposure to P. falciparum. TNF-a activation of the en-
dothelium induces the secretion of inflammatory cytokines and chemokines, along with
the increase in surface leukocyte adhesion molecules (13, 36). The RNA-seq analysis
revealed that upregulation of specific inflammatory response pathways is induced by both
TNF-a and P. falciparum-iRBCLs (Fig. 5F). As a means to validate the RNA-seq analysis and
to better understand the state of HBMEC activation in response to TNF-a and P. falcipa-
rum-iRBCLs, we first confirmed the upregulation of IL-8, CCL2, and IL-6 mRNA identified by
the RNA-seq analysis (Fig. 5G). Quantitative PCR confirmed that both P. falciparum-iRBCLs
and TNF-a transcriptionally induce comparable levels of IL8, CCL2, and IL6mRNA (Fig. 6A).

To determine whether the observed transcriptional profiles would be similar at the
protein level, we first measured the total levels of IL-8, CCL2, and IL-6 in HBMECs. We
observed that, despite inducing similar levels of transcription, TNF-a induced a greater
increase of intracellular expression of IL-8 and CCL2 proteins than P. falciparum-iRBCLs.
When stimulated by TNF-a, IL-8 appears to have an early induction that decays over
time, while CCL2 levels remained high for 24 h. On the other hand, iRBCLs induced only
limited amounts of IL-8 and CCL2 at 9 h, with virtually undetectable levels at other time
points. IL-6 levels were low for both stimuli (Fig. 6B). To determine whether the reduced
intracellular levels of IL-8, CCL2, and IL-6 induced by P. falciparum-iRBCLs may be the
result of generalized impaired translation in HBMECs, we measured changes in total pro-
tein synthesis. We observed that P. falciparum-iRBCLs and TNF-a robustly induce similar
levels of total protein synthesis in HBMECs (Fig. 6C), indicating that P. falciparum-iRBCLs
do not induce a generalized impairment in translation and suggesting that the reduced
protein levels of IL-8, CCL2, and IL-6 may be a result of post-transcriptional regulation,
which has been described for specific cytokine genes (37).

Since regulation of cytokine secretion is another important pathway that deter-
mines the final levels of cytokines that are released into the circulation by endothelial
cells (38), we compared the levels of secreted cytokines by HBMECs in response to
TNF-a and iRBCLs. We observed that TNF-a induces significantly greater secretion of
IL-8 and CCL2 compared to P. falciparum-iRBCLs, especially at late time points, as
would be expected by the observed higher intracellular levels of these chemokines.
Accordingly, IL-6 was weakly secreted after incubation with TNF-a or P. falciparum-
iRBCLs (Fig. 6D), matching the low intracellular levels of this cytokine.

Overall, the differences indicate that TNF-a robustly triggers a classical endothelial
activation profile with high levels of secreted cytokines and chemokines. On the other
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FIG 6 TNF-a and P. falciparum-iRBC lysates induce transcriptionally similar, but translationally different levels of cytokines and chemokines. (A to D)
HBMEC monolayers were incubated with media, TNF-a (1 ng/mL), RBCLs (8 � 106/cm2), or P. falciparum-iRBCLs (8 � 106/cm2) for the indicated times. (A)
Quantitative PCR for each time point was conducted to determine the expression levels of IL8, CCL2, and IL6. The fold change of TNF-a relative to medium
(black bars) and iRBCLs relative to RBCL (gray bars) is shown. (B) Lysates of HBMECs after the incubation were used to determine intracellular protein levels
of IL-8, CCL2, and IL-6. Cytokine and chemokine levels were normalized to the total protein level of the cell lysate. (C) Changes in protein synthesis were
determined by the incorporation of Click-iT HPG-Alexa Fluor 488 measured by flow cytometry and visualized by immunofluorescence microscopy.
Representative images are shown. HPG is in green, and nuclei are in blue. TNF-a with cycloheximide (CHX) (100 mg/mL) was included as a control. (D)
Medium of HBMEC cultures was collected to determine secreted protein levels of IL-8, CCL2, and IL-6. Results are the average from at least 3 independent
experiments with standard deviation. Statistical significance was determined by (C) one-way ANOVA with Tukey’s multiple-comparison test or (A, B, and D)
Kruskal-Wallis test with Dunn’s multiple-comparison test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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hand, P. falciparum does not induce strong expression at the protein level of these
mediators, despite inducing comparable mRNA levels, ultimately resulting in low levels
of secreted cytokines and chemokines.

DISCUSSION

In this study, we found that TNF-a and P. falciparum-iRBCs have distinct effects on
HBMECs, with a clear difference observed in their abilities to induce endothelial activa-
tion. Whereas TNF-a induced strong upregulation of surface ICAM-1 and VCAM-1 in
HBMECs, as well as cytokine production, P. falciparum-iRBCs did not. Nonetheless,
iRBCs strongly increase HBMEC permeability via a cell-death-independent mechanism,
associated with a transcriptional response indicative of increased cellular stress. Our
findings suggest that P. falciparum-iRBCs are a major contributor to endothelial barrier
disruption, while TNF-a would largely contribute to CM by inducing endothelial activa-
tion, upregulating the expression of ICAM-1 that can promote the sequestration of
iRBCs. The resulting accumulation of iRBCs in the confined space of the brain capillaries
blocks perfusion (39), which would allow for high concentrations of parasite-derived
factors released upon iRBC rupture to cause increased endothelial permeability.

The loss of BBB integrity is a crucial step in the pathogenesis of CM, ultimately lead-
ing to brain swelling and death. However, very little is known about the mechanisms
underlying this disruption. Cytoadhesion of iRBCs to brain capillaries is thought to be a
critical step leading to the disruption of the BBB, since specific PfEMP1 variants
expressed on the surface of iRBCs that bind receptors on the brain endothelium, such
as ICAM-1 and EPCR, are found in CM patients (5). In addition, dense sequestration of
iRBCs is found near hemorrhage sites in the brains of deceased CM patients (6).
Endothelial activation and loss of BBB integrity are observed during CM (40, 41), but
the relative contribution of inflammatory cytokines, such as TNF-a, and/or sequestered
iRBCs to these processes remains unclear. TNF activation is characterized by the secre-
tion of inflammatory mediators and the upregulation of surface leukocyte adhesion
molecules, such as ICAM-1 and VCAM-1, and can be followed by the onset of apoptosis
upon sustained stimulation (26). TNF-a induced strong upregulation of surface ICAM-1
and VCAM-1 in HBMECs, as previously reported (13). However, our results also demon-
strate that neither iRBCs nor their lysates induce this effect, which suggest parasite-
derived factors are not activating HBMECs. Along the same lines, cytokine secretion
was strongly induced by TNF-a, but not by iRBCLs. These effects reveal TNF-a induces
a profile characteristic of endothelial activation, while P. falciparum-iRBCs and their
lysates (iRBCLs) do not.

It was previously shown that the rupture of P. falciparum-iRBCs and release of their
contents induced significant disruption in HBMEC barrier function, which was not
observed with genetically engineered parasites unable to induce the rupture of the
infected erythrocytes (7). In this study, we directly compared the effects of intact iRBCs
and their lysates, finding similar strong effects in barrier disruption, while TNF-a only
had a moderate effect on barrier integrity, further supporting a critical role for iRBC
rupture and release of their contents in the disruption of endothelial barrier function.
The concentrations of iRBCs and lysates used in our studies were matched to represent
the brain capillaries densely packed with P. falciparum-iRBCs that are observed in
patients that died of CM (42). At the highest concentration, which represents two
layers of iRBCs over the HBMECs, the disruptive effect of iRBCLs on HBMEC barrier func-
tion was very strong, but significant disruption was also observed at lower concentra-
tions representing one layer of iRBCs, which is found in smaller capillaries (6). Different
strains of P. falciparum, such as 3D3 (used here), IT4var19, HB3var03, and ItGICAM1
(43), all with different cytoadherence characteristics, were able to efficiently induce dis-
ruption of barrier integrity in HBMECs in vitro. These results further suggest that when
iRBCs are densely packed, as in brain capillaries where iRBCs cytoadhere, or under our
in vitro conditions, the release of iRBC contents is critical in the disruption of endothe-
lial barrier integrity. Under similar conditions, staining of interendothelial junction
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proteins in tight junctions, focal adhesions, and adherens junctions showed an exten-
sive disruption of these structures, with cells detaching from each other (7).

Although we did not investigate the effects of iRBC binding to HBMECs through
host EPCR or ICAM-1, a comparison of adherent P. falciparum-iRBCs in the trophozoite
stage (binding to endothelial cells) versus the schizont stage (binding, but presumably
also rupturing and releasing parasite-derived contents) found much greater barrier dis-
ruptive activity in the schizonts (43). Also, the incubation of schizonts from an EPCR
binding strain induced similar endothelial barrier disruption compared to nonadherent
schizonts (7). Taken together with our current observations, these suggest the rupture
and release of contents occurring in the mature schizont stage of iRBC are a major con-
tributor to P. falciparum-iRBC-mediated endothelial barrier disruption. Further support-
ing these observations, P. falciparum-iRBC-derived factors, such as histones (44, 45),
heme (46), and histidine-rich protein II (47), have been implicated in the disruption of
endothelial integrity. In patients, an additional mechanism of BBB disruption may be
contributing to the pathogenesis of CM, where the binding of specific variants of
PfEMP1 to EPCR in brain capillaries can block the receptor constitutive activation
through activated protein C and result in increased thrombin activity, which would
favor loss of endothelial barrier function (48). Thrombin was shown to enhance the dis-
ruptive effect in barrier function of HBMECs by P. falciparum-iRBCs (43), suggesting
that this mechanism may contribute to barrier disruption in patients.

Previous work had shown that soluble factors from iRBCs induced apoptosis in
human brain vascular endothelial cells (49), and co-culture experiments with lab strains
and field isolates of P. falciparum-iRBCs induced apoptosis in endothelial cells (50–52).
However, other authors and our own results using primary endothelial cells found low
levels of apoptosis induced by iRBCs (43). In our study, neither P. falciparum-iRBCLs nor
TNF-a at a physiological concentration in CM patients (1 ng/mL) (53) induced the
appearance of abundant apoptotic or necrotic cell populations. These data suggest
that although cell death can contribute to the disruption of endothelial barrier integ-
rity, the effects of iRBCLs on HBMEC barrier integrity are not majorly driven by the acti-
vation of cell death pathways.

Transcriptional profiling analysis of HBMECs incubated with TNF-a and P. falcipa-
rum-iRBCLs confirmed that the distinct stimuli are associated with different gene regu-
lation. Genes upregulated by P. falciparum-iRBCLs and not by TNF-a are enriched for
ER stress/unfolded protein response pathways. The ER stress response is largely trig-
gered by the accumulation of unfolded proteins in the ER and is meant to restore ER
homeostasis (54, 55), but the prolonged exposure to ER stress can trigger apoptosis by
ATF4 induction of the pro-apoptotic transcription factor CHOP (54), which we found
uniquely upregulated by P. falciparum-iRBCLs. Although these are pro-apoptotic genes,
P. falciparum-iRBCLs also uniquely upregulate DEGs proposed to be anti-apoptotic, like
BDNF (56), HMOX1 (57), HERPUD1 (58), and HYOU1 (59). Since iRBCLs do not induce ap-
optosis in HBMECs, these results suggest that anti-apoptotic signals dominate the live/
dead HBMEC response. These unique transcriptional signatures further highlight the
differences induced by TNF-a and P. falciparum in HBMECs and further support the hy-
pothesis that they affect distinct processes during CM.

Nonetheless, there is also a group of genes that are upregulated by both TNF-a and
P. falciparum-iRBCLs, and these are enriched for pathways associated with inflamma-
tion. This agrees with previous microarray analysis that found P. falciparum-iRBCs
induced the upregulation of inflammatory genes in HBMECs (60, 61). However, our
analysis at the protein level reveals that, although transcriptionally upregulated by
both TNF-a and P. falciparum iRBCLs, some cytokine and chemokines (IL-6, IL-8, and
CCL2) were only secreted by HBMECs stimulated with TNF-a, but not with P. falcipa-
rum-iRBCLs. This difference was not a result of defective secretion from HBMECs, but
reflected decreased levels of translation of these factors. Similarly, we did not detect
increases in surface protein levels of ICAM-1 and VCAM-1 in HBMECs stimulated with P.
falciparum-iRBCLs, but the corresponding genes were transcriptionally upregulated.
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Since our data indicate that both TNF-a and P. falciparum-iRBCLs induce similar
increases in general protein translation in HBMECs, the differences observed for pro-
tein levels of these immune mediators are probably a result of post-transcriptional
mechanisms involved in immune regulation.

Post-transcriptional control of cytokines has extensively been studied and is mainly
regulated by the interplay of RNA binding proteins and nucleases that affect mRNA
stability (37, 62). The high levels of mRNA but low protein levels of inflammatory cyto-
kines suggest that P. falciparum-iRBCLs may be dampening the inflammatory response
in HBMECs. For example, we observed that ZFP36, a gene uniquely upregulated by P.
falciparum-iRBCLs, encodes an RNA binding protein that decreases the expression of
IL-6 and CCL2 in aortic endothelial cells (63). Similarly, we observed a transcriptional
increase of CASP12, encoding caspase 12, which was shown to suppress immune
responses in a mouse malaria model of infection (64).

Analysis of genes involved in the regulation of endothelial barrier integrity identi-
fied pathways that promote the disruption of interendothelial junctions. Some of these
pathways were upregulated, suggesting a possible direct negative effect of P. falcipa-
rum-iRBCLs on barrier integrity, such as the VEGF pathway. However, we also observed
other pathways promoting disruption that were downregulated, such as RhoA and
FAK, which may suggest a compensatory response trying to mitigate the induced dis-
ruption of interendothelial junctions. Further experiments are required to define the
role of these pathways in P. falciparum-induced loss of endothelial barrier integrity.

The findings presented here have important implications for the understanding of CM
pathogenesis and contribute to validate the hypothesis that CM is a multifactorial compli-
cation. Based on our results, we propose that TNF-a is a major driver of the inflammatory
processes associated with CM, inducing endothelial activation. On the other hand, P. falcip-
arum would be the key factor inducing the disruption of the BBB. Although part of the
transcriptional profile induced by P. falciparum in HBMECs has an inflammatory signature,
post-transcriptional control of inflammatory mediators may be dampening this signal, lim-
iting the contribution of P. falciparum to endothelial activation during CM. Since death by
CM is linked to brain swelling (3), which is caused preferentially by vasogenic edema in
children (4, 65), it is critical to develop therapies targeted at strengthening the BBB. Our
findings suggest that prevention of endothelial barrier disruption induced by P. falcipa-
rum-iRBCs may be a therapeutic target for CM.

MATERIALS ANDMETHODS
Cell culture. HBMECs were immortalized as previously described (7). HBMECs were grown in endo-

thelial cell basal medium (ECM) (Sciencell) supplemented with 5% fetal bovine serum (FBS) (Sciencell),
1% endothelial cell growth factor supplement (ECGS) (Sciencell), and 1% penicillin-streptomycin solution
(PS) (Sciencell). They were incubated at 37°C in 5% CO2. HBMECs were seeded for experiments until they
reached 90% to 95% confluence. All experimental conditions were performed in ECM supplemented
with only 1% penicillin-streptomycin solution.

P. falciparum culture, isolation, and lysate preparation. P. falciparum 3D7 parasites were main-
tained in erythrocytes (Interstate Blood Bank, Memphis, TN) at 5% hematocrit in RPMI 1640 (Corning)
supplemented with 25 mM HEPES (Fisher Scientific), 25 mM sodium bicarbonate (Sigma), 0.5 mM hypo-
xanthine (Sigma), 0.5% Albumax II (Gibco), and 10 mg/mL gentamicin (Gibco) at 37°C in a gas mixture of
5% O2, 5% CO2, and 90% N2. Parasite cultures were synchronized using 5% sorbitol (Sigma). P. falcipa-
rum-infected red blood cells (iRBCs) at the schizont stage were isolated from highly synchronous cul-
tures using magnetic columns (LD MACS separation columns; Miltenyi Biotec). Lysates of uninfected red
blood cells (RBCLs) and P. falciparum-iRBCs (iRBCLs) were generated by 10 freeze-thaw cycles using liq-
uid nitrogen and a 37°C water bath.

Calculations of iRBC density in the assays. The density of iRBCs incubated with over the HBMEC
monolayers ranged from 1 � 106 to 8 � 106 iRBCs/cm2. We considered that the accumulation of iRBCs in
brain capillaries of patients with cerebral malaria is approximately two densely packed layers of iRBCs
(6), the average diameter of a P. falciparum schizont is 5.5 mm (66), and the surface of a well in a 96-well
plate is 6.94 mm. Using the “Smaller circles within a larger circle” algorithm (The Engineering Toolbox
[https://www.engineeringtoolbox.com/smaller-circles-in-larger-circle-d_1849.html]), we estimated that
4 � 106 and 8 � 106 iRBCs/cm2 correspond to one and two layers of iRBCs over the HBMECs, res-
pectively.

Surface detection of ICAM-1 and VCAM-1. HBMECs were seeded into 96-well plates (Falcon) at
10,500 cells per well and incubated at 37°C for 24 h. HBMECs were then treated with recombinant
human TNF-a (PeproTech 300-01A), IFN-g (PeproTech 300-02), IL-6 (PeproTech 200-06), IL-1b
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(PeproTech 200-01B), iRBCs, iRBCLs, RBCs, or RBCLs for 20 to 24 h at 37°C. HBMECs were collected using
a 0.25% trypsin solution (Corning 25053CI) and washed once with phosphate-buffered saline (PBS) con-
taining 0.1% bovine serum albumin (BSA) (Sigma-Aldrich) and 0.6% sodium citrate (Sigma-Aldrich),
referred to as FACS (fluorescence-activated cell sorter) buffer. HBMECs were incubated with phycoery-
thrin (PE)-conjugated anti-human CD54 (ICAM-1) (Biolegend) and allophycocyanin (APC)-conjugated
anti-human CD106 (VCAM-1) (Biolegend) at 1:100 in FACS buffer for 20 min at 4°C. Cells were washed
and resuspended in FACS buffer. Samples were processed using a BD FACScalibur (BD Biosciences) and
analyzed by FlowJo (Treestar).

Measurement of barrier integrity. The changes in impedance were monitored on a xCELLigence
RTCA DP analyzer (Agilent) located in a 37°C incubator with 5% CO2. The impedance measurements are
reported as the cell index (CI), which is a self-calibrated value derived from the ratio of measured impe-
dances. HBMECs were seeded on collagen (40 mg/mL) (Sigma-Aldrich C3867)-coated RTCA PET E-Plate
VIEW 16 plates (Agilent) at 15,000 cells per well. HBMECs were incubated for 24 h, in which the state of
cellular confluence was measured every 6 h. The last measurement of the 24-h growth curve was used
to normalize all CI values after treatment. The effects of all treatments were monitored for 24 h with
measurements taken every 15 min.

For xCELLigence experiments involving losartan (Sigma-Aldrich PHR1602), E-plates were prepared
and HBMECs were grown to confluence as described above. HBMECs were preincubated with losartan
for 1 h with 15-min-interval CI measurements. After the preincubation, RBCLs and iRBCLs were added
and changes in CI were monitored for 24 h with 15-min-interval measurements. CI values for these
experiments were normalized with the last measurement of the losartan preincubation.

For permeability assays, HBMECs were seeded in inserts (0.4-mm membrane pores) of Transwell plates
(Corning 3470) at 15,000 cells per well for 24 h at 37°C. Following treatment, cells were washed and then
incubated with 1 mg/mL of fluorescein isothiocyanate (FITC)-dextran (MW of 70,000) (Invitrogen) for 20 min
at room temperature. Fluorescence was measured on a Victor X3 plate reader (Perkin Elmer) with excitation
at 485 nm and emission at 535 nm.

Detection of apoptosis. HBMECs were seeded at 10,500 cells per well in 96-well plates (Falcon) for
24 h at 37°C. After each time point with the stimulus, HBMECs were collected using a 0.25% trypsin solu-
tion (Corning 25053CI) and washed once with cold PBS. HBMECs were stained with APC-annexin V
(Biolegend) and propidium iodide (5 mg/mL) (BD Biosciences) prepared in 1� annexin V binding buffer
(BD Biosciences) for 15 min at room temperature. Samples were immediately processed using a BD
FACScalibur (BD Biosciences) and analyzed by FlowJo (Treestar).

Detection of necrotic cells by immunofluorescence microscopy. HBMECs were seeded in collagen
(40 mg/mL) Sigma-Aldrich C3867)-coated glass bottom 96-well plates (Greiner Bio-One 655981) at 10,500
cells per well for 24 h at 37°C. HBMECs were incubated with medium, RBCLs, iRBCL, and H2O2 (Fisher
Scientific H325) for 3 h and 6 h at 37°C. Following treatment, HBMECs were washed once with endothelial
cell basal medium free of phenol red (ECM-PRF) (Sciencell 1001-b-prf). HBMECs were incubated with 10 mg/
mL of propidium iodide (BD Biosciences 556463) in ECM-PRF for 15 min at room temperature. HBMECs were
washed twice with PBS and fixed with 4% paraformaldehyde (Santa Cruz Biotechnology 281692) for 10 min
at room temperature. Following two washes with PBS, HBMECs were permeabilized with 0.25% Triton X-100
(Sigma-Aldrich) in PBS for 10 min at room temperature. HBMECs were washed three times with PBS and
then stained with 1� Alexa Fluor 488-phalloidin (Invitrogen A12379) in PBS for 15 min at room temperature.
Images were immediately acquired with an Olympus IX70 inverted microscope using a 60� oil objective
(Olympus) and processed with MetaMorph Advanced program (Molecular Devices).

The nuclear propidium iodide fluorescence intensity of images was determined using ImageJ (National
Institutes of Health) and with a method previously described for quantification of “fluorescence intensity”
(https://kpif.umbc.edu/image-processing-resources/imagej-fiji/determining-fluorescence-intensity-and
-positive-signal/). HBMECs with a signal 3� the standard deviation (SD) of the untreated (medium)
sample were considered positive for propidium iodide staining. The relative frequency was deter-
mined by dividing the number of positive cells in the treatment by the total number of positive cells
across all treatments.

Following quantification of the propidium iodide fluorescence intensity, HBMECs were stained with
a 1:10,000 dilution of Hoechst 33342 (Invitrogen H3570) in water for 5 min at room temperature.
HBMECs were then washed three times with PBS. Images were acquired with an Olympus IX70 inverted
microscope using a 10� objective (Olympus) and processed with MetaMorph Advanced program
(Molecular Devices). The number of nuclei in each image (field) was determined manually.

RNA sequencing. HBMECs were seeded in collagen (40 mg/mL) (Sigma-Aldrich C3867)-coated RTCA
PET E-Plate VIEW 16 plates at 15,000 cells per well for 24 h at 37°C. HBMECs were then incubated for 9 h
in ECM supplemented with 0.5% FBS, 0.1% ECGS, and 0.1% PS. This was followed by a 6 h of incubation
with medium, TNF-a (PeproTech), RBCLs, or iRBCLs. Total RNA was extracted with the RNeasy Plus micro-
kit (Qiagen) as per the manufacturer’s instructions. Library preparations were conducted at the NYU
Genome Technology Center with poly(A) selection of transcripts. Libraries were sequenced on the
NovaSeq 6000 (Illumina) with 100 cycles per sample.

RNA analysis. Libraries were sequenced on the Illumina Novaseq. For the bioinformatic pipeline of
RNA-seq data, the Seq-N-Slide workflow (source code available at: https://github.com/igordot/sns) was
employed. Raw paired-end reads were trimmed via Trimmomatic v0.36 (67), and quality control was per-
formed by using FastQC v0.11.7 (68) and fastQ-Screen v0.13.0 (69). Trimmed reads were mapped to
GRCh38/hg38 via STAR v2.7.3a (70). We used subread v1.6.3 (71) to generate the RNA count table. The R
package DESeq2 was used for the differential expression analysis (72). The significant differentially
expressed genes were determined with the cutoff of log2 fold change of .1 or ,21 and a false-
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discovery rate (FDR) of ,0.05. The pathway analysis was performed by using R package goseq (53). We
used the principal-component analysis (PCA) and Z-score heat map to visualize DEGs. the visualization
was performed by using R packages ggplot2 (73), ComplexHeatmap (74), and ggVennDiagram (75).

Quantitative real-time PCR. HBMECs were seeded in 96-well plates (Falcon) at 10,500 cells per well
for 24 h at 37°C. HBMECs were incubated with medium, TNF-a (PeproTech), RBCLs, or iRBCLs for 3 and 6
h. For each time point, cell pellets were collected and stored at 280°C until RNA extraction. Total RNA
was extracted with the RNeasy Plus microkit (Qiagen) as per the manufacturer’s instructions. Equal
amounts of total RNA were reverse transcribed with SuperScript III reverse transcriptase (Invitrogen)
using random hexamers (Promega) according to the manufacturer’s protocol. The resulting cDNA was
used for the quantitative PCR (qPCR) template. Quantitative real-time PCR was performed on the
QuantStudio 7 Flex system (Applied Biosystems) using Power SYBR green (Applied Biosystems).
Previously published primer sequences for the CCL2, CXCL8 (76), IL6, and GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) (77) genes were used. Each sample was normalized to GAPDH threshold cycle val-
ues (CT), and expression was calculated by the DDCT method.

Cytokine and chemokine measurements. All supernatants and cell lysates were stored at 280°C
until cytokine and chemokine measurement. HBMEC lysates were generated using M-PER mammalian
protein extraction reagent (Thermo Scientific) supplemented with 1� cOmplete protease inhibitor cock-
tail (Roche). In brief, HBMEC monolayers were incubated with the extraction buffer for 5 min with gentle
agitation at room temperature. Cell lysates were collected and centrifuged at 14,000 � g for 10 min at
4°C to pellet cellular debris. The total protein concentration of cell lysate samples was determined with
Pierce 660-nm protein assay kit (Thermo Scientific). Total protein values were used to normalize the lev-
els of intracellular cytokines and chemokines. Cytokines and chemokine levels were measured with the
following cytometric bead arrays (CBAs) (BD Biosciences): the human chemokine kit and human inflam-
matory cytokine kit. These arrays were acquired with a BD FACScalibur (BD Biosciences) and analyzed
with FCAP array software (BD Biosciences) or FlowJo (Treestar).

Protein synthesis detection. HBMECs were seeded in collagen (40 mg/m) (Sigma-Aldrich C3867)-
coated glass bottom 96-well plates (Greiner Bio-One 655981) at 10,500 cells per well for 24 h at 37°C.
HBMEC monolayers were incubated with medium, RBCLs, iRBCLs, TNF-a (PeproTech), or TNF-a with cyclo-
heximide (Sigma-Aldrich C7698) for 6 h and 9 h. After each time point, protein synthesis was detected using
the Click-iT homopropargylglycine (HPG)-Alexa Fluor 488 protein synthesis assay kit (Invitrogen) as per the
manufacturer’s instructions. Images were acquired with an Olympus IX70 inverted microscope using a 60�
oil objective (Olympus) and processed with MetaMorph Advanced program (Molecular Devices).

For the cytometric detection of Click-iT HPG-Alexa Fluor 488 (Invitrogen), HBMECs were seeded in
96-well plates (Falcon) at 10,500 cells per well for 24 h at 37°C. Following the same treatment
described above, HBMECs were incubated with HPG as per the manufacturer’s instructions. HBMECs
were collected using a 0.25% trypsin solution (Corning 25053CI) and washed once with cold PBS.
HBMECs were fixed with 4% paraformaldehyde (Santa Cruz Biotechnology 281692) for 15 min at room
temperature and then permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) in PBS for 15 min at
room temperature. HBMECs were washed with 3% BSA in PBS and stained as per the manufacturer’s
instructions, but a 1:2,000 dilution of Alexa Fluor 488 azide was used for cytometric detection. After a
wash with 3% BSA in PBS, cell pellets were resuspended in PBS containing 0.1% BSA and 0.02% so-
dium azide. Samples were processed with a BD FACScalibur (BD Biosciences) and analyzed with
FlowJo (Treestar).

Statistical analysis. Statistical analyses were performed on Prism 9 (GraphPad Software). The
Shapiro-Wilk test was used to test whether the data followed normal distribution. If the data were not
normally distributed, the following nonparametric tests were used: the Friedman test (paired data) or
the Kruskal-Wallis test (unpaired data) with Dunn’s multiple-comparison test. For all normally distributed
data, an unpaired t test for comparisons of two groups or one-way analysis of variance (ANOVA) with
Tukey’s multiple-comparison test was used. The exact statistical tests used are detailed in the figure
legends, and the levels of significance are denoted with asterisks: *, P , 0.05; **, P , 0.01; ***, P , 0.001;
****, P, 0.0001.

Data availability. The RNAseq data (fastq and count files) reported in this paper have been depos-
ited in the Gene Expression Omnibus (GEO) database (accession no. GSE211439).
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