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1. INTRODUCTION

For over 50 years, hematopoietic cell transplantation (HCT) has
been the major curative therapy for several hematologic, metabolic,
and neoplastic disorders [1]. However, the efficacy of this proce-
dure is limited by life-threatening complications, the most impor-
tant being graft versus host disease (GvHD), with high mortality
rates. Other common complications are engraftment failure and
opportunistic infections. In the last decade, several studies have
been published pointing out to the relevant role of the endothelium
in the initiation or the development of different HCT complications
observed early after cell infusion (Table 1). These studies used dif-
ferent approaches to suggest that the endothelium is an organ to be

Table1 Early complications of hematopoietic cell transplantation (HCT).

Vascular Endothelial Syndromes after HCT

Sinusoidal obstruction syndrome (VOD/SOS)
Transplant-associated thrombotic microangiopathy (TA-TMA)
Diffuse alveolar hemorrhage

Engraftment and pre-engraftment syndrome

Capillary leak syndrome (CLS)

Posterior reversible encephalopathy syndrome

Graft versus host disease (GvHD)

»Corresponding author. Email: mpalomo@carrerasresearch.org
Peer review is under the responsibility of IACH

The goal of this review is to look at the role of endothelial damage and dysfunction in the initiation and development of early
complications that appear after hematopoietic cell transplantation (HCT). These early complications share overlapping clini-
cal manifestations and the suspicion of underlying endothelial damage. Several studies using different approaches, such as ani-
mal and in vitro models, the analysis of soluble biomarkers and clinical findings have provided evidence of this endothelial
dysfunction. Historically, the first complication in which the role of endothelial damage was elucidated was the veno-oclusive
disease/sinusoidal obstructive syndrome. In the last two decades, increasing evidence of the implication of the endothelium in
the pathophysiology of other syndromes such as capillary leak syndrome, transplant-associated microangiopathy, or even graft
versus host disease has accumulated. This knowledge opens up potential pharmacologic interventions to prevent/and/or treat
endothelial damage and, therefore, to improve the outcome of patients receiving HCT.
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This is an open access article distributed under the CC BY-NC 4.0 license (http://creativecommons.org/licenses/by-nc/4.0/).

considered in the prevention and treatment of these complications
and, therefore, to improve HCT success. The aim of this review is
to integrate experimental and clinical studies on endothelial dam-
age and dysfunction in association with HCT, including in vitro and
animal models, and the evaluation of circulating soluble markers.

2. ENDOTHELIAL DYSFUNCTION IN HCT: A
CHICKEN-AND-EGG SITUATION WHERE
THE EGG CAME FIRST

Endothelial cells (ECs) are organized in a monocellular layer that
separates all tissues from the circulating blood. The blood vessel
endothelium crosses each and every tissue, and in each vascular bed
presents unique structural and functional properties. This cellular
heterogeneity is reflected by the structural and functional hetero-
geneity of the whole endothelium as a complex system [2,3]. The
EC surface in an adult human is composed of approximately 1 to
6 x 10" cells, weighs approximately 1 kg, and covers a surface area
of more than 3000 square meters [4,5]. Due to its location, ECs
are exposed to all kinds of physiological and pathological stim-
uli, and constitute the first barrier to many drug interventions.
This organ is highly active, and has the ability to constantly adapt
to environmental changes modulating vasomotor tone, hemo-
static balance, and inflammatory reactions, among other responses.
Endothelial activation takes place in a graded manner and can
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reverse to a basal state or progress to an irreversible state known as
endothelial dysfunction which [2,3].

So far, endothelial dysfunction has been associated with several
diverse pathologies such as obesity [6], chronic kidney disease
[7-10], and sepsis [11], among others. It has also been recog-
nized as an important contributor in the development of atheroscle-
rotic disease, underlying plaque formation and growth, and
leading to vascular complications and atherosclerotic progression
[12]. Therefore, endothelial dysfunction has multiple origins and
varies according to the time after HCT and anatomical location. In
most cases, endothelial dysfunction implies an increase in leuco-
cyte adhesion and transmigration, molecule extravasation, platelet
activation, and cytokine liberation. These phenomena play a syn-
ergistic role and generate a positive feedback that worsens the
endothelial condition. This complex and systemic reaction makes
it difficult to differentiate if endothelial damage is the cause or the
consequence of many complications. HCT brings to the researchers
a good scenario in which to study the impact of individual inputs
on the endothelium. Although a few studies report a slight increase
in the levels of some plasma markers of endothelial damage in
patients undergoing HCT before the transplant [13], our proposed
hypothesis is that before HCT the endothelium does not present
a dysfunctional state. Then, during HCT, ECs are activated and
damaged by factors such as the drugs used in the conditioning regi-
men [14-17], radiotherapy [18], cytokines produced by the injured
tissues, endogenous microbial products translocated through dam-
aged mucosal barriers, immunosuppressive drugs used during allo-
HCT, the engraftment process, and alloreactivity.

3. PRECLINICAL MODELS FOR THE STUDY
OF ENDOTHELIAL DYSFUNCTION IN
HCT

Several approaches have been applied to investigate endothelial dys-
function associated with HCT. Studies by our group and others have
been able to reproduce, in an in vitro model, the endothelial dam-
age, and activation by exposing different types of ECs to sera from
patients who received either autologous or allogeneic HCT, with
and without associated complications. This in vitro system allowed
the evaluation of the specific responses of the endothelium to con-
trolled and well-known stimuli, such as patients sera, but also to
molecules reported to be associated with HCT, such as lipopolysac-
charide (LPS) or tumor necrosis factor-alpha (TNF-a) [18,19].
Although it has accepted limitations, in vitro models also present
several advantages, such as the ability to analyze the response of cells
from different locations or to have an accurate control of the inputs
under study.

Considerable effort has been put in the search for biomarkers of
endothelial damage and dysfunction. A biomarker is defined by
Hulka et al. as a cellular, biochemical, or molecular alteration that
is measurable in biological media such as human tissues, cells, or
fluids [20]. In the context of HCT, the goal has been to find mark-
ers with biological or clinical relevance reflecting the initiation and
the progression of HCT-related complications, and the potential
responses to therapeutic interventions. A major challenge when
exploring biomarkers is to limit the sources of noise that interfere
with the ability to identify valid molecules [21]. Veno-oclusive dis-
ease (VOD), also known as sinusoidal obstructive syndrome (SOS)

and GvHD are the two best studied HCT-related complications in
the search for biomarkers as a noninvasive method for an early and
accurate diagnosis [22,23].

Animal models have been criticized for their lack of resemblance
to human illnesses, as there are important species, anatomy, phys-
iology, and microbiota differences, among others, that need to
be considered when extrapolating the results to humans [24,25].
Nonetheless, these models are absolutely crucial to investigate com-
plex diseases, as they allow dissecting the contribution of several
independent components in the development of the pathology in
a complex living system. Allogeneic HCT and its main complica-
tion, GVHD, represent a paradigm for the translation of preclin-
ical concepts into the clinical practice, as most of the knowledge
on the current therapeutic strategies applied in HCT derives from
animal models [26]. For instance, the first understanding of the
GVHD nature was obtained using chick embryos and mice [27,28],
and the research on canine models was critical for the study of
genes involved in histocompatibility [29,30]. These models have
allowed the acquisition of the necessary empirical evidence to estab-
lish improvements in the clinical practice, such as the reduction in
the conditioning intensity and the use of posttransplant cyclophos-
phamide. Regarding endothelial dysfunction, preclinical models
have contributed to reveal its implication in GVHD initiation and
development [24,31-33]. In the near future, strategies used in these
models will likely also be translated into the human clinical prac-
tice such as, for instance, naive T-cell depletion and the inhibition
of certain cytokine and chemokine [34].

4. HCT IS ASSOCIATED WITH
ENDOTHELIAL DYSFUNCTION, EVEN IN
THE ABSENCE OF ANY RELATED
COMPLICATION

Our group has demonstrated the existence of endothelial damage
and activation in association with both auto-HCT and allo-HCT,
even in the absence of associated complications. Such dysfunction
exhibits specific profiles and characteristics in the first weeks after
HCT. Macrovascular ECs, obtained from human umbilical veins,
were incubated with serum samples from patients undergoing auto
and allo-HCT without complications, and several endothelial dam-
age markers were evaluated (Fig. 1). Our findings indicated that
an inflammatory reaction, characterized by the activation of p38
MAPK and the increased expression of adhesion receptors on the
EC surface, occurred in both auto and allo groups. This inflamma-
tory response occurred together with an increased leukocyte adhe-
sion when ECs were exposed to blood under flow conditions. In
addition, a prothrombotic effect was also observed, but only in
the allo-HCT group. This result was associated with the produc-
tion of extracellular matrices enriched with von Willebrand fac-
tor (vWEF), and with an increased deposition of platelet aggregates
when exposed to circulating blood. Interestingly, the activation of
the SAPK/JNK pathway, related to apoptosis, was only observed in
the allo-HCT group. These results suggest that alloreactivity could
be a relevant factor in the induction of endothelial damage.

Endothelial damage was especially intense when ECs were exposed
to patient’s sera collected at day 0, after conditioning treatment and
just before the infusion of hematopoietic precursors. These results
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Figure1 Endothelial damage markers follow a different kinetics when comparing the in
vitro effect of auto and allo-HCT sera over endothelial cells. Bar diagrams summarize changes
in adhesion receptor expression (VCAM-1, ICAM-1, and E-selectin) on the surface of
endothelial cells exposed to sera from patients receiving auto (left) or allo (right) HCT. These
experiments were performed exposing endothelial cells in culture to the sera from patients
receiving autologous or allogeneic HCT for 48 hours. The cells were then fixed, and adhesion
receptor expression was assessed by immunofluorescence.

reflect the deleterious effect of the conditioning regimen and total
body irradiation (TBI) on the endothelium [18,35,36]. From day 0,
the endothelial damage profile followed different kinetics when
comparing the auto-HCT and allo-HCT groups. In the auto-HCT,
both engraftment [37] and the use of G-CSF could act as the trig-
gers of the damage seen when ECs were grown in the presence of
patients sera obtained at day +14. In the allo-HCT, the alloreac-
tivity could explain the increase in the levels of damage biomark-
ers in response to sera collected at day +21 [38,39]. These results
may be the consequence of the effect on the endothelium of the
conditioning treatment, the administration of pro-inflammatory
(G-CSF) or immunomodulatory agents, and the onset of donor
leukocyte engraftment. The analysis of soluble endothelial damage
biomarkers revealed that VWF and soluble tumor necrosis recep-
tor I (STNFRI) increased progressively before the conditioning to
day +14 in auto-HCT, and to day +21 in allo-HCT patients [40,41].
Moreover, the degree of changes in the biomarker levels was associ-
ated with the intensity of the conditioning treatment [38], and was
more notable in myeloablative compared with reduced-intensity
conditioning.

The analysis of circulating markers during has been performed
by several groups with the aim of finding a useful diagnostic
and/or prognostic tool for HCT-associated complications. VWE
soluble thrombomodulin (TM), TNF-a, plasminogen activator
inhibitor type 1, soluble adhesion molecules (sE-selectin, sSICAM-1,
sVCAM-1), suppression of tumorigenicity-2 (ST2), angiopoietin-2
(ANG?2), hyaluronic acid (HA), L-Ficolin, and circulating endothe-
lial cells (CECs) [42,43] are the most commonly evaluated cir-
culating biomarkers. In general, the majority of the studies show
an increase in the levels of the different markers with respect to
the baseline, especially in patients with HCT complications such
as VOD/SOS [22,40,44], thrombotic microangiopathy (TA-TMA),
capillary leak syndrome (CLS) [45,46], engraftment syndrome (ES),

and GVHD [23,42,43,47-49]. Such increase suggests a potential
involvement of the endothelium in the origin and the development
of these syndromes.

5. EVIDENCE ON THE ENDOTHELIAL
ORIGIN OF VASCULAR ENDOTHELIAL
SYNDROMES AFTER HCT

All the syndromes that appear in association with HCT share
clinical common features, such as an early onset after pro-
genitor infusion, overlapping clinical manifestations, absence of
well-defined clinical criteria for diagnosis and well-established
treatments, and the tendency to evolve to an irreversible multi-
organ dysfunction syndrome. As explained above, the hypothesis
that endothelial damage represents a common condition under-
lying many transplant-related complications is becoming increas-
ingly accepted. Some evidence of this association is summarized
below.

VOD/SOS is a potentially fatal complication of HCT that usu-
ally occurs within 30 days after cell transfusion. Its diagnosis
is based on clinical criteria [50]. The pathogenesis of this compli-
cation involves a damage of the sinusoidal ECs and hepatocytes
by toxic metabolites generated during the conditioning regimen.
The injury on ECs impairs their capacity to regulate the hemo-
static balance, reduces nitric oxide production, increases the levels
of matrix metalloproteinase [51], and is accompanied by the release
of inflammatory cytokines from the injured tissue. The dysfunction
of the vascular lining consists of ballooning of ECs, extravasa-
tion of cellular and extracellular debris, platelet aggregation in
the space of Disse, detachment of ECs, and, eventually, complete
sinusoidal occlusion. These phenomena are followed by capillar-
ization, lack of liver sinusoidal EC fenestration, and formation of
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an organized basement membrane that allows fibrosis [52,53]. The
preclinical and clinical evidence of the role of endothelial dysfunc-
tion in VOD/SOS development provided a rationale for defibrotide
(DF) treatment, a recognized endothelial protective drug, in this
setting [50,54]. DF has been used to treat hepatic VOD/SOS with a
reported 30-60% complete response rate.

CLS represents a potentially life-threatening complication after
HCT. Also called Clarkson syndrome [55], this condition is charac-
terized by transient but severe hypotension that results in vascular
collapse and shock, hemoconcentration, and, ultimately, anasarca
because of accumulation of fluids and macromolecules in tissues.
Allogeneic HCT from an unrelated donor, G-CSF administration,
and intensive chemo/radiotherapy have been suggested as possible
risk factors for CLS development [56,57]. A recent study in pediatric
patients undergoing HCT [58] confirmed historical results suggest-
ing that severe infection is associated with CLS, independently from
HCT. This association is supposed to rely upon the endothelial
damage induced by the cytokine storm that occurs in severe infec-
tion, which is believed to be crucial in the development of CLS. This
complication has been postulated to be triggered by a combination
of inflammation and reversible microvascular barrier dysfunction
[59]. However, as no more than 100 cases of CLS were reported in
the literature from 1960 to 2006, and there is a high mortality rate
during episodes, the pathophysiology of this entity has been diffi-
cult to clarify. The main hypothesis has been that transient episodes
were caused, at least in part, by a massive reversible endothelial bar-
rier breach. This hypothesis was confirmed by Xie et al. [46], who
demonstrated in an in vitro study that episodic CLS sera directly
induce endothelial hyper-permeability and barrier breakdown, and
who identified VEGF and Ang?2 as the mediators of permeability,
whose induction in the circulation is associated with CLS episodes.

HCT-associated thrombotic microangiopathy is a potentially severe
complication with a mortality rate of 60-90% despite treatment
[60]. In the surviving patients, it is associated with long-term
morbidity including hypertension, chronic kidney disease, gas-
trointestinal or central nervous system disease, and pulmonary
hypertension [61,62]. The TA-TMA incidence is about 10-35%
[63], and is more common after allo-HCT than auto-HCT. TA-
TMA can manifest as a multi-system disease occurring after an
endothelial injury which, in HCT, is known to be multifactorial.
The kidney is the organ most commonly affected in TA-TMA,
although other organs like the lung, bowel, heart, and brain are
also involved. In addition to the endothelial damage component,
this complication can include a complement system dysregulation.
The latter is well known in the pathophysiology of other throm-
botic microangiopathies, such as atypical hemolytic uremic syn-
drome. The complement system is a major component of the innate
immune system, and consists of plasma proteins and membrane
regulators and receptors. The plasma proteins interact via three
major cascades: the classical, the lectin, and the alternative path-
ways, which culminate in the formation of the C5b-9 membrane
attack complex, which has a lytic activity on target cells, by forming
a pore in the cell membrane [64-66]. Eculizumab, a monoclonal
antibody directed towards C5, which prevents formation of the
C5b-9 membrane attack complex, has been successful in the treat-
ment of several TA-TMA [67]. Furthermore, since TA-TMA is a
disorder resulting from endothelial injury, DF has also been used,
demonstrating a 55% response rate, as monotherapy or in com-
bination with other therapies [68,69] Novel TA-TMA biomarkers,

reflecting predisposition for injury to specific organs, need to be
identified in order to aid earlier TA-TMA diagnosis and guide tar-
geted therapies [70].

Graft versus host disease (GvHD) is the major cause of morbidity
and mortality following allo-HCT [71,72]. The diagnosis of acute
GvHD after allo-HCT remains clinical, taking into consideration
patient symptoms, laboratory values, and affected tissue histology.
The pathophysiology of aGVHD is complex, and is known to
involve aspects of both the adaptive and innate immune responses
in subsequent phases. As ECs are the primary barrier separating
donor-derived leukocytes and allogeneic target tissue, the endothe-
lium has been increasingly studied and identified as an initial target
of an allogeneic acute GVHD [73-75]. It is well known that, in the
early phases of this complication (Figs. 2 and 3), ECs are injured by
the conditioning regimen [48,76]. Inflammatory angiogenesis [31]
and neovascularization [33] are central events in this induced dam-
age. Importantly, experiments of angiogenesis in animal models
have demonstrated that metabolic changestrigger alterations in cell
mechanics, leading to enhanced migratory and proliferative poten-
tial of ECs during the initiation of inflammation. However, this
process occurs in the absence of classical endothelial damage mark-
ers, such as increase in adhesion receptor expression. Recently,
effort has been directed towards identifying potential noninvasive
peripheral blood biomarkers with diagnostic and clinical value of
acute GvHD, and some promising results have been achieved with
markers related to endothelial damage [23,48,77]. This suspected
relationship between endothelial damage and acute GVHD has
also been corroborated by clinical findings. Corbacioglu et al.
performed a phase-3 VOD/SOS using DF for the prevention of
VODY/SOS in pediatric patients receiving HCT, and found that the

Platelet adhesion

vWF

Figure 2 Prothrombotic phenotype of the extracellular matrices
(ECM) generated by endothelial cells (ECs) in response to sera from
patients with acute graft versus host disease (aGvHD). Representative
images of platelet adhesion after exposing ECM to flowing blood (800/s,
5 minutes) (upper images) and presence of von Willebrand Factor (vWE
green staining) on the ECM produced by ECs exposed to sera from both
GvHD and No-GvHD patients at day 21 after allo-HCT. Original
magnification of x 400 for all micrographs obtained with a fluorescent
microscope (LEICA DM4000B).
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NoGvHD

VCAN-1

ICAM-1

Figure 3 Enhanced expression of the adhesion receptors VCAM-1 and
ICAM-1 on endothelial cells exposed to sera from patients developing
acute graft versus host disease (GvHD). Micrographs of VCAM-1 and
ICAM-1 staining (with red and green colors, respectively) on cell
surfaces of microvascular endothelial cells exposed to sera from both
GvHD and No-GvHD patients at day 21 after allo-HCT. Original
magnification of x 400 for all micrographs obtained with a fluorescent
microscope (LEICA DM4000B).

incidence and severity of GVHD, analyzed as an exploratory end
point, was significantly lower at days +30 and +100 in DF-treated
patients versus controls [78-80]. Similar GVHD findings have
been reported in adults, and a phase-2 trial of DF or prevention of
GVHD is now recruiting (NCT03339297) [81].

6. SUMMARY AND FUTURE DIRECTIONS

Over the last 60 years, cellular and animal models have played a
critical role in constructing our understanding of HCT and the
associated complications. The data summarized in this review sup-
port the concept that heterogeneous syndromes such as VOD/SOS,
TA-TMA, accelerated atherosclerosis ,and GvHD share a common
denominator in patients treated with allogeneic HCT: a damaged
endothelium. Interestingly, some of the evidence comes from clin-
ical findings, such as interventions tested in clinical trials that have
been found to be particularly effective for these specific endothe-
lial injury syndromes. To date, no single biomarker has been proved
to be valid among independent cohorts for identifying preclini-
cal signs of these HCT-complications, improving the accuracy of
the diagnostic, providing opportunities for prevention, and pre-
dicting long-term outcomes. Instead, and due to the complexity
of the multifactorial nature of the endothelial damage, a panel of
biomarkers is more likely to address these important goals in the
future. In summary, although the increasing knowledge on the
role of the endothelium in HCT-associated complications, achieved
through the efforts of hundreds of researchers in the last years, our
understanding remains very limited. This limitation constitutes an
exciting biomedical research challenge, the results of which could

be eventually translated to the improvement of the outcomes of
patients receiving HCT.
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