
B R I E F R E P OR T

A pulmonary endothelial amplification loop aggravates
ex-vivo transfusion-related acute lung injury via increased
toll-like receptor 4 and intra-cellular adhesion
molecule-1 expression
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Abstract

Background: Transfusion-Related Acute Lung Injury (TRALI) is a life-

threatening complication of blood transfusions characterized by pulmonary

endothelial cell damage and edema, with a high incidence in critically ill

patients. The pathophysiology of TRALI is unresolved, but can generally be

hypothesized to follow a 2-hit model in which the first hit is elicited by the

underlying clinical condition of the patient (e.g., inflammation, which can be

reflected by LPS in experimental models), and the second hit is delivered by

the blood transfusion product (e.g., HLA class I antibodies). Here, we report a

synergistic role for LPS and HLA class I antibody binding to pulmonary endo-

thelium resulting in enhanced inflammatory responses.

Materials and Methods: Pulmonary endothelial cells were treated with PBS

or low-dose LPS, exclusively or in combination with anti-HLA class I.

Endothelial surface expression of HLA class I, TLR4, and inflammatory

marker ICAM-1 were measured, and trans-endothelial migration (TEM) of

neutrophils was investigated.

Results: LPS treatment of pulmonary endothelium enhanced HLA class I anti-

body binding, and combined LPS and HLA class I antibody binding enhanced

TLR4 (LPS receptor) and ICAM-1 expression on the endothelial cell surface.

Low-dose LPS and HLA antibody together also increased neutrophil TEM

under physiological flow by on average 5-fold.

Conclusion: We conclude that LPS and anti-HLA class I antibody have the

ability to activate the pulmonary endothelium into a spiral of increasing

inflammation, opening the opportunity to potentially block TLR4 to prevent or

reduce the severity of TRALI in vivo.
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1 | INTRODUCTION

Transfusion-Related Acute Lung Injury (TRALI) is a
life-threatening complication of blood transfusions
with high incidence reported in critically ill patients. It
is generally accepted that TRALI follows a two-hit
model, in which the first hit is the underlying condition
of the patient (e.g., inflammation or sepsis, which can
experimentally be induced by lipopolysaccharide
(LPS)) and the second hit the blood transfusion,1 gener-
ally including anti-Human Leukocyte Antigen (HLA)-
or Human Neutrophil Antigen (HNA) antibodies.

Neutrophils are considered the main effector cells of
TRALI,1,2 however, prominent roles for macrophages,
dendritic- and endothelial cells (ECs) have also emerged.1,3–
5 Recently, it was reported that HLA expression on ECs
may be an important determinant in experimental murine
LPS and MHC class I antibody-mediated TRALI.6 However,
the interaction between LPS and HLA-antibody in the onset
of endothelial damage in TRALI is unclear.

In this study, we investigated the effects of low-dose
LPS (first hit in TRALI) and HLA-antibodies (second hit
in TRALI) on lung ECs for their ability to increase
inflammation by enhancing surface expression of inflam-
matory markers, TLR4 and HLA, and facilitate neutro-
phil trans-endothelial migration (TEM), a key process
occurring during the onset of TRALI.

2 | METHODS

2.1 | Antibodies

See Table 1.

2.2 | Cell culture

Human lung microvascular endothelial cells (HMVEC)
from three different donors were purchased from Pelo-
Biotech (Germany) and Lonza (Switzerland). Cells were
cultured on fibronectin-coated dishes in EGM-2MV (5%
FCS) (PeloBiotech, Germany) at 37°C:5% CO2 and used
at passages 5–11. LPS from escherichia coli [O55:B5]
(Sigma-Aldrich, Germany) diluted in PBS was added at
concentrations of 1–10 ng/ml for 5 h. Potency of LPS was
3,000,000 EU/mg. HLA-ABC or isotype control IgG2a
were added at 10 ug/ml.

2.3 | Neutrophil (PMN) isolation and
transmigration under flow assay

ECs seeded at 5 � 104 cells/channel in fibronectin-coated
Ibidi μ-slides VI0.4 (Ibidi, Germany) were cultured for
2–3 days. Primary human neutrophils (PMN) isolation
and transmigration assay was performed as previously
described,7 except activation of isolated PMN at 37°C
were done for 30 min. Leukocyte-endothelial interactions
were recorded on a wide-field microscope (Observer
Z1/Axiovert; Zeiss, Germany). Transmigrated PMNs were
distinguished by their transition from bright to phase-
dark morphology and manually quantified using ImageJ.

2.4 | Volunteers

All volunteers signed an informed consent, under the rules
and legislation in place within the Netherlands and San-
quin Medical Ethical Committee. The rules and legislations
are based on the Declaration of Helsinki (informed consent
for participation of human subjects in medical and scien-
tific research) and guidelines for Good Clinical Practice.

2.5 | Flow cytometry

Cells were detached with Accutase (GE-Healthcare
L11-007) and harvested with FACS buffer (PBS++:0.5%
BSA). 5 � 104 cells/well were added to a 96-wells plate
and blocked on ice. Cells were incubated with antibodies
cold and dark for 1 h and measured on an LSR Fortessa
(BD) cell analyzer using FACS Diva software. PECAM-1
and VE-cadherin were used as markers.

TABLE 1 List of antibodies

Anti Clone Fluorophore Company

PECAM-1 WM59 BV-510 BD Biosciences

VE-cadherin 55-7H1 AF-647 BD Biosciences

ICAM-1 BBIG-I1 FITC Biolegend

TLR4 HTA125 AF-488 Invitrogen

HLA-ABC W6/32 PE Biolegend

HLA-ABC W6/32 BioConnect

IgG2aκ MOPC-173 PE Biolegend

IgG2aκ BioConnect

a-IgG2a AF568 Invitrogen
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2.6 | Statistical analysis

Statistical analysis between experimental groups was ana-
lyzed by methods indicated in figure legends. A two-sided
p ≤ .05 was considered significant.

3 | RESULTS

3.1 | LPS treatment of lung endothelium
increases HLA class I binding and
enhances ICAM-1 and TLR4 expression
upon additional treatment with HLA
class I antibodies

Pulmonary human microvascular endothelial cells
(pHMVEC) were treated with PBS as control or low-dose

LPS and analyzed with flow cytometry. LPS treatment
resulted in 1,5-fold increased fluorescence of anti-HLA
class I compared to PBS-treated samples (Figure 1A) indi-
cating an increased binding of anti-HLA class I to
pHMVEC upon LPS treatment.

Next, TLR4 and endothelial inflammatory marker
Intra-Cellular Adhesion Molecule (ICAM-1; CD54) were
measured on pHMVEC pre-treated with PBS or LPS and
anti-HLA class I or isotype control antibodies. TLR4
expression was enhanced on the surface of both
PBS + HLA class I (roughly 3-fold) and LPS + HLA class
I-treated (roughly 4-fold) pHMVEC compared to PBS +-

IgG2a-treated cells, whereas no significant difference was
observed from cells treated with LPS and IgG2a
(Figure 1B). Surface ICAM-1 expression was not altered by
anti-HLA treatment alone (PBS + HLA compared to
PBS + IgG2a) but was almost 4-fold enhanced in LPS-
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FIGURE 1 Surface expression of HLA on pulmonary ECs is enhanced by LPS, leading to enhanced TLR4 and ICAM-1 expression upon

HLA class I antibody binding (a) quantification of HLA-ABC surface expression after treatment of pulmonary ECs with PBS or 10 ng/ml LPS

as measured with FACS. All PBS-treated data points were divided by their average to indicate variation. All LPS datapoints were divided by

PBS-treated data points for fold difference (1.5 ± 0.2). Dotted line indicates 1-fold. A ratio-paired T-test was used to determine statistical

significance. ns = non-significant, * = p < .5, n = 4. (B) Quantification of TLR4 surface expression after treatment of pulmonary ECs with

PBS or 10 ng/ml LPS and 10 μg/ml anti-HLA class I or isotype control, as measured with FACS. All PBS + IgG2a-treated data points were

divided by their average to indicate variation. All anti-HLA class I and LPS datapoints were divided by PBS + IgG2a-treated data points for

fold difference (fold increase PBS + anti-HLA class I 2.6 ± 1.0, LPS + anti-HLA class I 3.8 ± 1.8). Dotted line indicates 1-fold. A Wilcoxon-

rank paired T-test was used to determine statistical significance. ns = non-significant, * = p < .5, n = 5. (C) Quantification of ICAM-1

surface expression after treatment of pulmonary ECs with PBS or 10 ng/ml LPS and 10 μg/ml HLA-ABC or isotype IgG2a antibodies as

indicated and measured with FACS. All PBS + IgG2a-treated data points were divided by their average to indicate variation. All LPS

datapoints were divided by PBS + IgG2a-treated data points for fold difference. LPS + IgG2a (3.7 ± 1.0) and LPS + anti-HLA class I

(5.2 ± 1.5) increase compared to PBS + IgG2a. Dotted line indicates 1-fold. The ratio-paired T-test was used to determine statistical

significance. ns = non-significant, ** = p < .01, n = 3
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treated pHMVEC compared to PBS + IgG2a-treated sam-
ples, and more than 5-fold enhanced when pHMVEC were
treated with LPS and anti-HLA Ab in combination
(figure 1C).

3.2 | HLA class I antibody exacerbates
neutrophil TEM in LPS-treated pHMVECs

pHMVEC treated with PBS or LPS in combination with
isotype IgG2a or anti-HLA class I antibody were exposed
to flow with freshly isolated PMN. pHMVEC treated with
PBS and IgG2a did not facilitate PMN TEM. The other
treatments did lead to an increase in PMN TEM, but

none to the same extent as combined LPS and anti-HLA
class I treatment, which facilitated up to 6-fold more
PMN TEM than LPS and isotype treatment (Figure 2).

4 | DISCUSSION

Here, using an ex-vivo model of antibody-mediated
TRALI, we identify a novel mechanism by which TRALI
may develop.

First, we show that LPS treatment of pHMVEC
increases expression of HLA class I. Similar results have
previously been reported in HUVEC stimulated with
LPS,8 and enhanced HLA class II expression has been
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FIGURE 2 Pulmonary ECs

facilitate more neutrophil

transmigration upon addition of HLA

class I antibodies compared to IgG2a

treated cells (A) number of

transmigrated neutrophils during flow

assay after 5 h treatment with PBS or

1 ng/ml LPS and 2 h with IgG2a or

HLA-ABC antibody as indicated. Data

points represent neutrophil (PMN)

trans-endothelial migration (TEM) per

field of view (FOV). Three fields of view

per channel were obtained during time-

lapse imaging, followed by tile scans

with 25 additional fields of view per

condition and replicate at endpoint to

determine the distribution of

neutrophils. Bars represent average TEM

of PMN/FOV for all experiments. Two-

way ANOVA was used to determine

statistical significance. **** = p < .0001,

error bars are presented as standard

error of mean (SEM), n = 3.

(b) Representative images from time-

lapse videos as indicated. White arrows

indicate neutrophils (individual or

clusters), white star indicates EC

disturbance
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reported in response to IFN-gamma, LPS, and mixtures
of cytokines in a variety of cells.9,10 These data strongly
suggest that inflammatory stimuli can prime for TRALI
by enhancing HLA molecules, which may explain why
critically ill patients are at increased risk for TRALI upon
transfusion. This may also explain the results of look
back investigations in which transfusion products with
anti-HLA antibodies did not induce TRALI in each recip-
ient even in the presence of cognate antigen.11 Pro-
inflammatory activation of the endothelium with an
inflammatory condition may be needed to sufficiently
increase HLA expression for induction of TRALI by anti-
HLA abs, shedding light on the two-hit mechanism of
the TRALI pathophysiology.

Second, we show that binding of anti-HLA class I anti-
bodies to pHMVEC HLA class I molecules increases TLR4
expression on the endothelial surface. TLR4 is mainly
known as a receptor for LPS, however, physiologically
expressed oxidized lipids have also been shown to facilitate
ALI via TLR4.12 Thus, even in the absence of additional
LPS insults, increased expression of the TLR4 receptor
could be detrimental. Although Imai et al. reported that
the contribution of endothelial TLR4 was negligible for
acid-induced ALI, LPS-induced TRALI was not explored in
their model. The additional increase of lung endothelial
TLR4 upon treatment with LPS and anti-HLA class I anti-
bodies may indicate an ongoing amplification loop of LPS
reactivity towards the endothelium during TRALI. These
hypotheses could be tested by inhibiting TLR4 signaling,
using specific inhibitor TAK-242.13

Thirdly, we show that treatment with both LPS and
anti-HLA class I antibodies together further enhances
ICAM-1 expression compared to LPS alone and that the
combined treatment results in increased PMN TEM. It has
been suggested that incubation of ECs with anti-HLA class
I antibodies leads to an additional increase of adhesion mol-
ecules, particularly ICAM-1, on ECs.14,15 Our study shows
that anti-HLA class I antibodies are only able to upregulate
adhesion molecules in the additional presence of LPS in
pHMVEC, again supporting a two-hit requirement, with
LPS as first hit, in the pathophysiology of TRALI.

We propose a mechanism that sheds light on the two-
hit mechanism in TRALI, with a crucial role for LPS,
anti-HLA, and the pulmonary endothelium: LPS primes
the pulmonary endothelium to increase the expression of
HLA class I molecules on the luminal cell surface, facili-
tating increased binding of anti-HLA. This in turn
increases pulmonary endothelial TLR4 and ICAM-1
expression, creating an aggravated immune response cul-
minating in increased PMN-TEM. This may explain the
high incidence of TRALI in the critically ill. Of note,
future studies should focus on in vivo validation of the
mechanism.
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