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Summary

Use of haematopoietic cell transplantation (HCT) in the treat-

ment of haematologic and neoplastic diseases may lead to life-

threatening complications that cause substantial morbidity and

mortality if untreated. In addition to patient- and disease-re-

lated factors, toxicity associated with HCT puts patients at risk

for complications that share a similar pathophysiology involv-

ing endothelial cells (ECs). Normally, the endothelium plays a

role in maintaining homeostasis, including regulation of coagu-

lation, vascular tone, permeability and inflammatory processes.

When activated, ECs acquire cellular features that may lead to

phenotypic changes that induce procoagulant, pro-inflamma-

tory and pro-apoptotic mediators leading to EC dysfunction

and damage. Elevated levels of coagulation factors, cytokines

and adhesion molecules are indicative of endothelial dysfunc-

tion, and endothelial damage may lead to clinical signs and

symptoms of pathological post-HCT conditions, including

veno-occlusive disease/sinusoidal obstruction syndrome, graft-ver-

sus-host disease, transplant-associated thrombotic microangiopa-

thy and idiopathic pneumonia syndrome/diffuse alveolar

haemorrhage. The endothelium represents a rational target for pre-

venting and treating HCT complications arising from EC dysfunc-

tion and damage. Additionally, markers of endothelial damagemay

be useful in improving diagnosis of HCT-related complications

and monitoring treatment effect. Continued research to effectively

manage EC activation, injury and dysfunctionmay be important in

improving patient outcomes after HCT.
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Haematopoietic cell transplantation (HCT) is used to treat a

variety of haematologic and neoplastic diseases; however,

complications can be life-threatening and cause substantial

morbidity and mortality if untreated.1 Early HCT-related

complications, including veno-occlusive disease/sinusoidal

obstruction syndrome (VOD/SOS), graft-versus-host disease

(GvHD), transplant-associated thrombotic microangiopathy

(TA-TMA) and idiopathic pneumonia syndrome (IPS)/dif-

fuse alveolar haemorrhage (DAH), have a common origin in

endothelial cell (EC) activation. Similarly, chimaeric antigen

receptor T cell (CAR-T) therapy, associated with cytokine

release syndrome (CRS) and neurotoxicity, is also known to

activate ECs.

Understanding these pathologies and their association with

the endothelium is important in identifying treatment strate-

gies and developing novel therapies. This review describes

normal EC function, evaluates endothelial changes that occur

after insults, and discusses the role of the endothelium in the

pathogenesis and treatment of post-HCT and CAR-T–associ-
ated complications.

Role of the endothelium

The endothelium is composed of heterogeneous cells that

line the inner wall of blood and lymph vasculature.2,3 These

cells have many functions (Fig 1), including regulating trans-

port from the blood to underlying cells and tissues,

haemostasis and coagulation, host defence and inflammation,

and angiogenesis.4,5 Normal EC function is crucial for home-

ostasis, and ECs help maintain blood fluidity and balance

coagulation and fibrinolysis by synthesising tissue factor (TF)

pathway inhibitors, which help regulate activation of coagu-

lation factors VII and X and formation of thrombin.4,6 Addi-

tionally, von Willebrand factor (vWF), essential for

coagulation and platelet function, is primarily derived from

the endothelium. ECs regulate blood flow, affect changes in

vascular tone and surrounding smooth muscle and control

vessel permeability through adhesion molecules and mainte-

nance of the barrier function between the blood and underly-

ing cells. Vasoactive mediators produced by ECs include

nitric oxide, prostacyclin and endothelin.4,6
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Angiopoetin-1 (Ang-1) and Ang-2, an agonist/antagonist

peptide pair, are key regulators of vascular homeostasis

through modulation of vascular growth and the endothelial

barrier. These ligands bind the receptor tyrosine kinase, Tie-

2, found on ECs,7 and the Ang-1–Tie-2 interaction promotes

EC survival and vascular stability. This interaction may also

suppress the inflammatory response via downregulation of

surface adhesion molecules.7

ECs produce regulators of inflammation and host defence

mechanisms and play a key role in recruiting white blood

cells and adhesion and chemoattractants to sites of inflam-

mation.8 Key adhesion molecules expressed on ECs include

E-selectin, P-selectin, intracellular cell adhesion molecule 1

(ICAM-1) and vascular cell adhesion molecule (VCAM).4,9

In response to stress stimuli, resting ECs are activated and

acquire new cellular functions.5–8 There are two types of acti-

vation. Type 1 is rapid, independent of new gene expression

and transient, with limited inflammation associated with his-

tamine release. Type 2 is slower, dependent on new gene

expression and provides a more sustained inflammatory

stimulus through cytokines, including tumour necrosis factor

alpha (TNFa) and interleukin (IL) 1b. These cytokines

induce expression of the adhesion molecules ICAM-1,

VCAM-1 and E-selectin.

The adaptive functions of activated ECs can be beneficial.2

Tissue-specific ECs express unique angiocrine factors that

support homeostasis and can generate different endothelial

and non-vascular cell types, including haematopoietic stem

cells in vitro.2,3,10 Angiocrine factors derived from ECs,

including WNT2, WNT9B, matrix metalloprotease 14 and

vascular endothelial growth factor (VEGF), have been shown

to regenerate liver and lung tissue.2,10 Tissue-specific ECs

contribute to organogenesis and homeostasis and, thus, may

be essential for organ repair and regeneration.

EC activation may also be detrimental.6–8,11 Loss of barrier

function may lead to oedema and passage of soluble effectors

(e.g. TNFa) that may damage the endothelium. Increased

adhesion molecule expression (e.g. ICAM-1, selectins, inte-

grins) leads to increased vascular adhesion and leukocyte

transmigration, promoting an inflammatory response leading

to increased vascular leakage, further enhancing oedema.7

Thrombogenic potential may also increase, leading to occlu-

sion and vascular thrombotic events, such as ischaemia or

stroke.8 Red blood cell fragmentation, anaemia, thrombocy-

topenia and renal and neurological dysfunction may also

occur as a result of increased shear effect.12

Endothelial damage and dysfunction after HCT

Prolonged EC activation and damaging stimuli can lead to

EC dysfunction, hypothesised to be critical in procoagulant,

pro-inflammatory and pro-apoptotic responses that may

result in early post-HCT complications.13 Either loss of or

inappropriate EC function can lead to pathological changes.14

Fig 1. Normal function and physiology of endothelial cells. Ang-1, angiopoetin-1; Ang-2, angiopoetin-2; ICAM-1, intercellular adhesion molecule 1;

IL-1b, interleukin 1 beta; NO, nitric oxide; TF, tissue factor; Tie-2, receptor tyrosine kinase; TNFa, tumour necrosis factor alpha; VCAM, vascular

adhesion molecule; VEGF, vascular endothelial growth factor; vWF, von Willebrand factor; WBC, white blood cell; WNT2 and WNT9B, protein cod-

ing genes.
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Circulating markers of endothelial activation have been mea-

sured in a number of studies and highlight the widespread

effects of endothelial activation and damage across functional

areas of the endothelium (Table 1). The procoagulant state

of damaged ECs is evident from increased concentrations of

vWF and thrombomodulin.11 Levels of TNFa and adhesion

molecules are also generally elevated after HCT and in

patients with HCT complications, but results may vary based

on type of transplant (autologous versus allogeneic), condi-

tioning, timing of measurement or assay methodology.6

Another marker of activated ECs, Ang-2, is released following

stimulation by inflammatory cytokines and hypoxia.30 Ang-2

induces EC apoptosis and is significantly associated with

transplant-related complications and poor overall sur-

vival.19,30

Levels of circulating ECs (CECs) also may reflect the

extent of endothelial damage after HCT conditioning and

transplantation.32–34 Similar to markers of endothelial dam-

age, CEC levels are higher following allogeneic transplanta-

tion, high-intensity conditioning regimens and use of total

body irradiation (TBI). Elevated CEC levels have been corre-

lated with endothelial complications, including VOD/SOS,

transplant-associated thrombotic microangiopathy (TA-

TMA) and capillary leak syndrome. Elevated endothelial-

derived microparticles have also been identified as a marker

for endothelial damage. Endothelial microparticles were

found to be elevated in patients who developed graft-versus-

host disease (GvHD) following allogeneic transplantation,

but not in patients who received a transplant and did not

develop GvHD.35 In addition to microparticles, elevated vWF

has been identified as a marker for activated or damaged

ECs,36 along with endocan and high mobility group box 1.37

Factors leading to endothelial damage

In the HCT setting, EC damage occurs from sustained activa-

tion due to a number of factors.7,32 Blood diseases, such as

multiple myeloma, lymphoma or leukaemia, activate ECs

independent of transplantation.5 The toxicity of chemother-

apy used in HCT conditioning regimens also activates ECs

and stimulates inflammatory processes.38 TBI induces EC

apoptosis and upregulates ICAM-1.39,40 In evaluations of

patients before and after HCT, the intensity of the condition-

ing regimen and type of transplant were associated with the

degree of change in EC markers.6 Alloreactivity likely plays a

role, as HCT complications are more frequent following allo-

geneic versus autologous transplantation.32 Chemotherapy

agents that are particularly toxic include high-dose regimens

of cyclophosphamide and/or busulfan in combination with

TBI;41,42 however, even the non-myeloablative immunosup-

pressant fludarabine has been shown to upregulate major his-

tocompatibility complex (MHC) class 1 on ECs and enhance

their lysis by cytotoxic T lymphocytes (CTLs).6,11,27,38

Endothelial damage is exacerbated by cytokines that are

released by injured tissues and the complex process of

engraftment.43,44 Additionally, bacterial endotoxins

[lipopolysaccharide (LPS)] move through damaged intestinal

mucosa and can increase EC activation. Other agents used

Table 1. Changes in soluble markers of EC activation and damage in patients before and after HCT and with HCT-associated complica-

tions.6,13,15–31

Marker Before HCT After HCT VOD/SOS GvHD TA-TMA IPS/DAH

Coagulation

vWF –

TM* –

PAI-1 – NC – –

Adhesion/Inflammation

ICAM-1 NC NC or increase –

VCAM-1† – – NC or increase

E-selectin – – Transient increase Transient increase –

TNFa‡ NC NC or increase –

Angiogenesis

VEGF – – NC or increase – –

Ang-2§ – –

Dashes indicate the absence of information.

Ang-2, angiopoietin-2; DAH, diffuse alveolar haemorrhage; EC, endothelial cell; GvHD, graft-versus-host disease; HCT, haematopoietic cell trans-

plantation; ICAM-1, intercellular adhesion molecule 1; IPS, idiopathic pneumonia syndrome; NC, no change; PAI-1, plasminogen activator inhi-

bitor-1; SOS, sinusoidal occlusive syndrome; TA-TMA, transplant-associated thrombotic microangiopathy; TM, thrombomodulin; TNFa, tumour

necrosis factor alpha; VCAM-1, vascular adhesion molecule 1; VEGF, vascular endothelial growth factor; VOD, veno-occlusive disease; vWF, von

Willebrand factor.

*Thrombomodulin is increased following allogeneic transplant and in patients with refractory GvHD.

†VCAM-1 is increased in patients with chronic GvHD, but not in those with acute GvHD.

‡The type of transplant and assay methodology impact levels of TNFa.

§Elevated Ang-2 levels before transplant predict a steroid-refractory course of GvHD; Ang-2 is increased following allogeneic transplant.
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during HCT, such as sirolimus and calcineurin inhibitors

(CNIs; ciclosporin, tacrolimus), potentiate endothelial injury

and accelerate senescence.17,44,45 Higher peak tacrolimus con-

centrations after transplantation increase the risk of HCT

complications related to endothelial damage.45

Inflammation also drives alterations in capillary perme-

ability, resulting in extravasation of fluid from the vascular

space into tissues.7 ECs are the primary barrier separating

donor-derived leukocytes and allogeneic target tissue. As

such, ECs are a target for blood-borne executors of the

immune system (T cells and antibodies).7,32

Endothelial damage following HCT may lead to complica-

tions that can evolve into multiorgan dysfunction (MOD) if

left untreated (Table 2, Fig 2).32 The development of a par-

ticular condition is based on several factors including the

type of insult, phenotypic change in ECs (inflammatory, pro-

coagulant or apoptotic) and the affected organ or system.

Clinical conditions linked to endothelial
dysfunction

Hepatic veno-occlusive disease/sinusoidal obstruction
syndrome

Hepatic veno-occlusive disease/sinusoidal obstruction syn-

drome (VOD/SOS) develops as a result of primary injury to

sinusoidal/central venous ECs followed by coagulative necro-

sis of hepatocytes.58 The incidence of VOD/SOS following

HCT varies, with some studies reporting incidences up to

40%.47,61 Data from 1979 to 2007 provide a mean incidence

rate of 14%, but this varies by age, primary disease, condi-

tioning regimen, criteria used for diagnosis and type of

transplant received.47 The overall mortality rate during this

time period was 84%, and death was more commonly associ-

ated with severe VOD/SOS and development of MOD.47 In a

large, prospective study conducted by the European Society

for Blood and Marrow Transplantation (EBMT), autologous

HCT was associated with a lower rate of VOD/SOS (3%)

compared with allogeneic HCT (9%).62

Risk factors for developing VOD/SOS include the condi-

tioning regimen, type and number of transplants, older age,

lower performance status and pre-existing liver disease.42,53,58

Traditionally, VOD/SOS is diagnosed using Baltimore or

modified Seattle criteria, which evaluate hepatomegaly or

right upper-quadrant pain, ascites, weight gain and hyper-

bilirubinaemia. While both sets of criteria include the pres-

ence of hyperbilirubinaemia, only Baltimore criteria requires

it for diagnosis.53,63 Because these criteria monitor symptoms

within 21 days of transplant, the EBMT developed separate

criteria for adults and children that account for the potential

late onset of VOD/SOS.42,61

The pathophysiology of VOD/SOS is complex and multi-

factorial; however, EC injury caused by radiation or toxic

metabolites of chemotherapy is typically the inciting

event.48,64,65 Common conditioning regimens include

busulfan and cyclophosphamide, which are metabolised by

cytochrome P450 and glutathione. Depletion of glutathione,

in response to elevated TNF, has been shown to result in

increased lipid hydroperoxides.66 In turn, sinusoidal ECs and

hepatocytes are damaged by these toxic agents and their

metabolites.65,67 Other sources of toxicity include mono-

clonal antibody–drug conjugates (e.g. inotuzumab ozogam-

icin).55,68 CNIs and sirolimus may enhance endothelial

injury, accelerate EC senescence and prevent healing by

reducing levels of VEGF.5,17,69,70

Damage to ECs leads to a hypercoagulable state, with syn-

thesis of TF and release of vWF facilitating platelet aggrega-

tion.64 Damaged ECs also express inflammatory mediators

(e.g. ICAM-1, TNFa), matrix metalloproteinases and VEGF,

and release heparanase.48,71 Heparanase triggers loss of

cytoskeletal structure.71 The sinusoidal endothelium further

deteriorates as a result of inflammatory cytokines and

increased metalloproteinase activity, leading to gaps in the

endothelial lining.32,48,55,72 These gaps allow passage of cellu-

lar and extracellular debris into the space of Disse and result

in progressive detachment of the endothelial lining, produc-

ing sinusoidal narrowing and blockage by embolised sinu-

soidal ECs.46,48,55 The obstruction of sinusoidal flow causes

postsinusoidal hypertension, resulting in the clinical manifes-

tations of VOD/SOS.

Graft-versus-host disease

GvHD occurs when immunocompetent T cells from donor

tissues recognise and target tissues in the transplant recipi-

ent.51 The incidence of acute GvHD following HCT ranges

from 40% to 50% and is dependent on a number of factors,

including the degree of human leukocyte antigen (HLA) mis-

match, patient age, GvHD prophylaxis, gender disparity,

multiparous female donors, the presence of pretransplant

comorbidities, intensity of the conditioning regimen, use of

TBI and source of donor graft.54

In a recent database analysis of 729 patients, overall mor-

tality from acute GvHD was 16%; however, mortality varies

by GvHD grade, with rates as high as 92% for stage IV dis-

ease.51,60 The onset of acute GvHD typically occurs before

Day 100 post-transplant but may develop later.73 Changes in

CEC levels may predict the onset of acute GvHD.73 In a

study of 90 allogeneic HCT recipients, CEC peaks were con-

sistently observed at acute GvHD onset and returned to pre-

transplant values after treatment response, suggesting the

potential use of CEC counts at the onset of GvHD symptoms

to assist in diagnosis; however, these results need to be con-

firmed in larger studies.

GvHD arises from natural functions of the immune sys-

tem.43,51 A recipient’s immune system is compromised by

the HCT conditioning regimen, resulting in tissue damage

that releases pro-inflammatory cytokines and activates host

antigen presenting cells (APCs). Most of the alloreactivity

occurs when host APCs present host antigens to donor
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T cells. Moreover, innate lymphoid cells, primarily in the gut,

also participate in this process. Proliferation and differentia-

tion of T cells into Th1 and Th17 cells in turn activate cyto-

toxic T cells that mediate pro-inflammatory cytokines and

endothelial damage. Loss of microbial diversity in the gut may

also lead to disruption of epithelial homeostasis.43 LPS and

other pathogens from damaged gastrointestinal mucosa pro-

vide another mechanism for APC activation. These activated

APCs promote T-cell proliferation and differentiation into

CTLs that induce cellular and pro-inflammatory factors

including TNFa and IL-1, IL-2 and IL-6 leading to target

organ damage and development of GvHD clinical symp-

toms.13,19,43,51 Although ECs are usually not recognised by T

cells, the pro-inflammatory environment following HCT and

the location of ECs leads to continuous exposure to immune

mediators. Under certain conditions, T cells have been shown

to exhibit anti-EC reactivity. Specifically, GvHD-associated

thymic damage resulted in T-cell anti-host activity in a murine

model of allogeneic transplantation.74 Endothelial damage

may also contribute to steroid resistance and failure to recover

from GvHD.43 Circulating endothelial factors, such as

angiopoietin before transplant and VEGF after transplant, may

predict development of GvHD as well as response to ther-

apy.43,75 In the post-HCT period, high Ang-2/VEGF ratios

indicate EC toxicity resulting in apoptosis.19

Transplant-associated thrombotic microangiopathy

TA-TMA is a microangiopathic haemolytic anaemia without

coagulopathy that may progress to hypertension, renal fail-

ure, central nervous system dysfunction and other organ sys-

tem injury.50,52 Manifestations of TA-TMA can mimic

GvHD, making recognition of TA-TMA challenging.43,50,52

The incidence of TA-TMA ranges from 10% to 35% in the

literature and usually presents between 20 and 100 days after

transplantation.52,56,76 HCT recipient data collected from

1990 to 2017 identified an incidence of TA-TMA of 16%,

with the syndrome presenting at a median of 86 days (range,

9–721) post-transplant.50 TA-TMA is associated with

increased morbidity and mortality. Reported mortality rates

Table 2. Summary of common EC dysfunction syndromes after HCT.15,16,25,42,43,46–60

Syndrome Incidence Risk factors Organ complications Mortality

VOD/SOS 14% (up to 40%) � Conditioning regimen

� Type and number of transplants

� Older age

� Lower performance status

� Pre-existing liver disease

� Postsinusoidal hypertension

� Hepatorenal failure

� Pulmonary failure

Severe VOD/SOS with

MOD: up to 50–70%

GvHD 40–50% � Degree of HLA mismatch

� Patient age

� Inadequate GvHD prophylaxis

� Gender disparity

� Multiparous female donors

� Presence of pretransplant comorbidities

� Intensity of the HCT conditioning regimen

� Use of TBI

� Source of donor graft

� Intestinal dysbiosis

� Skin, liver, upper and lower

GI tract, immune system

15–30%

TA-TMA 10–35% � Patient age

� Donor type

� Degree of HLA mismatch

� Intensity of the HCT conditioning regimen

� Use of TBI

� Hypertension

� Renal failure

� CNS dysfunction

Rates range widely due

to the lack of clear

diagnostic guidelines

IPS/DAH IPS: 2–15%

DAH: 5–12%
� Myeloablative conditioning

� Use of TBI

� Older age

� Presence of AGvHD

� Prior autologous HCT

� Lung injury (pulmonary

oedema, inflammation,

increased permeability)
� Respiratory failure

60–80%

AGvHD, acute graft-versus-host disease; CNS, central nervous system; EC, endothelial cell; GI, gastrointestinal; GvHD; graft-versus-host disease;

HCT, haematopoietic cell transplantation; HLA, human leukocyte antigen, IPS/DAH, idiopathic pneumonia syndrome/diffuse alveolar haemor-

rhage; MOD, multiorgan dysfunction; TA-TMA, transplant-associated thrombotic microangiopathy; TBI, total body irradiation; VOD/SOS, veno-

occlusive disease/sinusoidal obstruction syndrome.
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range widely due to the lack of clear diagnostic guidelines.

Development of neurological dysfunction is associated with

significantly lower overall survival in TA-TMA patients.50

Risk factors for TA-TMA include patient age, donor type

and degree of HLA mismatch, HCT conditioning regimen

and use of TBI.50,56 Withdrawal of CNIs/sirolimus may be an

effective treatment or lead to reversal of disease. While siroli-

mus worsens the effect of CNIs, it has not been shown to

damage ECs. A recent study found an association between

refractory GvHD and TA-TMA characterised by endothelial

markers, protein suppressor of tumorigenicity-2 and soluble

thrombomodulin.77 Infectious complications, particularly

viral infections such as cytomegalovirus and human herpes

virus 6, increase the risk of TA-TMA by releasing cytokines

that further damage the endothelium.76 Recent studies have

demonstrated increased plasma levels of complement pro-

teins C3b, C5b-9 and CH50, implicating the complement

system in the pathogenesis of TA-TMA. As a result, the

recombinant, monoclonal humanised IgG4 antibody, eculizu-

mab, which blocks the complement component of C5, has

been identified as a potential TA-TMA therapy.78

In TA-TMA, similar to other complications of HCT, vas-

cular endothelial injury is multifactorial.12,52,56 A procoagu-

lant state in the endothelium results in direct endothelial

damage that is pathologically intrinsic to TA-TMA.76 The

process progresses with intimal swelling and fibrinoid necro-

sis of the microvascular wall that leads to intravascular platelet

aggregation and narrowing of the vessel lumen. Erythrocytes

Fig 2. Progression of endothelial activation to endothelial dysfunction leading to different complications associated with HCT. Figure adapted and

reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature Bone Marrow Transplantation. 2011;46(12):1495–
1502. Carreras, E. & Diaz-Ricart, M. The role of the endothelium in the short-term complications of haematopoietic SCT. ©2011. CAR-T, CAR-T-
associated neurotoxicity; DAH, diffuse alveolar haemorrhage; EHPF, endothelial hyperpolarizing factor; GvHD, graft-versus-host disease; HCT,

haematopoietic cell transplantation; ICAM-1, intercellular adhesion molecule 1; IL1-b, interleukin 1 beta; IPS, idiopathic pneumonia syndrome;

NO, nitric oxide; PA-1, plasminogen activator inhibitor 1; TA-TMA, transplant-associated thrombotic microangiopathy; TF, tissue factor; TM,

thrombomodulin; TNF, tumour necrosis factor; t-PA, tissue plasminogen activator; VCAM-1, vascular adhesion molecule 1; VOD/SOS, veno-occlu-

sive disease/sinusoidal obstruction syndrome; vWF, von Willebrand factor.
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are sheared by the platelet-rich thrombi, resulting in microan-

giopathic haemolytic anaemia. Elevated levels of vWF have

been observed along with other plasma markers of EC injury

and inflammation, including thrombomodulin, plasminogen

activator inhibitor-1, ICAM-1, VCAM-1, E-selectin, IL-1,

TNFa, interferon gamma (IFN-c) and IL-8.12,56 Unlike classi-

cal thrombocytopenic purpura, patients with TA-TMA have

activity of ADAMTS13 and have inflammatory, fibrin-rich

thrombi with evidence of complement dysfunction.56 The gen-

eration of endothelial microparticles following EC activation

and apoptosis may also contribute to TA-TMA.12

Idiopathic pneumonia syndrome/diffuse alveolar
haemorrhage

Idiopathic pneumonia syndrome (IPS) is defined by wide-

spread alveolar injury in the absence of an active lower respi-

ratory tract infection or another aetiology for pulmonary

dysfunction (e.g. cardiac dysfunction, acute renal failure or

iatrogenic fluid overload).15,25 The incidence of IPS in the

first 120 days after allogeneic HCT ranges from 2% to 15%;

lower rates of IPS are associated with use of reduced-inten-

sity conditioning regimens.15,25,49,59 Historically, IPS has been

reported to occur at a median of 6–7 weeks after HCT, but

recent studies suggest onset can occur within three weeks of

HCT.25,49 Mortality rates are high, ranging from 60% to

80%.49,59 IPS may complicate autologous HCT; however, in

the autologous setting, the incidence of IPS is lower, onset is

later and the prognosis is more favourable.1,25

Full intensity conditioning, TBI, older age at transplant,

presence of acute GvHD and an underlying diagnosis of

acute leukaemia or myelodysplastic syndrome are all consid-

ered risk factors for developing IPS following allogeneic

HCT.25,57 diffuse alveolar haemorrhage (DAH) develops in a

small subset of patients with IPS (5–12%) with a median

time to onset of 12–19 days. Patients with mucopolysacchari-

dosis have a higher incidence of DAH after HCT.

IPS is associated with GvHD, suggesting an immunologic

pathophysiology for IPS. Recent evidence suggests that inflam-

mation can increase platelet adhesion to the endothelium and

platelets can in turn amplify the inflammatory response.79

Platelet transfusions have also been associated with a greater

risk of IPS following myeloablative HCT.80 Endothelial apop-

tosis occurs with T-cell–mediated injury in GvHD; however,

this has not been consistently observed in IPS.25

The pathophysiology of IPS remains to be fully elucidated.

TNFa appears to contribute to the development of IPS

through a number of mechanisms, including increasing

MHC expression, facilitating leukocyte migration and cell-

mediated cytotoxicity, as well as direct cytotoxicity via cyto-

kines.81 TNFa leads to pulmonary vascular EC apoptosis.

Elevated levels of TNFa and neutrophils in the lungs of HCT

recipients, without evidence of infection, suggest a role of

host-flora–derived LPS in IPS pathophysiology.25 LPS levels

are also elevated and stimulate cytokine release, leading to

lung injury. Increased pulmonary chemokine expression

results in recruitment of donor T lymphocytes and mono-

cytes/macrophages.82–85 Similar to other HCT complications,

endothelial injury is clinically and experimentally observed in

IPS by endothelial leak and vascular permeability, demon-

strated as pulmonary oedema, enhanced total protein levels

in bronchoalveolar fluid and increased wet-to-dry lung

weight ratios.15 Histological evidence of type II endothelial

activation, with increased ICAM-1 and/or VCAM-1, has been

demonstrated.15,81 Elevated Ang-2 levels result in pulmonary

inflammation and increased permeability during acute exac-

erbation of IPS.16

Endothelial damage following CAR-T therapy

Haematopoietic cell transplantation is not the only therapy

to induce EC damage and dysfunction. Genetically modified

CAR-T cells are used to target cancer-specific antigens and

are also associated with complications rooted in EC damage:

CRS and CAR-T–associated neurotoxicity. CRS is charac-

terised by a systemic inflammatory response resulting from

T-cell activation associated with fever, fatigue, headache,

rash, arthralgia and myalgia.86 As CRS progresses, it can also

lead to high fever and hypotension. CRS typically occurs

within the first few weeks following CAR-T infusion.87

The pathophysiology of CRS is only partially understood.

Binding of the CAR-T receptor to its target leads to activa-

tion of immune cells, in particular T cells, as well as ECs.87

This activation results in the release of many cytokines, high-

lighted by elevated levels of IL-6, IL-10 and IFN-c.87,88 The

increase in serum IL-6 leads to many of the crucial symp-

toms of CRS including vascular leakage, activation of the

complement pathway and intravascular coagulation.87

Blinatumomab therapy is associated with CRS and neuro-

toxicity89 which are both at least partially related to endothe-

lial injury. Within the first 36–72 h after starting

blinatumomab, serum cytokine levels of TNF, IFN-c, IL-6,
IL-10 and Ang-2 are increased.90,91 While IL-10 has mainly

anti-inflammatory effects on the endothelium, TNF, IL-6,

Ang-2 and to some extent IFN-c promote inflammatory

responses, such as upregulation of adhesion molecules and

decrease in endothelial barrier function. These findings align

with a recent report showing that neurotoxicity after blinatu-

momab is associated with increased levels of P-selectin,

VCAM-1 and ICAM-1 and increased T-cell adhesiveness to

the brain endothelium.90

CAR-T–associated neurotoxicity has recently been

renamed ICANS and presents as toxic encephalopathy; it is

often associated with severe CRS.86,92 The condition is char-

acterised by confusion, disorientation, agitation, aphasia,

somnolence, tremors, seizures, motor weakness and cerebral

oedema.92 The incidence of CAR-T–associated neurotoxicity

varies based on patient population, disease type and the

CAR-T cell platform used, with incidence rates ranging from

43% to 87%.88,93,94
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The symptoms of CAR-T–associated neurotoxicity appear

within days of the infusion,88 and the pathophysiology

involves increased permeability of the blood–brain barrier,

which is believed to be caused by endothelial activation and

damage.88,92 This results in the diffusion of cytokines into

the brain. An elevated level of CAR-T cells in the cere-

brospinal fluid has also been reported in these patients,88,92

as well as high levels of IL-5 and IL-6 in the serum of

patients following CAR-T therapy. A rapid increase of serum

IL-6 concentrations following CAR-T infusion was found to

be associated with neurotoxicity in these patients. Other

cytokines elevated in CAR-T–related neurotoxicity included

TNFa, IFN-c, vWF and Ang-2, all markers of endothelial

damage and dysfunction.92 Additional potential biomarkers

of CAR-T–related neurotoxicity include platelet count, dis-

ease burden and mean corpuscular haemoglobin concentra-

tion.88

Treatment strategies targeting EC dysfunction

Due to the role of the endothelium in the pathophysiology

of post-HCT complications, ECs represent a promising target

for prophylaxis of and therapeutic intervention for HCT

complications. Several therapies have either been approved

or are being investigated.

Defibrotide is approved to treat adult and paediatric

patients with hepatic VOD/SOS with renal or pulmonary

dysfunction post-HCT in the United States,95 and to treat

patients aged >1 month with severe hepatic VOD/SOS post-

HCT in the European Union.96 While the mechanism of

action of defibrotide is not fully understood, it has been

shown to reduce EC activation and restore the thrombotic/

fibrinolytic balance.97 In an historically controlled, phase 3

trial, Day 100 survival was 38% in patients with VOD/SOS

post-HCT and multiorgan failure treated with defibrotide

versus 25% in historical controls.98 An expanded access study

investigating defibrotide in VOD/SOS patients with and

without MOD demonstrated favourable Day 100 survival

post-HCT (59%).99 A phase 3 study (NCT02851407) is cur-

rently evaluating defibrotide versus best supportive care for

VOD/SOS prophylaxis.

Treatment of acute GvHD is based on symptoms and the

disease stage. Initial therapy ranges from topical corticos-

teroids to systemic corticosteroid treatment;54 however, these

are simply anti-inflammatory options, not endothelium-spe-

cific. A phase 2 study is currently evaluating defibrotide,

which is known to reduce EC activation, for the prevention

of acute GvHD (NCT03339297). Alpha-1 antitrypsin (AAT),

a serine protease inhibitor, is also being considered as a

potential treatment option. AAT has been shown to induce

responses in GvHD target organs with minimal toxicity.100 A

randomised, double-blind, placebo-controlled, multicentre,

phase 3 study (NCT04167514) is currently evaluating AAT

combined with corticosteroids versus corticosteroids alone

for the treatment of patients with high-risk acute GvHD after

allogeneic HCT. Additionally, a phase 2/3 study

(NCT03805789) of AAT for the prevention of GvHD in

patients receiving HCT is ongoing.

Following TA-TMA diagnosis, patients often discontinue

use of CNIs and sirolimus and begin supportive care.101

Changing immunosuppressive therapy may increase the risk

of precipitating GvHD and further complicating TA-TMA

management. Patients can also receive plasma exchange;

however, this strategy does not address the pathological pro-

cess, has limited efficacy and is not considered standard of

care.101 While some patients receive the CD20 antibody

rituximab, more recently the complement protein C5 anti-

body eculizumab has been utilised in TA-TMA.102 In high-

risk patients with proteinuria, activated terminal complement

and multiorgan impairment, eculizumab significantly

improved survival at one year.103 Several approaches for TA-

TMA prophylaxis that target endothelial health and aim to

repair endothelial injury are under investigation, including

vitamin D, eicosapentaenoic acid, allopurinol, statins and N-

acetyl-L-cysteine.104

Corticosteroids have anti-inflammatory effects that may

mitigate endothelial damage and are commonly used to

manage the pro-inflammatory state associated with endothe-

lial-related HCT complications, such as IPS; however, no

treatment advantage has been documented.1 Preclinical data

demonstrate that TNFa contributes to EC dysfunction both

directly (e.g. through apoptosis of EC cells) and indirectly

(e.g. through effects on inflammatory chemokine expression),

providing a rationale for the use of anti-TNFa agents for

IPS; however, studies investigating etanercept have produced

mixed results.105,106 Veno-venous haemofiltration may also

be considered for IPS; however, there are no treatments for

DAH outside of steroids, although the addition of aminoca-

proic acid, an antifibrinolytic agent, has been reported to

help improve DAH mortality.107

Similar to many post-HCT complications, corticosteroids

are the most common treatment for patients with CRS along

with interruption or discontinuation of CAR-T therapy,

depending on severity. Treatment strategies for CAR-T–asso-
ciated neurotoxicity include supportive care and corticos-

teroid use.88 Evidence suggests that cytokine-mediated

endothelial activation contributes to CAR-T–associated neu-

rotoxicity. Management with an IL-6 receptor antagonist,

tocilizumab, has been successful in many patients and may

be useful in the early stages of CAR-T–associated neurotoxic-

ity when it is associated with CRS.86,88,92 A phase 2 study

(NCT03954106) is currently evaluating defibrotide for the

prevention of CAR-T–associated neurotoxicity.

Future directions

The endothelium plays multifunctional roles in homeostasis

by regulating coagulation, blood flow, vascular tone, vessel

permeability and inflammatory responses. To facilitate these

functions, ECs produce a multitude of factors both at rest
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and in response to cellular damage. Patients undergoing

HCT are exposed to a variety of stressors that can lead to EC

activation and direct endothelial damage. These insults stem

from conditioning regimens, the engraftment process, allo-

geneic reactions and infection. Sustained or intense EC acti-

vation leads to pathological changes that manifest as

different complications based on the phenotypic change

(pro-inflammatory, procoagulant or pro-apoptotic) and the

affected organ. Although each HCT-related complication has

unique characteristics, there is substantial overlap in their

clinical presentation as a result of shared endothelial patho-

physiology.

Following HCT, injury to the endothelium induces coagu-

lation factors (vWF and thrombomodulin), pro-inflamma-

tory cytokines (TNFa, interleukins, IFN-c), and adhesion

molecules (E-selectin, ICAM-1, VCAM-1); however, the rela-

tionship between concentrations of these markers and the

clinical course of HCT complications is not always consis-

tent, mostly due to different conditioning regimens, which

largely influence the degree of endothelial damage. Levels of

soluble markers may also differ based on the assay, time of

measurement and specific HCT complication.

Monitoring CECs and endothelial-derived microparticles

may offer valuable information for treating patients receiving

HCT; however, routine use of soluble biomarkers for the

diagnosis and monitoring of EC activation and injury-related

disease in the clinic is limited. C5b-9, a soluble membrane

attacking complex (MAC), is currently established to identify

and monitor TA-TMA. C5b-9 levels serve as a direct marker

for response to off-label treatment with eculizumab, a long-

acting humanized monoclonal antibody against complement

5 (C5),108,109 and potentially for another C5-directed anti-

body, ravulizumab. Of note, while the 50% haemolytic com-

plement activity (CH50) can also be utilized as a biomarker

for TA-TMA in patients receiving eculizumab, this biomarker

has significant limitations and is not valid for assessing com-

plete terminal complement blockade in patients receiving

ravulizumab,110 underscoring the need for thorough under-

standing and careful application of biomarkers in the clinic.

PAI-1 may have the potential to be a marker for response to

treatment in VOD/SOS, based on results from a phase 2

dose-finding study showing that patients who responded to

treatment (achieved a complete response [CR]) had

decreased levels of serum PAI-1 at Days 7 and 14 post-HCT

(although not statistically significant) while patients who did

not achieve a CR showed no change in PAI-1 levels.111 How-

ever, this finding needs to be validated in a larger patient

cohort and monitoring PAI-1 is not currently used in clinical

practice. Other markers, such as vWF, thrombomodulin,

ICAM-1, TNFa and Ang-2, have been associated with

GvHD;13,112 however, they are not yet routinely being used

in the clinic to guide preventive or therapeutic interventions

(e.g. the administration of recombinant thrombomodulin).

The endothelium represents a promising target for the

prophylaxis and treatment of pathologies arising from HCT

complications. As treatment strategies continue to evolve,

knowledge of the key mediators of HCT complications may

assist with diagnosis and treatment decisions. Increased

understanding and evaluation of the mechanisms of endothe-

lial dysfunction are also likely to suggest a wider array of

therapeutic targets for future therapeutic interventions for

HCT-related complications.
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