
Blood Reviews 66 (2024) 101218

Available online 3 June 2024
0268-960X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Review 

Endothelial injury and dysfunction with emerging immunotherapies in 
multiple myeloma, the impact of COVID-19, and endothelial protection 
with a focus on the evolving role of defibrotide 

Clifton C. Mo a,1, Edward Richardson b,1, Eleonora Calabretta c,d, Francesco Corrado a,c,e, 
Mehmet H. Kocoglu f, Rebecca M. Baron g, Jean Marie Connors h, Massimo Iacobelli i, 
Lee-Jen Wei j, Aaron P. Rapoport f, Maribel Díaz-Ricart k, José M. Moraleda l,2, 
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A B S T R A C T   

Patients with multiple myeloma (MM) were among the groups impacted more severely by the COVID-19 
pandemic, with higher rates of severe disease and COVID-19-related mortality. MM and COVID-19, plus post- 
acute sequelae of SARS-CoV-2 infection, are associated with endothelial dysfunction and injury, with over
lapping inflammatory pathways and coagulopathies. Existing treatment options for MM, notably high-dose 
therapy with autologous stem cell transplantation and novel chimeric antigen receptor (CAR) T-cell therapies 
and bispecific T-cell engaging antibodies, are also associated with endothelial cell injury and mechanism-related 
toxicities. These pathologies include cytokine release syndrome (CRS) and neurotoxicity that may be exacerbated 
by underlying endotheliopathies. In the context of these overlapping risks, prophylaxis and treatment approaches 
mitigating the inflammatory and pro-coagulant effects of endothelial injury are important considerations for 
patient management, including cytokine receptor antagonists, thromboprophylaxis with low-molecular-weight 
heparin and direct oral anticoagulants, and direct endothelial protection with defibrotide in the appropriate 
clinical settings.   

1. Multiple myeloma and the SARS-CoV-2 disease spectrum 

The coronavirus disease 2019 (COVID-19) pandemic has resulted in 
widespread mortality and morbidity worldwide, with more than three- 

quarters of a billion people having reported COVID-19 cases, many 
more likely to have been infected, and >7 million people having died, as 
of March 2024 [1]. While the acute phase of the pandemic is over, waves 
of infections with different strains of severe acute respiratory syndrome 
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coronavirus-2 (SARS-CoV-2) continue to occur, and large numbers of 
individuals are affected by ‘long-COVID’, also referred to as post-COVID- 
19 condition [2] or the preferred term of post-acute sequelae of SARS- 
CoV-2 infection (PASC) [3]. 

Multiple groups of individuals continue to be particularly adversely 
impacted by SARS-CoV-2 infections and COVID-19, including patients 
with hematologic malignancies, in whom there have been multiple re
ports of higher rates of severe COVID-19 and COVID-19-related mor
tality [4–8] and reduced immune responses to COVID-19 vaccination 
[9,10]. This phenomenon is noteworthy in patients with multiple 
myeloma (MM); patients with MM have inherent immune suppression 
beyond the immune-suppressive effects of many of their treatments, 
which is evident in precursor disease states from monoclonal gamm
opathy of undetermined significance (MGUS) onwards [11], and have 
been shown to be at greater risk of severe COVID-19 and associated 
complications [8,12–16], including a two-fold higher risk of infection 
and a 9-percentage-point higher excess mortality compared with non- 
MM patients in one analysis [13]. Of interest, a recent analysis using 
genome-wide association study data has suggested that SARS-CoV-2 
infection and COVID-19 hospitalization are associated with an 
increased risk of MM via genes related to immune function, among 
others [17]. Nevertheless, promising data from the EPICOVIDEHA reg
istry suggest that survival in MM patients with SARS-CoV-2 has been 
improving over the course of the pandemic, temporally associated with 
repeat vaccinations, prophylactic monoclonal antibodies (mAbs), and 
improved medications to treat COVID-19 [15]. 

The treatment of MM, and in particular relapsed/refractory MM 
(RRMM), has evolved considerably since the start of the COVID-19 
pandemic [18,19]. Multiple agents and regimens have received ap
provals from the United States (US) Food and Drug Administration 
(FDA), the European Medicines Agency (EMA), and other regulatory 
authorities worldwide since the start of 2020. These include the CD38 
mAb isatuximab [20]; the antibody–drug conjugate belantamab mafo
dotin [21] and the peptide–drug conjugate melflufen [22] (for both of 
which approval has since been withdrawn in the US, although melflufen 
remains fully approved in Europe and elsewhere); the B-cell maturation 
antigen (BCMA)-targeted chimeric antigen receptor (CAR) T-cell ther
apies idecabtagene vicleucel (ide-cel) and ciltacabtagene autoleucel 
(cilta-cel) [23]; the BCMA-targeted bispecific antibodies teclistamab and 
elranatamab [24]; and the G protein-coupled receptor, class C group 5 
member D (GPRC5D)-targeted bispecific antibody talquetamab [24]. 

Several recent noteworthy studies have suggested a relationship 
between the risk of severe COVID-19 and some of these specific thera
pies. Data indicate that patients who receive immune effector cell 
therapies such as CAR T-cell therapies or bispecific antibodies may be at 
elevated risk of acquiring a SARS-CoV-2 infection due to impaired hu
moral or T-cell responses to the virus or COVID-19 vaccines following 
treatment [25–32], and thus may potentially be at risk of severe com
plications. However, morbidity and mortality associated with COVID-19 
appears to have been substantially reduced thanks to extensive vacci
nation and prophylaxis. Exposure to the CD38 mAb daratumumab has 
also been suggested to be associated with a higher risk of adverse out
comes in MM patients with COVID-19 [33], while a Mayo Clinic retro
spective study found that CD38 mAb therapy within 6 months of 
acquiring COVID-19 was associated with a 3.6 times higher risk of 
intensive care unit admission [34]. Moreover, an analysis of the National 
COVID Cohort Collaborative database also showed that immunomodu
latory drug therapy was associated with a two-fold increase in the risk of 
severe outcomes or death in patients with MM and COVID-19, while, 
conversely, prior high-dose therapy (HDT) with autologous stem cell 
transplantation (ASCT) appeared protective [35]. 

Both MM and COVID-19, including PASC, have been suggested to 
share underlying pathways of endothelial dysfunction [36–38], while 
the common toxicities of established treatment options and, notably, the 
recently approved and emerging novel immunotherapies for RRMM, 
including bispecific antibodies and CAR T-cell therapies, are associated 

with endothelial injury or activation [39–41]. In this context, clinicians 
treating patients with MM, especially RRMM, in which bone marrow 
function may be reduced, should be particularly conscious of the risks of 
endotheliopathies and their sequelae in the current COVID-19/post- 
pandemic era. Circumstances in which MM and its treatment overlap 
with existing or prior SARS-CoV-2 infection may give rise to increased 
risk of endotheliopathy-related complications and greater morbidity and 
mortality. 

Here we review our current understanding of endothelial dysfunc
tion associated with MM and COVID-19, including that seen with PASC, 
and the associated endotheliopathies arising from MM treatment. We 
also review the toxicities of novel MM therapies arising through or 
exacerbated by endothelial injury, including the cytokine release syn
drome (CRS), neurotoxicity, and infections reported with approved and 
emerging CAR T-cell and bispecific antibody therapies. Furthermore, we 
highlight the importance of prophylaxis and treatment options for 
controlling inflammation and endothelial stabilization during the severe 
inflammatory states. 

2. Endothelial injury and dysfunction in multiple myeloma and 
COVID-19 

Endotheliopathy is a component of various disease states arising 
from either pathologic mechanisms of disease or the treatments used 
[42,43]. The endothelium is the single layer of cells between the 
circulating blood and organ tissues that provides protection against 
toxic molecules and pathogens [42,44]. It plays a number of important 
roles, including maintaining hemostatic balance, modulating vascular 
tone, recruitment of immune cells, and blood vessel generation [43], as 
well as having anticoagulant, anti-inflammatory, and anti-oxidant 
properties [37,45]. Endotheliopathy occurs as a result of changes in 
the endothelium caused by either external injury or internal physiologic 
factors via activation of the complement system and arises through one 
of two distinct pathways [42,44]: the inflammatory pathway, by which 
endothelial injury results in increased expression of inflammatory me
diators, including the release of cytokines, giving rise to endotheliitis; 
and the prothrombotic pathway, characterized by increased expression 
of tissue factor (TF) and von Willebrand factor (vWF), stimulating 
activation of the coagulation cascade and platelet aggregation, 
respectively. 

2.1. Endothelial dysfunction caused by MM 

MM is associated with widespread endothelial dysfunction (Fig. 1), 
with endothelial cells playing key roles in the supportive signaling 
pathways for MM in the bone marrow (BM) microenvironment [46,47]. 
In addition to direct viscosity effects [48], monoclonal proteins can 
cause vascular wall injury and also increase the thrombotic risk directly 
by affecting fibrinolysis [49]. Elevation of both multiple inflammatory 
markers as well as thrombotic/coagulopathy markers is seen in MM 
[50]. This results in impaired fibrinolysis, elevated thrombin generation, 
and elevated levels of vWF, which is secreted by endothelial cells [50]. 
The excess light chains, in particular, are known to have intrinsic 
endothelial damaging properties and to cause severe inflammation 
manifest by giant cell reactions in the cast nephropathy setting, which, 
interestingly, is not observed in either hemoglobin or myoglobin casts in 
kidney biopsy samples [51]. Furthermore, elevated cytokine signaling is 
seen between MM cells and the BM microenvironment as part of the 
supportive signaling network established as the disease develops; 
indeed, MM is an interleukin (IL)-6-driven disease, with elevated IL-6 
levels – one of the hallmarks of inflammation – being associated with 
disease progression and poor prognosis [52]. 

In the MM BM microenvironment, endothelial cells play important 
roles in the promotion of angiogenesis and disease progression [53]. 
Endothelial cells are also involved in BM homing of MM cells through 
adhesion mediated via multiple factors, including a hyaluronan and 

C.C. Mo et al.                                                                                                                                                                                                                                    



Blood Reviews 66 (2024) 101218

3

proteoglycan link protein 1 (HAPLN1) matrikine [54]. Indeed, MM is 
characterized by increased endothelial activation in the BM; analysis of 
the BM microenvironment using tissue microarray whole genome 
sequencing of BM biopsies from patients with MGUS, smoldering MM, 
and newly diagnosed MM (NDMM) has shown that the BM microenvi
ronment becomes enriched with endothelial cells in patients with 
NDMM versus the precursor conditions, with the presence of 1q gain, a 
common and high-risk cytogenetic abnormality in MM, associated with 
higher levels of endothelial cells [55]. Similarly, bulk RNA sequencing of 
endothelial cells has indicated that cytokine and angiogenesis pathways 
are upregulated in cells from MM patients [56]. Furthermore, recent 
preclinical analysis of the BM stromal cell composition of the BM 
microenvironment in MM has shown that endothelial cell differentiation 
is skewed towards sinusoidal cells, thereby generating a pro- 
inflammatory phenotype [57]. 

A number of factors related to endothelial cell activation or activity 
have been associated with poorer outcomes in MM. Elevated levels of 
HAPLN1 matrikine have been shown to be associated with poorer 
progression-free survival (PFS) in NDMM [54], and, similarly, high 
levels of several endothelial-produced cytokines in MM have been 
associated with poor prognosis, including IL-6, IL-8, and vascular 
endothelial growth factor (VEGF) [58]. A recent study has also identified 
a six-gene signature comprising inflammatory response-related genes 
that is prognostic for overall survival (OS) in MM [59]. Ferritin, another 
marker of inflammation, has been found to have prognostic value in 
patients with MM undergoing ASCT, with an elevated serum ferritin 
level being associated with poorer prognosis, regardless of disease stage 
[60]. The Endothelial Activation and Stress IndeX (EASIX) score – an 
indirect marker of endothelial injury based on lactate dehydrogenase, 
serum creatinine, and platelet count, thereby correlating with bio
markers of endothelial dysfunction [61] – has been highlighted as a 
predictor for OS in NDMM [62]. 

There are multiple sequelae of the endothelial dysfunction caused by 
MM. As a consequence of the proinflammatory state seen in the disease 
[63], patients are susceptible to anemia. This multifactorial phenome
non is due to contributions from erythropoiesis suppression by elevated 
levels of the chemokine CCL3 [64], increased infection risk due to im
mune modulation [63,65,66], and bone lesions/bone loss via osteoclast 
activation and osteoblast suppression [67] mediated through IL-6 
signaling [52]. Of note, this same proinflammatory mechanism con
tributes to disease progression [63,68]. The thrombotic sequelae of 
endothelial dysfunction in MM include an inherent prothrombotic state 
[50,69], with higher plasma concentrations of plasminogen activator 
inhibitor 1 (PAI-1), soluble endothelial protein C receptor, and soluble 
vascular cell adhesion molecule 1 (sVCAM-1) demonstrated in patients 
with MM versus healthy controls [69], which may also give rise to 
hyperviscosity syndrome, promoting further thrombosis, in a limited 
proportion of cases [48]. MM cells may stimulate endothelial cells to 
release increased levels of vWF, leading to a hypercoagulable state [50]. 
Further, infection and hypergammaglobulinemia associated with in
fections may also increase blood viscosity [70], with clinical manifes
tations of hyperviscosity including venous thromboembolism (VTE), 
renal impairment, and neurological dysfunction [49,71]. 

2.2. Endothelial dysfunction and injury with SARS-CoV-2 infection 

As reviewed recently [36,37,43,72,73], both asymptomatic SARS- 
CoV-2 infections and COVID-19 disease are strongly associated with 
endothelial dysfunction [74,75], which is a critical mechanism driving 
acute and long-term symptoms [72] (Fig. 1). It has been previously 
suggested that endothelial dysfunction is the central pathophysiological 
substrate for severe COVID-19 complications [76]. Acute COVID-19 is 
associated with a range of mechanistic features consistent with endo
thelial cell injury, including a hyperinflammatory state [3,73]; this 

Fig. 1. Both multiple myeloma and SARS-CoV-2 infection result in endothelial cell injury and activation via direct and indirect mechanisms, resulting in inflam
mation and coagulopathy. Persistent SARS-CoV-2 tissue reservoirs in “long COVID” may continue to exert inflammatory/pro-coagulation influence. MM treatment 
with HDT-ASCT/allo-SCT can also result in endothelial cell injury, causing further inflammatory signaling. CAR T-cell therapy and bispecific antibody therapy 
interact with MM cells, producing cytokines, leading to macrophage activation, and producing a pro-inflammatory cytokine storm, potentially leading to CRS/ICANS. 
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involves proinflammatory cytokine release [77] including IL-6 [70], 
pro-coagulatory complement activation [36,76,78], platelet activation, 
and the formation of neutrophil extracellular traps, or ‘NETosis’ 
[78–80]. The inflammation seen in severe COVID-19 has been likened to 
CRS or cytokine storm syndrome (CSS) in some cases [75], although the 
cytokine profile in acute COVID-19 may differ somewhat in having 
relatively limited elevations in levels of IL-6, C-reactive protein (CRP), 
and ferritin compared with some non-COVID-19 critical illness states 
[77]. 

The interactions between inflammatory response and activation of 
coagulation have been well described, with the process of thromboin
flammation thought to be responsible for many complications associated 
with acute COVID-19 [81]. Severe COVID-19 has been associated with 
coagulopathy, possibly driven in part by dysregulation of the fibrinolytic 
system, as evidenced by the increased levels of not only PAI-1 but also 
tissue plasminogen activator (tPA) seen in patients hospitalized with 
COVID-19 [76], as well as small-vessel arterial and venous thrombi 
formation [82], tissue damage reflective of complement-mediated 
microvascular injury [3], and neoangiogenesis [76]. Hyperviscosity 
syndrome may also arise with COVID-19, associated with endothelial 
dysfunction and oxidative stress [83], and notably, because SARS-CoV-2 
gains cellular entry via the angiotensin-converting enzyme 2-receptor, 
endothelial cells can be directly infected by the virus, as well as being 
damaged via CRS [37,73,76]. It is therefore understandable that 
changes in biomarkers of endotheliopathy have been associated with 
COVID-19 severity, including sVCAM1, vWF, and soluble TNF receptor I 
[78]. Of importance for patients with MM and other hematologic ma
lignancies, the endotheliopathies arising due to SARS-CoV-2 infection 
have been suggested to share pathogenic mechanisms with those caused 
by high-dose conditioning chemotherapy and ASCT/allogeneic (allo)- 
SCT, notably the development of a prothrombotic and proinflammatory 
phenotype, with thrombotic microangiopathy, and a hyper
inflammatory state associated with a cytokine storm [75]. Additionally, 
it has been highlighted that a number of factors associated with endo
thelial dysfunction and injury are common between COVID-19 and MM, 
including acute respiratory distress syndrome (ARDS), cardiovascular 
complications, thrombosis, acute kidney injury, and neurologic effects 
[38]. In these processes, common inflammatory signaling pathways are 
involved, including nuclear factor-κB and IL-6. One analysis has 
demonstrated that the elevated mortality rate in patients with hemato
logic malignancies hospitalized with COVID-19 was driven by the 
development of ARDS and thrombotic complications [7]. 

Of relevance to ongoing patient management, PASC has similarly 
been shown to be associated with a number of features related to 
endothelial injury [72]. This persistent microvascular endotheliopathy 
is characterized by elevation of soluble vWF [84], endothelial colony- 
forming cells [85], and fibrinolysis-resistant ‘microclots’ [72,86], 
although there are uncertainties regarding the role of the latter [87]; 
localized inflammation and autoantibody activation results in micro
vascular thrombosis [3], albeit often without an associated persistent 
systemic hyperinflammatory state [88]. Although the pathophysiology 
of PASC is unclear, it has been suggested that PASC may be caused by 
effects arising due to SARS-CoV-2 reservoirs [3], and that the risk and 
severity of PASC may be elevated in those with impaired immune 
function [3]. PASC has substantial impacts on patients’ everyday func
tioning, with common symptoms including fatigue, shortness of breath, 
and cognitive dysfunction [2]. Taken together, these features of PASC 
are important considerations when treating patients with MM or other 
hematologic malignancies. 

3. Endothelial injury and sequelae in the treatment of MM 

Several of the standard treatment options for MM are associated with 
endothelial injury, which can include endothelial cell activation and 
expression of cell surface adhesion molecules. There is a well- 
established association between HDT-ASCT or allo-SCT and 

endothelial injury in MM [75] (Fig. 1), with disruption in the endothe
lium due to the toxicity of the conditioning chemotherapy regimen, such 
as high-dose melphalan prior to ASCT and myeloablative or non- 
myeloablative regimens for allo-SCT. These injuries cause endothelial 
cell activation and create a proinflammatory response [45], with allo- 
SCT resulting in a greater level of complications than ASCT, likely due 
to alloreactivity. Cytokine production following injury to tissues and 
during engraftment then further exacerbates endothelial cell activation 
[45]. 

A particularly severe manifestation of endothelial injury following 
HDT-ASCT/allo-SCT is hepatic veno-occlusive disease (VOD)/sinusoidal 
obstruction syndrome (SOS), which is caused by endothelial cell damage 
from toxic metabolites of high-dose chemotherapy [89,90]. VOD/SOS 
causes a hypercoagulable state and structural changes that can lead to 
multi-organ failure [75], and risk factors for VOD/SOS have been shown 
to include biomarkers of endothelial cell dysfunction [91]. However, 
endothelial damage and dysfunction from HDT-ASCT/allo-SCT result in 
other complications, including transplant-associated microangiopathy 
and associated complement activation [90], with elevation of multiple 
markers of inflammation and endothelial cell injury [45,75,90,92]. 
Changes are also seen in circulating endothelial cell levels; an analysis in 
26 MM patients undergoing ASCT at five time points before and after 
transplant showed an increase in circulating endothelial cells through to 
the time of neutrophil engraftment, associated with endothelial injury 
caused by the conditioning regimen, followed by a decrease post- 
transplant [93]. Importantly, more severe endothelial injury was asso
ciated with greater infection risk. Moreover, engraftment syndrome, a 
common complication of HDT-ASCT in MM [94], has also been linked 
with endothelial activation [95], as has graft-versus-host disease 
(GvHD) following allo-SCT [45]. These processes can also manifest with 
lung injury that might mimic infectious lung injury from pathogens such 
as SARS-CoV-2. Additional diagnostics are often required to further 
define the ongoing process and required treatments. 

Treatment with proteasome inhibitors, notably bortezomib and 
carfilzomib, may cause cardiovascular toxicities, which can arise via a 
number of mechanisms, including endothelial injury [96,97]. For 
example, bortezomib pulmonary toxicity has been suggested to arise due 
to bortezomib-induced hyperpermeability of human pulmonary micro
vascular endothelial cell layers [97]; bortezomib-thalidomide- 
dexamethasone (VTd) induction has been shown to result in endothe
lial damage in patients with NDMM, with bortezomib mediating this 
effect and resulting in increased inflammation, vWF production, and cell 
permeability [98]. Interestingly, a recent study of bortezomib in a 
mouse Vk*MYC myeloma model showed that use of an arginase inhib
itor partially mitigated MM-related and bortezomib-related cardiotox
icity, which may be mediated by reduced concentrations of the nitric 
oxide (NO) precursor arginine in MM (due to increased arginase activ
ity), suggesting another mechanism for proteasome inhibitor-mediated 
toxicities [99]. Carfilzomib is similarly associated with an increased 
risk of cardiovascular toxicity through mechanisms thought to be related 
to endothelial injury [100–103]. Furthermore, proteasome inhibitors 
have been associated with thrombotic microangiopathy [40], mediated 
via systemic endothelial dysfunction [96]; one study has suggested that, 
in patients with carfilzomib-induced thrombotic microangiopathy, mu
tations in the alternative complement pathway may be a predisposing 
factor [104]. 

3.1. Endothelial injury and immune effector cell therapies 

As of March 2024, two CAR T-cell therapies, ide-cel [105,106] and 
cilta-cel [107,108], and three bispecific antibodies (BCMA x CD3 agents 
teclistamab [109] and elranatamab [110,111], and the GPRC5D x CD3 
agent talquetamab [112]) are approved for the treatment of MM, with 
numerous other CAR T-cell therapies and bispecific antibodies under 
investigation. Autologous CAR T-cell therapies utilize T cells obtained 
from individual MM patients that are engineered to target MM-specific 
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antigens such as BCMA; upon reinfusion, the engineered T cells undergo 
robust in-vivo expansion and attack MM cells, with cytokine production 
and proliferation enhanced by inclusion of a co-stimulatory signaling 
domain on the CAR T cells [113]. In contrast, bispecific antibodies are 
off-the-shelf therapies that are designed to target CD3 on T cells and a 
MM-cell-specific antigen such as BCMA or GPRC5D, thus engaging the T 
cells to interact with MM cells and resulting in apoptosis as well as the 
release of pro-inflammatory cytokines [114]. These immune effector cell 
therapies may cause or exacerbate existing endothelial injury through 
this proinflammatory effect. 

Current CAR T-cell therapies and bispecific antibodies are known to 
be associated with a number of key toxicities, including CRS [115,116] 
and immune effector cell-associated neurotoxicity syndrome (ICANS) 
[117,118], as well as an increased risk of infections. Table 1 summarizes 
the rates of CRS and ICANS with CAR T-cell therapies and bispecific 
antibodies reported to date from clinical studies in patients with RRMM. 
CRS rates of 58–95%, including 0–5% grade ≥ 3 events, have been re
ported with ide-cel and cilta-cel, while CRS rates with bispecific anti
bodies range from 45% to 87% (including 0–4% grade ≥ 3 events). 
Interestingly, a literature analysis of toxicities with bispecific antibodies 
in RRMM found an overall CRS rate of 60%, with 23% grade 3/4 events, 
but with a higher rate of any-grade CRS (but not grade 3/4 CRS) with 
non-BCMA- versus BCMA-targeted agents [41]. Also of note, the rate of 
CRS with teclistamab has been shown to be significantly lower in pa
tients with prior exposure versus no prior exposure to CAR T-cell therapy 
(40% vs 76%), possibly associated with T-cell exhaustion [119]. 

Rates of ICANS of up to 21% (with up to 10% grade ≥ 3 events) have 
been reported with CAR T-cell therapies and bispecific antibodies in MM 
(Table 1). Rates of non-relapse mortality (NRM) were also notable with 
these agents, ranging up to 20%. Supporting these data, CRS (13%), 
ICANS (3%), and non-ICANS neurotoxicity (2%) were among the most 
frequently reported adverse events in an FDA Adverse Event Reporting 
System (FAERS) database study of adverse reactions with ide-cel, cilta- 
cel, and teclistamab [120]. Non-relapse mortality (NRM) was 8.5%, 
16.7%, and 18.9% with the three therapies, respectively, with CRS/ 
ICANS accounting for 40%/19% and 29%/22% of NRM with ide-cel and 
cilta-cel, respectively, whereas NRM with teclistamab was more 
commonly associated with infections and sepsis [120]. In a separate 
real-world study, a CRS rate of 57% (with no grade ≥ 3 events) was 
reported with ide-cel and cilta-cel based on an electronic health record- 
based retrospective analysis [121]. As shown by the above data, non- 
ICANS neurotoxicity, such as Parkinsonism, is rare but can neverthe
less have severe consequences, including NRM or a significant decline in 
quality of life, with no effective treatment options currently available 
[122]. With BCMA-targeted therapies, mitigation strategies have 
focused on reducing tumor burden in MM patients before CAR T-cell 
infusion, leading to a notable decrease in delayed movement and neu
rocognitive adverse events [122]. On the other hand, GPRC5D-targeted 
CAR T-cell therapy has been associated with acute cerebellar toxicity 
[123,124]. Adjusting cell dose may help maintain an optimal response 
rate and PFS while reducing toxicity levels [122]. 

The pathophysiology of these common toxicities and their 

Table 1 
Key toxicities associated with CAR T-cell therapies and bispecific antibodies in MM.  

Agent / study Regimen N CRS (G ≥ 3), % All NTX (G 
≥ 3), % 

ICANS (G ≥
3), % 

Infections (G ≥ 3), 
% 

COVID-19 (G ≥
3), % 

NRM, % 

CAR T-cell therapies 
Ide-cel         

KarMMa [105] Monotherapy 128 84 (5) 18 (3) NR 69 (22) NR 7 
KarMMa-2 [199] Monotherapy post-ASCT 

(cohort 2c) 
31 58 (0) 6 (3) NR NR NR 0 

KarMMa-3 [106] Monotherapy 250 88 (4) 15 (3) NR 58 (29) NR (1) 14 
Cilta-cel         

CARTITUDE-1 [107] Monotherapy 97 95 (4) 21 (9) 17 (2) 58 (20) NR 9 
CARTITUDE-2 [200] Monotherapy 20 60 (0) 20 (10) 20 (10) 15 (15) NR (10) 20 
CARTITUDE-4 [108] Monotherapy 176 76 (1) 20 (5) 5 (0) 62 (27) 14 (3) 5  

Bispecific antibodies 
Teclistamab (BCMAxCD3)         

MajesTec-1 [109] SC tec 1.5 mg/kg QW 165 72 (1) 15 (1) 3 (0) 76 (45) 18 (12) 12 
MajesTec-2 [201–203] Tec + Dara-R / R / 

nirogacestat 
32 / 31 / 
28 

81 (0) / 68 (3) 
/ 75 (4) 

NR 0 / 7 (0) / 4 
(4) 

75 (28) / 81 (45) / 
NR 

22 (3) / 19 (3) / 
NR (4) 

3 / 10 / 
11 

Elranatamab (BCMAxCD3)         
MagnetisMM-1 [110] Monotherapy 55 87 (0) NR 16 (0) 74 (22) 4 (4) 7 
MagnetisMM-3 [111] Monotherapy 123 56 (0) NR 3 (0) 70 (46) 29 (15) 11 

Talquetamab 
(GPRC5DxCD3)         
MonumenTAL-1 [204] Monotherapy QW / Q2W 143 / 

145 
79 (NR) / 75 
(NR) 

NR 11 (NR)/ 
11 (NR) 

58 (22) / 65 (16) 13 (1) / 2 (0) NR 

MonumenTAL-2 [205] Tal + Pom 35 74 (3) NR 9 (0) 80 (23) 17 (3) 3 
Other agents         

ABBV-383 (BCMAxCD3) 
[206] 

Monotherapy 20 / 40 / 
60 mg 

32 / 55 / 
61 

50 (3) / 71 (0) 
/ 70 (2) 

NR 3 (0) / 5 (0) / 
5 (2) 

56 (25) / 71 (26) / 
57 (34) 

11 (1) NR 

Alnuctamab 
(BCMAxCD3) [207] 

Monotherapy 73 56 (0) 3 (0) NR 62 (16) 23 (3) 1 

Linvoseltamab 
(BCMAxCD3) [208] 

Monotherapy 117 45 (1) NR NR 60 (37) 12 (5) NR 

Forimtamig 
(GPRC5DxCD3) [209] 

Monotherapy IV / SC 51 / 57 82 (2) / 78 (2) NR 9 (2) 57 (20) / 37 (24) NR 0 / 2 

Cevostamab 
(FcRH5xCD3) [210] 

Monotherapy 160 80 (1) NR 5–21 43 (19) NR 1 

ASCT, autologous stem cell transplantation; BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; cilta-cel, ciltacabtagene autoleucel; COVID-19, 
coronavirus disease 2019; CRS, cytokine release syndrome; Dara, daratumumab; FcRH5, Fc receptor homolog 5; GPRC5D, G protein-coupled receptor, class C 
group 5 member D; ICANS, immune effector cell-associated neurotoxicity syndrome; ide-cel, idecabtagene vicleucel; IV, intravenous; NR, not reported; NRM, non- 
relapse mortality; NTX, neurotoxicity; Pom, pomalidomide; QW, once weekly; Q2W, twice weekly; R, lenalidomide; SC, subcutaneous; Tal, talquetamab; Tec, 
teclistamab. 
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association with endothelial injury [39,43] is illustrated in Fig. 1. These 
mechanisms have been elucidated with BCMA CAR T-cell therapies and 
BCMA/GPRC5D bispecific antibodies in MM [125] as well as with CD19 
CAR T-cell therapies in other hematologic malignancies [126]. CRS 
arises due to CAR T cells interacting with MM cells, resulting in their 
activation and expansion, plus cytokine production, which leads to 
macrophage activation and production of pro-inflammatory cytokines 
[39]; a similar cascade of effects results from bispecific antibodies 
engaging T cells to interact with MM cells. The resulting cytokine storm 
has substantial inflammatory effects [125], activating the vascular 
endothelium and thereby resulting in CRS and associated symptoms, as 
well as elevating markers of coagulation, including angiopoietin-2 and 
vWF [39]. Neutrophil activation has been demonstrated as an early 
component in the inflammatory pathophysiological process of CRS 
[116], suggesting that NETosis may also contribute to inflammation as 
well as the generation of a prothrombotic state [127]. In addition, more 
severe CRS has been associated with fludarabine exposure during 
bridging therapy prior to CAR T-cell therapy, potentially caused by 
fludarabine-mediated endothelial injury [128]. A related but rarer 
toxicity of CAR T-cell therapies or bispecific antibodies is the hyper
inflammatory condition hemophagocytic lymphohistiocytosis (HLH)- 
like syndrome/immune effector cell-associated HLH-like syndrome; like 
CRS, it is associated with symptoms including fever, cytopenias, and 
coagulopathy [129]. The pathophysiology of ICANS is similarly associ
ated with the effects of CAR T-cell/T-cell interaction with MM cells. 
Endothelial activation following CAR T-cell activation and cytokine 
release can impact blood–brain barrier (BBB) permeability, potentially 
resulting in elevated cytokine levels in the cerebrospinal fluid and 
central nervous system, with subsequent local inflammation leading to 
ICANS and associated neurotoxicities [39]. Studies with CD19 CAR T- 
cell therapies in other hematologic malignancies have indicated the 
presence of endothelial injury and BBB effects potentially resulting in 
neurotoxicity [39,130]. 

CRS and neurotoxicity caused by CD19 CAR T-cell therapies has been 
shown to be associated with elevated endothelial activation at baseline 
[130–132], and elevated markers of endothelial activation have been 
found in the blood of patients with severe CRS/neurotoxicity [133,134], 
suggesting a role in predicting the risk of CRS/ICANS and in identifying 
patients potentially requiring supportive care with endothelial protec
tive agents [135]. Furthermore, coagulopathy markers such as pro
thrombin, partial thromboplastin time (PTT), and D-dimer have been 
shown to be elevated in patients with severe CRS/neurotoxicity 
[130,131,134]. Indeed, studies have indicated an association between 
severity of CRS and coagulopathies, via markers of endothelial activa
tion, indicating a potential need to protect against the effects of both 
endotheliopathy pathways [136], a need possibly more pronounced in 
settings of overlapping risk such as in patients with MM with associated 
coagulopathies and endothelial activation. 

In a pooled analysis of 56 patients with MM or lymphoma who were 
treated with CAR T-cell therapies, 63% developed CRS and 32% 
developed ICANS [137], with patients who developed CRS having 
higher baseline CRP and ferritin levels than those who did not. More
over, elevated levels of multiple cytokines between baseline and day 3 
post-infusion, including IL-3, IL-5, IL-6, IL-8, and IL-10, were associated 
with higher odds of CRS and/or ICANS, regardless of CAR T-cell product, 
and elevated baseline IL-6 was associated with higher odds of CRS 
[137]. Similarly, various pro-inflammatory markers at either apheresis 
or lymphodepletion were associated with CRS and ICANS in a real-world 
analysis of RRMM patients receiving ide-cel [138]. Peak levels of cyto
kines, ferritin, and CRP were associated with CRS, and peak levels of IL-6 
associated with more severe CRS. In contrast, for ICANS, peak levels of 
IL-15, ferritin, CRP, and ANG2/ANG1 ratio were associated with 
increased risk of all-grade and more severe events [138]. In an analysis 
of 84 patients with B-cell lymphoma, factors associated with prolonged 
CRS following axicabtagene ciloleucel (axi-cel) included low baseline 
platelet count, and elevated ferritin, PTT, creatinine, and EASIX score 

[139]; a separate analysis showed that, for CRS, EASIX score and ferritin 
level, and for ICANS, EASIX score, ferritin, and CRP, can be used to 
stratify patients receiving axi-cel for large B-cell lymphoma into three 
risk groups for each toxicity [132]. Similarly, EASIX indices calculated 
prior to lymphodepletion in B-cell lymphoma patients receiving CAR T- 
cell therapies (tisagenlecleucel, axi-cel, brexucabtagene autoleucel) 
were significantly associated with severe CRS and OS [140], and the 
modified EASIX-FC (with CRP and ferritin as additional parameters) was 
predictive for the risk of grade ≥ 2 ICANS in lymphoma patients 
receiving axi-cel [141]. Notably, a recent study in patients with diffuse 
large B-cell lymphoma (DLBCL) treated with axi-cel showed that risk 
stratification using only CRP and ferritin levels not only identified an 
increased risk of grade ≥ 3 toxicities but also was associated with PFS 
and OS [142]. 

In addition to CRS and ICANs, CAR T-cell therapies and bispecific 
antibodies are associated with an elevated risk of infections in with 
patients with MM. This may be multifactorial, arising due to immuno
suppression, hypogammaglobulinemia [143,144], or possibly immune 
paralysis caused by extensive cytokine release during CRS [115], as well 
as endothelial injury resulting in increased permeability and thus 
greater susceptibility to infectious agents. The rates of infections re
ported from clinical trials of CAR T-cell therapies and bispecific anti
bodies in MM are summarized in Table 1. Overall (grade ≥ 3) rates of 
infections with CAR T-cell therapies were 15–69% (15–29%) and with 
bispecific antibodies were 37–81% (16–46%). Infection risk has been 
suggested to differ between CAR T-cell therapies and bispecific anti
bodies, possibly because of the longer duration of therapy with the 
latter, as well as between bispecific antibody types. A real-world analysis 
in 147 RRMM patients, 92 and 55 receiving CAR T-cell therapies and 
bispecific antibodies, respectively, reported 209 infections, 115 and 94 
in the respective groups, with an incidence rate of severe infections of 
26% (all grade 3) vs 38% (4% grade 4, 7% grade 5); the time to first 
grade ≥ 3 infection was <100 days in 79% vs 48%, respectively, indi
cating not only a higher risk of severe infections but also a more 
persistent risk with bispecific antibodies vs CAR T-cell therapies [145]. 
Further, a pooled analysis of available data indicated a higher grade 3/4 
infection risk with BCMA-targeted versus non-BCMA-targeted bispecific 
antibodies (30% vs 12%) [146], which was hypothesized to potentially 
be due to the expression of BCMA on mature B lymphocytes and its 
importance to their functioning. Notably, a meta-analysis of studies of 
CAR T-cell therapies in lymphoma and MM showed a non-relapse 
mortality rate of 8.3% (9.4% in MM), with infections causing almost 
half of deaths (210/441, 48%) and CRS, ICANS, and HLH leading to 
death in 11% of cases [147]. Additionally, a retrospective study of 229 
patients who received teclistamab, elranatamab, or talquetamab be
tween December 2020 and February 2023 found that 62% had at least 
one infection, 57% were hospitalized, and 53% had grade ≥ 3 events; 
most notably, 8.4% of patients died due to infections [148]. In contrast, 
immunologically active oral agents, specifically the cereblon E3 ligase 
modulators (CELMoDs) and mezigdomide in particular, combined with 
dexamethasone or mAbs, such as daratumumab, for the treatment of 
RRMM, have not been associated with COVID-19 mortality [149,150]. 
Of note, significant CRS has not been seen with this approach to date, 
and endotheliitis has not been a feature of any toxicity associated with 
their use [149,150]. 

4. Toxicity management and endothelial protection 

Collectively, the data on the key toxicities associated with the CAR T- 
cell therapies and bispecific antibodies highlight the importance of 
appropriate prophylaxis and/or treatment, particularly in the context of 
co-existing factors potentially causing endothelial injury such as SARS- 
CoV-2 infection or PASC. Current European Myeloma Network (EMN) 
management guidelines for patients with MM in the context of COVID- 
19 include recommendations to use intravenous immunoglobulins 
(IVIG) as prophylaxis in patients with recurrent or persistent infections 
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and to treat with oral antivirals in patients with MM and mild-to- 
moderate COVID-19 [16]; furthermore, the US FDA granted emer
gency use authorization for the mAb pemivibart in March 2024 for pre- 
exposure prophylaxis against COVID-19 in immunocompromised pa
tients [151]. The EMN guidelines also recommend MM treatment 
interruption until COVID-19 symptom resolution [16]. Furthermore, 
treatment with immunotherapies can result in prolonged periods of 
leukopenia, neutropenia, and lymphopenia, and suppression of 
antibody-producing cells can lead to significant hypogammaglobulin
emia. Two prophylactic strategies that consistently improve outcomes 
are vaccination and IVIG infusions. Unlike the common practice of using 
IVIG as secondary prophylaxis in patients treated with CD38 mAbs, 
current data support its use as primary prophylaxis with both CAR T-cell 
therapies and bispecific antibodies [152]. Indeed, use of IVIG has been 
shown to reduce the risk of serious infections ten-fold in patients 
receiving BCMA bispecific antibodies [144], and this treatment is among 
the consensus recommendations for managing infections in patients 
with MM receiving bispecific antibodies [153]. 

Additionally, in the context of the ongoing consequences of the 
COVID-19 pandemic, with substantial numbers of individuals acquiring 
new SARS-CoV-2 infections and getting COVID-19, or living with PASC, 
patients with MM receiving specific therapies may have a substantially 
elevated risk of endothelial dysfunction and injury. In order to optimize 
patient management it is therefore important to consider appropriate 
approaches that protect against or prevent further endothelial cell 
damage or activation via the predominant mechanism(s) in individual 
patients [76]. 

Options providing direct endothelial protection may be of value in 
this setting. Defibrotide, which is a polydisperse mixture of primarily 
single-stranded polydeoxyribonucleotide sodium salts [154], has been 
shown to provide a range of endothelial protective and stabilizing ef
fects, including reducing proinflammatory and increasing anti- 
inflammatory cytokine secretion, restoring the thrombo-fibrinolytic 
balance through reductions in factors such as vWF, TF, and PAI-1 and 
increases in thrombomodulin and tPA, reducing cell adhesion, and 
mitigating angiogenic and endothelial cell activating effects through 
downregulation of PI3K/Akt and p38 MAPK signaling [154]. Defibro
tide is approved for the management of hepatic VOD/SOS occurring 
following HDT-ASCT or allo-SCT [155], for which it has been shown to 
reverse the prothrombotic-hypofibrinolytic state that arises with this 
condition and to restore thrombo-fibrinolytic balance through its pro
tective cellular and downstream effects on the endothelium. Studies 
have suggested potential benefits of defibrotide in other settings char
acterized by endothelial injury, including protection against GvHD 
following allo-SCT [156,157], counteracting the thrombotic inflamma
tion associated with antiphospholipid syndrome through inhibition of 
NETosis [158], and the treatment of transplant-associated thrombotic 
microangiopathy [159] via reduced complement activation [160]. 
Indeed, direct inhibition of complement activation as an approach to 
endothelial protection is also being investigated [76,126,161,162], with 
new agents such as eculizumab and ravulizumab [163,164] shown to 
block complement activation, inflammation, and thrombosis pathways. 

Of specific interest is the benefit seen with defibrotide in the context 
of COVID-19 and CAR T-cell therapy. Defibrotide resulted in the com
plete resolution of pediatric inflammatory multisystem syndrome 
(PIMS) in two patients that was temporally related to SARS-CoV-2 
infection [165], with normalization of the thrombo-fibrinolytic bal
ance and complement activation. In the DEFI-VID19 phase 2 study, 
treatment with defibrotide rapidly restored respiratory function in 73% 
of patients who were hospitalized with ARDS due to COVID-19 and 
improved 1-month survival rate versus historical controls [166]. Simi
larly, another single-center, open-label, safety study demonstrated that 
defibrotide was well tolerated and resulted in promising outcomes when 
used as treatment for 12 patients with SARS-CoV-2 infection-related 
ARDS; notably, changes in markers of hemostasis were seen, including a 
reduction in PAI-1 and an increase in tPA levels within 7 days [167]. 

Defibrotide has also recently been reported to result in positive clinical 
outcomes in two patients with MM with severe COVID-19 following 
receipt of CAR T-cell therapy [168], both of whom also previously un
derwent HDT-ASCT. In the context of these three factors associated with 
endothelial injury, defibrotide treatment suppressed the inflammation 
and CRS induced by COVID-19 without affecting CAR T-cell expansion. 
Furthermore, defibrotide has demonstrated benefit against microvas
cular endothelial cell injury associated with COVID-19 in an in vitro 
study [169]. Defibrotide may thus mitigate the effects of a range of 
endotheliopathies, including endothelial dysfunction following SARS- 
CoV-2 and other viral infections [170], suggesting its potential for use 
as endothelial protection in various clinical scenarios. In a recently 
published study, for example, defibrotide was shown to confer a modest 
reduction in the rate of CAR T-cell therapy-related neurotoxicity and 
favorable tolerability with no new safety concerns identified [171], 
while in an ongoing study of defibrotide in patients with severe COVID- 
19 and associated ARDS, results from a subgroup analysis of patients 
with MM in the setting of HDT-ASCT, CAR T-cell therapy, and bispecific 
antibody therapy have been promising (PGR, personal communication, 
2024). Further trials are warranted in the various clinical settings, and 
more data will be forthcoming. A mechanistic rationale for the role of 
defibrotide in endothelial protection in the settings of both COVID-19 
and CRS associated with CAR T-cell therapy and bispecific antibodies 
is summarized in Fig. 2. 

In the context of the inflammatory effects and associated toxicities 
seen with CAR T-cell therapies and bispecific antibodies, a number of 
other therapies have been employed for managing CRS and ICANS that 
may also confer endothelial protection. Specific cytokine inhibitors such 
as the IL-6 receptor antagonist tocilizumab have been used for prophy
laxis against or treatment of CRS and neurotoxicity with CAR T-cell 
therapies and bispecific antibodies [172–175]. Tocilizumab is among 
the recommended options, along with steroids, for managing CRS with 
these agents in MM [18,125], and studies have shown that its prophy
lactic use can mitigate the CRS reported with, for example, teclistamab 
[176] and cevostamab [177]. Similarly, the IL-1 receptor antagonist 
anakinra is recommended for managing severe cases of ICANS and other 
neurotoxicity [18,125,178], with other options that have been explored 
including the IL-6 mAb siltuximab [179] and etanercept and infliximab, 
a tumor necrosis factor-α inhibitor and mAb, respectively [125]. 
Another cytokine under investigation as a mediator of CRS and ICANS is 
granulocyte-macrophage colony-stimulating factor (GM-CSF). Based on 
preclinical xenograft data [180], the GM-CSF antagonist lenzilumab is 
being investigated in a randomized phase 2/3 trial in patients with 
DLBCL [181]. 

Similarly, a range of therapies are recommended for protection 
against the coagulopathies and thromboembolic risk associated with 
MM and COVID-19, as well as with specific treatments for MM. Current 
thromboprophylaxis recommendations in MM [182] include venous 
thromboembolic (VTE) risk assessment using the SAVED score [183] for 
patients receiving immunomodulatory drugs or the IMPEDE VTE score 
[184] more broadly, with low molecular weight heparin (LMWH) pro
phylaxis for high-risk patients [185]. Other thromboprophylaxis stra
tegies in MM include aspirin and direct oral anticoagulant medications 
(DOACs) such as apixaban; however, despite the use of such strategies, 
high rates of VTE have been reported in patients with MM [49]. Resis
tance to thromboprophylaxis may be mediated by a number of different 
mechanisms; one intriguing hypothesis in the context of novel immu
notherapies and the ongoing consequences of the COVID-19 pandemic is 
that endothelial dysfunction or injury is mediating resistance through 
increased expression of vWF and TF [49]. Of note, a study of the effects 
of the VTd induction regimen on endothelial cells, which showed 
increased markers of both inflammation and coagulopathy, found that 
the use of defibrotide could prevent these effects [98]. Current throm
boprophylaxis recommendations for patients hospitalized with COVID- 
19 incorporate similar agents to those recommended in MM, for 
example, LMWH or unfractionated heparin in the inpatient setting for 
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patients at high thrombotic risk and the DOAC rivaroxaban for post- 
discharge prophylaxis in patients with high VTE risk (e.g., based on 
the IMPROVE VTE score) with decisions made on an individualized 
basis, depending on the patient’s risk-benefit profile [186]. 

5. Conclusions 

Patients with MM have been more substantially affected by the 
COVID-19 pandemic than the general population, with more severe 
disease and a greater mortality rate. This may be partly associated with 
the attenuated immune response against SARS-CoV-2 infection or to 
COVID-19 vaccination, but also potentially due to the overlapping 
endotheliopathies associated with both MM and COVID-19. Neverthe
less, during the same period, multiple novel therapies have been 
approved for the treatment of RRMM, offering improved disease control 
and better outcomes. Among these options are several immune effector 
cell therapies that have a toxicity profile distinct from other RRMM 
treatments, driven by the mechanisms of action of these agents on T cells 
and associated immune responses. Among the consequences of these 
mechanisms of action are the potential for endothelial injury and asso
ciated adverse events caused by extensive cytokine release and resultant 
inflammation and coagulopathy. 

This risk may be exacerbated in the context of SARS-CoV-2 infection 
and COVID-19 – to which MM patients are already more vulnerable – but 
also in the context of PASC and lingering endothelial injury/dysfunc
tion. Furthermore, emerging evidence suggests a number of biomarkers 
of endotheliopathy may be of potential benefit in identifying patients at 
elevated risk of more severe toxicities. Clinicians should consider these 
factors when determining optimal treatment, including supportive care 
based on current toxicity management and prophylaxis guidelines, for 
their RRMM patients. Prophylaxis and treatment options for 
endotheliopathy-related adverse events are increasing, with multiple 
strategies for protecting against the inflammation-related and 
coagulation-related effects of MM treatment with CAR T-cell therapies 
and bispecific antibodies and of COVID-19 being utilized and with 
defibrotide potentially offering benefit in a number of settings. Our 
evolving understanding of the endotheliopathies associated with MM 
and COVID-19 and the toxicities associated with CAR T-cell therapies 
and bispecific antibodies will thus help further refine treatment 

selection and patient management, thereby improving outcome. 

6. Future considerations 

The MM treatment landscape has undergone significant advance
ments with the introduction of immunotherapies, including newer and 
safer CAR T-cell therapies, bispecific antibodies, and antibody–drug 
conjugates [19]. Ongoing challenges in immunotherapy for MM include 
reducing relapses, enhancing response durability, rejuvenating exhaus
ted CAR T cells, exploring allogeneic cells or multiple targets, optimizing 
treatment sequencing to minimize toxicities and maximize efficacy, and 
integrating these approaches with established therapies such as ASCT. 
Furthermore, there is a need to explore potential synergies among these 
treatments and address issues of accessibility, affordability, and 
collaborative efforts between academia, industry, and stakeholders. 

With the more frequent utilization of immunotherapies in both MM 
and other malignancies, the need for endothelial protective strategies 
may considerably increase in the clinical setting. For example, a specific 
challenge associated with minimizing toxicities with CAR T-cell thera
pies is their increasingly widespread use in MM. At the time of writing, 
in April 2024, cilta-cel has been granted US FDA approval for the 
treatment of patients with RRMM who have received at least one prior 
line of therapy, including a proteasome inhibitor and an immunomod
ulatory agent, and who are refractory to lenalidomide [187], while ide- 
cel is approved for patients who have received ≥2 prior lines of therapy 
including a proteasome inhibitor, an immunomodulatory agent, and a 
CD38 mAb [188]. Ongoing efforts to catapult these genetically modified 
therapies – as well as the bispecific T-cell engagers – into being used 
earlier in the disease course will, in conjunction with the need to address 
the infection risk in greater numbers of patients, place even greater 
emphasis on the need for protective strategies for maintaining endo
thelial integrity. Additionally in this context, it will be important to 
enhance awareness of potential overlapping toxicities and of endothelial 
damage associated with different and potentially overlapping disease 
conditions (COVID-19/PASC, MM, and immune-related adverse events). 
These issues will require further studies and the development of specific 
protocols utilizing protective agents such as defibrotide in the context of 
adverse effects from immunomodulators (such as the bispecific anti
bodies) and CAR T-cell therapies. Studies with defibrotide have 

Fig. 2. Endothelial protective mechanisms of defibrotide in the pathologies of interest: following stem cell transplantation, during SARS-CoV-2 infection/PASC, and 
against endothelial effects of cytokine production / CRS with CAR T-cell therapies or bispecific antibody therapy in RRMM. 

C.C. Mo et al.                                                                                                                                                                                                                                    



Blood Reviews 66 (2024) 101218

9

demonstrated different responses to different dosing protocols. These 
will be important to consider in the future when utilizing the drug in 
novel therapeutic contexts to mitigate negative impacts on drug efficacy, 
along with benefit:risk balance considerations in the context of common 
adverse reactions such as hypotension, gastrointestinal events, and 
epistaxis [189]. 

With regards to future studies in this setting and considering the 
treatment challenges posed by COVID-19 in MM patients, who often 
present in high-risk illness states, it is important to note that conducting 
a randomized, comparative trial to assess various therapies within a 
reasonable timeframe may prove impractical. Instead, a single-arm 
study employing a specific treatment strategy with properly defined 
endpoints could be considered, supplemented by data from a well- 
executed observational study serving as the control. To ensure compa
rability between the study groups, established analytical techniques 
such as outcome regression, propensity score matching, and IPTW (in
verse probability of treatment weighting) can be employed to make 
necessary adjustments. Selecting an appropriate index time for patients 
within the observational study is crucial. This methodology can be 
extrapolated to encompass multiple therapeutic approaches within the 
clinical study setting. In such instances, a platform trial framework of
fers an innovative solution. A platform trial, characterized by its ran
domized, adaptive design and potential absence of a predetermined end- 
date, facilitates the evaluation of numerous interventions concurrently. 
This approach allows for the seamless incorporation or cessation of 
treatment arms based on pre-defined criteria, thereby ensuring adapt
ability and efficiency in assessing interventions within the pathology 
[190]. 

Future considerations in this area of research should also include the 
need for effective tools for predicting both the probability and the 
severity of CRS and ICANS with CAR T-cell therapies and bispecific 
antibodies. Effectively predicting the risk of occurrence and severity of 
these toxicities will be crucial in identifying patients who may require 
prophylactic approaches or timely treatment. Given the role of the 
endothelium in these toxicities, indicators of endothelial dysfunction 
and damage should be further investigated and included in the gener
ation of predictive scores and algorithms for CRS and ICANS. Such al
gorithms could be included in prospective clinical trials and/or 
retrospective analyses in real-world populations. For example, defining 
those patients at high risk of toxicities could be based on existing 
endothelial damage scores such as EASIX and EASIX-FC; additional 
studies in which these scores are retrospectively applied to individual 
patient data from clinical trials of CAR T-cell therapies and bispecific 
antibodies would help to evaluate their associations with the risk of CRS, 
ICANS, and infections. Furthermore, other key markers of endothelial 
damage, such as vWF and soluble thrombomodulin, should be pro
spectively monitored in future clinical trials of immune effector cell 
therapies. This will shed additional light on the relationship between the 
magnitude of endothelial damage, clinical risk factors (including MM 
disease stage, previous therapies, CAR T-cell product, antigen targeted 
by bispecific antibody, concurrent COVID-19 infection, PASC), efficacy, 
and toxicities. 

The development of such endothelial damage prediction tools could 
enable their implementation in future clinical trials investigating the 
efficacy and toxicity of immune effector cell therapies in MM and testing 
risk-based CRS/ICANS prophylaxis or pre-emptive strategies. Based on 
its endothelial protective properties, its proven efficacy in severe 
endotheliopathies such as VOD/SOS, and its manageable safety profile 
[154], including hypotension, gastrointestinal events, and epistaxis 
[189], defibrotide warrants evaluation in this setting. Additionally, the 
Mayo Clinic Group recently published a retrospective study showing 
that patients with MM or lymphoma and concomitant diabetes who 
were receiving metformin had a reduced rate of CRS with CAR T-cell 
therapy [191], although the limited numbers of patients and events and 
the retrospective nature were limitations of the study. Metformin has 
known endothelial protective properties [192], although its risk profile 

bears monitoring in critical illness settings, and further studies on the 
optimal dosage, duration, and safety of metformin administration for 
CRS prevention may be warranted. 

Given the relative paucity of novel agents for mitigating CRS and 
ICANS, it should be noted that there are also substantial efforts being 
made in genetically modifying CAR T-cell products in order to reduce 
the incidence of these toxicities. For example, ‘on-switch’ CAR T-cell 
technology works by integrating an inducible control system, such as a 
small molecule or antibody, to control the activity of CAR T cells and 
minimize off-target effects [193]. Alternatively, an ‘off-switch’ approach 
may be used via employment of an inducible caspase-mediated termi
nation signal [194]. Additionally, genetic editing of CAR T cells to block 
interferon-γ signaling and/or production, without affecting T cell acti
vation, proliferation, or cytokine production, has been shown to reduce 
the production of cytokines such as IL-1B, IL-6, IL-13, which are key 
mediators of toxicities [195,196]. Reduction of interferon-γ levels may 
also be achieved by use of the Bruton’s tyrosine kinase inhibitor ibru
tinib, with encouraging pre-clinical and clinical data [197]. 

A final future consideration is regarding the potential for artificial 
intelligence (AI) in this setting. The integration of AI into the develop
ment of new compounds for treating endothelial dysfunction or injury 
demonstrates its transformative potential in healthcare. AI models can 
reshape the landscape of MM care, offering applications in diagnosis, 
prognosis, treatment response prediction, and therapy selection opti
mization. These applications capitalize on various data types readily 
available in standard care, such as laboratory tests, hematopathology, 
flow cytometry, diagnostic images, genomics, and clinical data. Overall, 
AI stands to significantly impact the MM field by directly enhancing 
diagnosis and treatment while also indirectly optimizing workflows and 
potentially reducing costs [198]. 

7. Practice points  

• MM, COVID-19, PASC, and novel immunotherapies for the treatment 
of MM are all associated with endothelial dysfunction or injury.  

• In the context of the ongoing waves of SARS-CoV-2 infection and the 
widespread morbidity associated with PASC, physicians treating 
patients with MM should be aware of the risks of overlapping 
endotheliopathies and the potential exacerbation of toxicities asso
ciated with novel immunotherapies.  

• Highlighting this underappreciated association between COVID-19/ 
PASC and immune-related toxicities in MM patients receiving im
mune effector cell therapies may help clinicians to recognize MM 
patients with concomitant COVID-19/PASC as being at higher risk of 
CRS/ICANS and thereby enable them to intensify monitoring and 
start anti-cytokine/anti-inflammatory treatment earlier.  

• A crucial factor for the successful management of CRS/ICANS is 
timely recognition and treatment; this mainly relies on clinicians’ 
suspicion and alertness in the monitoring of associated signs/ 
symptoms. 

• Patient management should include interventions targeting inflam
matory processes and cytokine storms plus thromboprophylaxis, and 
direct endothelial protection may also provide benefit in this setting; 
furthermore, management should include provision of timely neu
roimaging and neurology consultation in patients with prior SARS- 
CoV-2 infection, as there may be increased risk of endotheliopathy 
and neurologic toxicities. 

• Defibrotide, with its multifactorial properties such as protective ef
fects on the endothelium, anti-inflammatory and anti-adhesive ef
fects, restoration of the thrombo-fibrinolytic balance, and protection 
against infection and immune modulation, may be a valuable 
consideration for endotheliopathies related to COVID-19 and treat
ment complications in MM.  

• More broadly, and in the context of aiming to minimize the risks of 
overlapping endotheliopathies, patients with MM are inherently 
immunosuppressed, leading to an increased risk of severe COVID-19- 
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associated complications and higher mortality rates. Conversely, 
SARS-CoV-2 infection and COVID-19 are also associated with an 
elevated risk of developing MM. Thus, emphasizing prevention 
through vaccination is crucial. 

• Furthermore, in this broader context, the risk of prolonged cytope
nias following CAR T-cell and bispecific antibody therapies remains 
poorly understood but is a relevant factor in the increased suscepti
bility to infections. Prior stem cell transplantation is an important 
risk factor for prolonged cytopenias. Adequate treatment selection 
and sequencing should be considered in patients with MM, for whom 
stem cell transplantation may still play an important role. 

8. Research agenda  

• Increase clinician awareness of potential additive toxic effects of 
COVID-19 and PASC with immune effector cell therapies for MM.  

• Evaluate biomarkers of endotheliopathy and associations with MM 
outcomes and toxicities of immune effector cell therapies.  

• Improve our understanding of the numerous factors influencing the 
efficacy and safety of CAR T-cell therapy for MM in the context of 
individual patient characteristics, enabling a more personalized 
approach.  

• Validate a panel of biomarkers of endotheliopathy, innate immune 
activation, and hemostatic imbalance for prediction, differential 
diagnosis, and severity stratification of toxicities associated with 
novel immunotherapies. 

• In vitro research with endothelial cell lines to characterize pheno
typical and biochemical changes related to toxicities associated with 
novel immunotherapies and to explore strategies for endothelial 
protection.  

• Further evaluate defibrotide for the treatment of severe COVID-19 
(NCT04652115) and as prophylaxis against and treatment of PASC, 
including a meta-analysis of results and systematic review of studies 
of defibrotide in COVID-19. 

• Additional research on the potential mechanism of action of defib
rotide in cellular and animal models of MM and endothelial injury 
caused by different etiologies including COVID-19, CAR T-cell ther
apy, and bispecific antibody therapy.  

• Structured evaluation of defibrotide for treatment of CRS and ICANS, 
especially in patients with MM.  

• Further research exploring the impact of fludarabine and other 
lymphodepletion drugs administered prior to CAR T-cell infusion on 
endothelial activation and the potential role of defibrotide in miti
gating these effects. 

• Further investigation of the potential of new agents such as eculi
zumab and ravulizumab [163], which block pathways involved in 
complement activation, inflammation, and thrombosis, as endothe
lial protective drugs.  

• Optimization of CAR T-cell products to maximize on-target effects 
while reducing off-target toxicities. 
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