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Lo B S R N

Abstract

Patients with multiple myeloma (MM) exhibit profound immune dysregulation, predispos-
ing them to severe outcomes following SARS-CoV-2 infection. Current evidence highlights
shared immunopathological mechanisms linking MM and COVID-19, with particular em-
phasis on the interleukin-6 (IL-6) axis as a shared amplifier of inflammation rather than
the sole driver of disease. MM is characterized by a baseline pro-inflammatory milieu, in
part mediated by IL-6, which is further amplified during SARS-CoV-2 infection, resulting
in cytokine escalation, complement activation, coagulopathy, and multi-organ injury. This
amplification operates within a broader, redundant network that also includes T-cell ex-
haustion, NK-cell dysfunction, checkpoint signaling, complement and endothelial injury,
and treatment-induced immune defects. This overlap provides a mechanistic basis for
the disproportionately high morbidity and mortality observed in this population. Even
with advancements in vaccination, antiviral therapy, and clinical practice, patients with
MM who exhibit impaired vaccine responses, active disease, or treatment-related immune
dysfunction continue to experience considerable vulnerability to COVID-19. In addition,
MM patients demonstrate suboptimal vaccine-induced immune responses, contributing
to persistent vulnerability to severe and breakthrough infections. Modern MM therapies,
including anti-CD38 antibodies, BCMA-directed agents, and bispecific T-cell redirecting
antibodies, further reshape antiviral immunity by reducing NK cells, inducing plasma
cell aplasia, causing hypogammaglobulinemia, and impairing T-cell function. Emerging
treatment approaches targeting this shared pathway have been explored, with a focus on
mesenchymal stem cell (MSC)-derived extracellular vesicles (EVs). EVs exhibit multimodal
properties, including suppression of pro-inflammatory cytokines, restoration of immune
homeostasis, inhibition of viral entry, and promotion of tissue repair and regeneration.
Early clinical experience in severe COVID-19 populations suggests a favorable short-term
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safety profile; reported efficacy, however, derives from small, largely uncontrolled or early-
phase studies, and the single randomized trial reporting a mortality benefit did so only
in an exploratory post hoc subgroup, with its pre-specified primary endpoint not met.
Overall, EVs constitute a biologically plausible but as yet unproven adjunctive strategy
that warrants further investigation. Critically, no MM patient has ever been enrolled in
an EV trial; current rationale for EV use in MM is therefore extrapolated entirely from
non-MM populations, and no MM-specific data exist. Difficulties such as EV heterogeneity,
manufacturing variability, uncertain pharmacokinetics, limited targeting efficiency, and
potential prothrombotic effects must be resolved before their application in MM-specific
clinical settings.

Keywords: multiple myeloma; COVID-19; interleukin-6; extracellular vesicles; mesenchymal
stem cells

1. Introduction

Multiple myeloma (MM) is a clonal plasma cell malignancy characterized by the
aberrant proliferation of terminally differentiated B cells within the bone marrow microen-
vironment [1]. A hallmark feature of MM is profound and multifaceted immunodeficiency
affecting both innate and adaptive immunity, representing a primary driver of patient mor-
bidity and mortality [2-5]. Infections constitute one of the leading causes of death in MM
patients, with early mortality rates significantly influenced by infectious complications [6,7].

The immunologic dysfunction in MM spans both humoral and cellular arms: sec-
ondary antibody deficiency (typically hypogammaglobulinemia) coexists with impaired
NK-cell cytotoxicity, T-cell compartment erosion, and defective dendritic-cell antigen pre-
sentation. Because these defects are treated functionally in Section 3.3, they are introduced
here only to frame the central argument—that the breadth of immune compromise in
MM, compounded by microenvironmental damage, demands a multimodal rather than
single-target therapeutic approach [8,9].

This baseline immunodeficiency is frequently exacerbated by therapeutic interventions.
Immunomodulatory agents, including thalidomide, lenalidomide, and pomalidomide,
have been associated with an increased risk of severe infections [10,11]. Furthermore,
advanced cellular immunotherapies such as chimeric antigen receptor T (CAR T)-cell
therapy directed against B-cell maturation antigen (BCMA) induce profound plasma cell
aplasia and sustained hypogammaglobulinemia, thereby exacerbating B-cell depletion and
contributing to persistent impairment of humoral immune function [12,13].

The emergence of the SARS-CoV-2 pandemic markedly highlighted this clinical
fragility. Early data demonstrated that MM patients experienced markedly worse out-
comes compared to the general population, including disproportionately high rates of
hospitalization, intensive care unit (ICU) admission, and mortality [14-17]. While vacci-
nation remains the cornerstone of public health strategy, [14] studies have consistently
demonstrated that patients with MM exhibit highly variable and often suboptimal humoral
and cellular immune responses to SARS-CoV-2 vaccination [18-21].

Multiple clinical and treatment-related factors have been implicated in attenuated
SARS-CoV-2 vaccine responses among patients with MM, including high-risk cytogenet-
ics, ongoing disease activity, and receipt of intensive immunosuppression. In particular,
exposure to targeted agents such as anti-CD38 monoclonal antibodies (daratumumab, isat-
uximab) and BCMA-directed therapies has been consistently associated with significantly
reduced rates of both humoral and cellular immune responses following vaccination [18,22].
Notably, daratumumab-treated patients exhibit significantly reduced seroconversion rates

https://doi.org/10.3390 /biomedicines14071617


https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617

30f24

following SARS-CoV-2 vaccination [18]. Consequently, even in the current endemic era,
MM patients face substantial and persistent risk for breakthrough infections and severe
SARS-CoV-2 disease [18,23].

The severity of COVID-19 in patients with MM is shaped in part by interleukin-6
(IL-6)-mediated mechanisms, though, as developed below, IL-6 is best understood as one
amplifying node within a redundant inflammatory network. SARS-CoV-2 infection elicits a
profound systemic inflammatory response characterized by elevated levels of IL-6, tumor
necrosis factor-o (TNF-ot), and interleukin-1f3 (IL-1f3), which collectively contribute to the
dysregulated cytokine release syndrome (“cytokine storm”) observed in severe cases and
are associated with multi-organ dysfunction and adverse clinical outcomes [24-26]. IL-6
has been identified as a central biomarker of the hyperinflammatory response in COVID-19,
with elevated serum levels consistently correlating with disease severity, respiratory failure,
and adverse clinical outcomes [27,28].

Extensive evidence demonstrates that IL-6 acts through autocrine and paracrine sig-
naling to promote proliferation, inhibit apoptosis, and facilitate malignant plasma cell
expansion within the bone marrow microenvironment [29-31]. IL-6-induced signaling via
JAK/STAT3 and related pathways also contributes to angiogenesis, osteoclast activation,
and remodeling of the tumor niche, thereby supporting tumor progression and resistance
to apoptosis [30]. Viral infections, which potently induce IL-6 as part of the antiviral
response, may further amplify this baseline elevation, potentially exacerbating systemic
inflammation and contributing to hyperinflammatory states, organ dysfunction, and worse
clinical outcomes [32-35].

Given the evolution of COVID-19 outcomes with vaccination, antiviral therapy, and
updated standards of care, the relevance of new interventions such as EVs should be evalu-
ated within the current treatment setting rather than based solely on early-pandemic data.

In this comprehensive narrative review, we address the critical need for safe and
effective therapeutic interventions for this vulnerable population. We first delineate the
molecular and immunologic interplay between MM and severe COVID-19, organizing the
shared pathophysiology into an explicit three-tier framework, (i) a predisposing baseline
state, (ii) acute viral amplifiers, and (iii) therapy-imposed modifiers, so that the IL-6 axis
is situated within, rather than above, the wider network. We then evaluate MSC-derived
extracellular vesicles (EVs) as a cell-free therapeutic platform, contrasting their properties
with parent MSCs and reviewing the clinical evidence for their use in severe SARS-CoV-2
infection in immunocompromised hosts, with particular emphasis on the MM population.

2. Materials and Methods

This article is an expert narrative review (rather than a systematic or scoping review)
synthesizing the published literature on the interplay of MM and severe SARS-CoV-2
infection, with a focus on the therapeutic potential of mesenchymal stem cell-derived
EVs. Because the aim was thematic integration across heterogeneous study designs rather
than quantitative pooling or formal certainty grading, GRADE, AMSTAR, and PRISMA
frameworks were not applied; evidence was instead synthesized thematically, prioritizing
clinical relevance. The narrative format was chosen to allow for the inclusion of the maximal
amount of data and to incorporate a broad range of study designs.

A search of PubMed/MEDLINE, Scopus, and Web of Science was conducted with
no limits on year of publication, to allow for the maximal collection of data, given the
rapidly evolving patterns of SARS-CoV-2 treatment and the development of EVs. Priority
was given to studies published from 2019 onwards to reflect the changed MM treatment
modalities after the onset of the SARS-CoV-2 pandemic. Conference abstracts, preprints,
and non-English-language publications were excluded.
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Search terms included the following key concepts and combinations: “multiple
myeloma”, “SARS-CoV-2”, “COVID-19”, “extracellular vesicles”, “exosomes”, “mesenchy-
mal stem cells”, “mesenchymal stromal cells”, “cytokine storm”, “immune dysregulation”,
“immunotherapy”, and others. Both forward and backward snowballing were performed
to identify relevant literature. Article selection and narrative synthesis were performed
by the authors based on relevance to the central themes of the review. As article selection
was based on author judgment rather than prespecified inclusion or exclusion criteria, the

process may be subject to selection bias.

3. Pathophysiologic Synergy Between Multiple Myeloma and Severe
SARS-Cov-2 Infection

Before surveying individual mechanismes, it is useful to state the organizing logic of this
section explicitly because the central interpretive problem in this field is that mechanisms
are typically catalogued rather than ranked. We propose that the synergy between MM and
severe COVID-19 is best understood as a three-tier system. Tier (i), the predisposing base-
line state, comprises the humoral, NK-cell, and T-cell defects and the IL-6-primed marrow
that exist before any viral exposure. Tier (ii), the acute amplifiers, comprises the events that
a SARS-CoV-2 infection superimposes on that substrate, viral IL-6 induction, complement
activation, endothelial injury, and coagulopathy. Tier (iii), the therapy-imposed modifiers,
comprises the distinct immune lesions created by anti-CD38, BCMA-directed, and T-cell-
redirecting agents. The therapeutic argument advanced later in this review follows directly
from this structure: MSC-derived EVs are proposed precisely because they act across tiers
(i) and (ii) simultaneously, whereas no available agent, and no EV preparation, addresses
tier (iii). The subsections below populate these tiers in turn (Figure 1).

Tier (iii):

Therapy-imposed

Tier (i): Predisposing baseline state (MM)
Humoral, NK-cell, and T-cell defects and the IL-6-primed marrow
modifiers l

anll—tP}S. Tier (ii) : Acute viral amplifiers (SARS-CoV-2)
BCMA-directed, parallel, redundant mediators
and T-cell- ] )
redirecting agents Viral IL-6 Complement Endothelial Coagulopathy
induction activation injury
modifies i & ii
O Tier (i) baseline  (J Tier (ii) amplifiers [ Tier (iii) modifiers

[n] = validating primary reference (edge table below)

Edge (Source — Target) Claim

MM baseline — IL-6-primed marrow

Autocrine/paracrine IL-6 drives myeloma proliferation, remodels

marrow
Tier (iii) anti-CD38 — Tier (i) NK compartment Daratumumab-induced NK-cell fratricide

Tier (iii) BCMA agents — Tier (i) humoral 100% hypogammaglobulinemia; IVIg IRR 0.10 (95% CI 0.01-0.80)

Tier (ii) IL-6 — clinical outcome IL-6 > 30 pg/mL strongest predictor of mechanical ventilation (OR 7.1)

IL-6 blockade heterogeneity (parallel-not-downstream) ~ COVACTA null vs. RECOVERY/REMAP-CAP stratified benefit

Figure 1. Three-tier mechanistic model of the interplay between multiple myeloma (MM) and severe
SARS-CoV-2 infection. Tier (i), the predisposing baseline state (humoral, NK-cell, and T-cell defects;
IL-6-primed marrow); Tier (ii), acute viral amplifiers (viral IL-6 induction shown as one of several
parallel inputs alongside complement activation, endothelial injury, and coagulopathy); and Tier (iii),
therapy-imposed modifiers (anti-CD38, BCMA-directed, and T-cell-redirecting agents).
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3.1. Clinical Vulnerability of MM Patients to SARS-CoV-2

Individuals with MM who develop COVID-19 are positioned at an important inter-
section of increased vulnerability. The impaired immune function and the necessity for
intensive therapeutic regimens present a challenge to COVID-19 treatment and increase the
risk for greater severity of infection, more frequent hospitalizations, and higher mortality
compared to the general population [16,36]. Within a large multicenter European cohort,
the EPICOVIDEHA registry, data from 2020 demonstrated a significantly higher rate of
overall and attributable mortality (31% and 22%) from COVID-19 among patients with
hematological malignancies overall, figures that derive from the broader all-hematological-
malignancy 2020 cohort rather than from MM patients specifically, compared to the general
population’s COVID-19 mortality (0.1-9.4%) [37]. Similar outcomes were seen in a 2020
New York City multicenter cohort study of MM patients with COVID-19, which found a
mortality rate of 29% [14]. While vaccination practices and advances in COVID-19 treat-
ment regimens have reduced mortality and the risk of severe COVID-19 in recent years,
individuals with hematological malignancies, and those with MM in particular, remain at
higher risk compared to the general population [36-38].

Despite the overall benefits of vaccination, Ho et al. found that COVID-19 vaccination
is less efficacious in MM patients, leading to increased rates of severe infection, hospitaliza-
tion, ICU admission, and mortality even after vaccination [39]. While mortality rates, ICU
admission, and hospitalization vary across studies, the increased risk remains consistent,
as found by a 2024 meta-analysis, which also identified age and obesity as significant
modifiers [36]. Advanced age, renal failure, active or progressing MM, lymphopenia, and
comorbidities such as cardiovascular disease, diabetes, and chronic kidney disease were
also found to independently predict worse outcomes [15,17,23,39].

Outcomes also vary based on treatment exposure and intensity and the response to
therapy. Individuals with MM show significantly lower anti-spike antibody response rates,
neutralizing antibody response rates, and T-cell responses after vaccination compared to
the general population [18]. This combination of challenges in the treatment of COVID-19
in individuals with MM necessitates novel interventions that can safely mitigate severe
viral infections without compromising MM outcomes and status.

Multiple therapeutic advances have modified the clinical management of COVID-
19 over time, including the introduction of vaccination strategies, antiviral agents, and
immunomodulatory therapies. However, clinically significant disease continues to occur,
particularly in high-risk groups with impaired immune function. Patients with MM remain
among those at persistently elevated risk due to disease-related and treatment-related
immune dysfunction. Consequently, EV-based interventions should be considered as
adjunctive strategies for persistently vulnerable immunocompromised subgroups, rather
than replacements for established COVID-19 therapies.

In the modern MM treatment landscape, several therapeutic classes contribute to
clinically relevant immune modulation. These include anti-CD38 monoclonal antibodies,
BCMA-directed cellular therapies, antibody-drug conjugates, and bispecific T-cell engagers.
Collectively, these treatments may impact humoral immunity, cellular immune surveillance,
and vaccine responsiveness, thereby contributing to heterogeneity in infection risk and
clinical outcomes.

3.2. Interleukin-6: A Shared Amplifier Within a Multidirectional Network

IL-6 activates downstream JAK1/JAK2-STAT, PI3K/AKT, and MAPK/ERK cascades
through the membrane-bound receptor complex (IL-6Ra/gp130) [40]. Under normal phys-
iological conditions, IL-6 coordinates acute-phase responses, hematopoiesis, and adaptive
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immune activation. In abnormal states, IL-6 drives a spectrum of diseases, particularly
those operating through hyperinflammation such as severe malignancy or sepsis [41].

In MM, IL-6 is one of the driving factors for myeloma cell proliferation, inhibiting
apoptosis and promoting transcription of anti-apoptotic proteins including MCL-1, BCL-2,
and BCL-XL [42]. Beyond its anti-apoptotic and tumor-cell effects, IL-6 fundamentally re-
models bone marrow by promoting angiogenesis via VEGF induction, activating osteoclasts
to produce the lytic bone lesions characteristic of MM, and supporting the immunosup-
pressive cells that facilitate immune evasion [41,43]. IL-6 also drives hepatic production of
acute-phase reactants (C-reactive protein, serum amyloid A, fibrinogen), contributing to a
systemic inflammatory and hypercoagulable state characteristic of MM [40].

In the context of COVID-19 infection, IL-6 functions as one of the main drivers of the
immune response. Viral infection triggers rapid IL-6 production and release from activated
macrophages, dendritic cells, and pulmonary epithelial cells [44]. In one observational
study, an elevated serum IL-6 threshold of >30 pg/mL was the strongest independent
predictor of invasive mechanical ventilation (OR 7.1, p < 0.001), and untreated patients with
elevated IL-6 had a hazard ratio for mortality of 4.6 (p = 0.003) [45].

IL-6-driven hyperinflammation in COVID-19 includes endothelial injury, comple-
ment system dysregulation, and the release of secondary mediators (IL-13, TNF-c, IL-8).
These components amplify and sustain the cytokine cascade, resulting in widespread
microvascular thrombosis and angiogenesis in response to endothelial damage [46,47].

The concurrent occurrence of MM and COVID-19 creates a state of exaggerated IL-6
elevation and consequent inflammatory injury. The baseline increase in IL-6 present in MM
is compounded by the inflammatory response to COVID-19 driven by macrophages and
dendritic cells [34]. This exaggerated response forms part of the rationale for therapeutic
strategies targeting IL-6 signaling in MM patients with COVID-19.

Despite the established importance of IL-6 in both MM and COVID-19, IL-6 operates
within a multidirectional inflammatory environment rather than as a singular regulator
of this pathway. Importantly, IL-6 blockade has not universally improved SARS-CoV-2
outcomes. The randomized evidence is explicitly heterogeneous: the double-blind, placebo-
controlled COVACTA trial found no 28-day mortality benefit from tocilizumab, whereas
the open-label RECOVERY and REMAP-CAP platform trials demonstrated a survival
benefit confined to specific strata, hypoxic patients with C-reactive protein >75 mg/L in
RECOVERY, and critically ill patients receiving organ support in REMAP-CAP [48-50].
This pattern indicates that inflammatory pathways operate in parallel rather than strictly
downstream of IL-6. Other mechanisms of interaction include T-cell exhaustion, checkpoint
ligand regulation, NK-cell functional impairment, complement dysregulation, endothelial
injury, and macrophage polarization toward the M2 phenotype. It follows that for effective
SARS-CoV-2 treatment in MM patients, strategies focusing solely on IL-6-axis suppression
will be inadequate, and the observation that motivates the multi-node interventions is
considered in Sections 4-6.

3.3. Immune Dysregulation and Viral Susceptibility

The bone marrow microenvironment constitutes the primary site of immune dys-
function in MM, functioning as an immune-remodeling niche that contributes to both
disease progression and viral susceptibility. Myeloid-derived suppressor cells (MDSCs)
accumulate within the bone marrow microenvironment and actively suppress T-cell and
NK-cell effector function through arginase-1-mediated arginine depletion, reactive oxygen
species generation, and PD-L1 upregulation, mechanisms that converge with the checkpoint
exhaustion observed systemically in MM [51].

https://doi.org/10.3390 /biomedicines14071617


https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617

7 of 24

Resident marrow macrophages are reprogrammed toward an M2-like phenotype by
tumor-derived IL-10, TGF-3, and direct myeloma-cell contact, impairing type I interferon
(IFN-coc/ 3) production and creating a permissive environment for SARS-CoV-2 replication.
The bone marrow immune landscape is also spatially heterogeneous: intramedullary and
extramedullary compartments harbor distinct microenvironments, with extramedullary
disease associated with greater MDSC enrichment, regulatory T-cell accumulation, and im-
mune escape. Critically, these defects are not restricted to active MM. MDSC accumulation,
macrophage polarization shifts, and checkpoint-ligand upregulation are detectable even at
the MGUS stage, [52] indicating that immune vulnerability precedes clinical disease onset
and represents a progressively exploitable therapeutic target.

This early, microenvironment-anchored vulnerability is mechanistically continuous
with the way MM evades therapy. Drug resistance in MM is not a static cell-intrinsic
property but a dynamic stromal-adaptive process, encompassing soluble-factor-mediated
drug resistance (SFM-DR) driven by IL-6, IGF-1, and related cytokines, and cell-adhesion-
mediated drug resistance (CAM-DR) arising from integrin-mediated contact with bone
marrow stromal cells, that is detectable from the MGUS stage and becomes progressively
exploitable as disease advances [52]. The same niche that sustains these resistance programs
also sustains the immune escape described above, which is why interventions aimed at
the microenvironment, rather than at the plasma cell alone, are conceptually attractive in
this population.

Beyond IL-6-mediated inflammation, MM patients demonstrate a profound humoral
immunodeficiency that enhances susceptibility to severe viral infections. MM individu-
als experience suppression of normal B-cell maturation and polyclonal immunoglobulin
synthesis, which is exacerbated by disease progression [53]. Anti-myeloma therapies com-
pound this further, with anti-CD38 agents (daratumumab, isatuximab) depleting normal
B-cell precursors and plasmacytoid dendritic cells along with the intended malignant
plasma cells [54,55].

NK-cell function is reduced in MM, with diminished peripheral cell counts, cytotoxic
activity, and IFN-y production [56]. Daratumumab further contributes to reduced NK-cell
function, with treated patients showing markedly reduced CD38+ NK cells in peripheral
blood and bone marrow [55]. T-cell immunity exhibits increased expression of inhibitory
checkpoints (PD-1, CTLA-4, BTLA), with PD-1 elevated across all disease phases and
correlating with adverse outcomes on multivariate analysis. Treg expansion and declining
Th1/Treg ratios reflect progressive T-cell erosion with advancing disease [54]. Dendritic
cells follow a similar pattern, decreasing with MM progression. This leads to reduced
antigen-presenting capacity and decreased production of the type I interferons necessary
for early antiviral defense against respiratory coronaviruses [57].

The culmination of these immune dysfunctions creates opportunity for viral replica-
tion, prolonged viral shedding, and increased risk of new variants. MM patients demon-
strate significantly prolonged COVID-19 RNA detectability, B-cell and T-cell depletion,
and viral shedding compared to immunocompetent hosts [58]. This prolonged replication
creates conditions for increased viral evolution. Inmunosuppressed patients demonstrate
an increased rate of novel single nucleotide polymorphisms (SNPs) [59,60]. This raises
concerns about individual outcomes of viral infection as well as the risk of immunocom-
promised hosts becoming possible sources of new viral variants.

3.4. Synthesis and Therapeutic Implications

The convergence of mechanisms described in this section suggests a pathophysiologi-
cal pathway that is resistant to single-target interventions. While IL-6 constitutes a critical
part of the disease process, it operates within a broader network including endothelial
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injury, immune-cell dysfunction, and coagulatory effects. Mapped onto the tier framework
introduced above, IL-6 spans tiers (i) and (ii), but the defects of tier (iii) and several parallel
mediators of tier (ii) lie outside its reach, which is the structural reason single-cytokine
blockade has underperformed.

This complexity must be taken into account when devising new therapies. Interven-
tions that target a single cell type, pathway, or cytokine may leave gaps in the treatment of
such a multidimensional disease. What is required is an intervention capable of addressing
the majority of the cellular processes that occur in SARS-CoV-2 infection.

Therapeutic exposures further modify the immune environment in ways clinically rel-
evant to SARS-CoV-2 susceptibility and vaccine failure. Anti-CD38 monoclonal antibodies
such as daratumumab and isatuximab target malignant plasma cells but also affect various
CD38-expressing immune populations, including NK cells, regulatory T cells, regulatory B
cells, and subsets of activated T cells [55]. A key consequence is significant NK-cell deple-
tion via CD38-mediated fratricide, which may impair early antiviral cytotoxic responses
and diminish immune monitoring [55]. This results in a paradoxical immunologic state:
while anti-CD38 therapy may reduce immunosuppressive regulatory compartments and
enhance anti-myeloma immunity, it also depletes innate effector populations essential for
rapid viral control. In the context of SARS-CoV-2 infection, these effects may delay viral
clearance, prolong viral shedding, and diminish vaccine-induced cellular immunity.

BCMA-directed therapies further complicate immune disruption. Because BCMA is
present on both normal and malignant plasma cells, BCMA-targeted CAR T-cell therapy,
antibody-drug conjugates, and bispecific antibodies can cause profound plasma cell apla-
sia, hypogammaglobulinemia, and impaired humoral reconstitution. The magnitude of
this effect is now quantifiable: in a retrospective cohort of patients receiving anti-BCMA
bispecific antibodies, profound hypogammaglobulinemia occurred in 100% of responders
and persisted throughout treatment, while immunoglobulin replacement was associated
with a roughly ten-fold lower rate of grade 3-5 infection (incidence rate ratio 0.10; 95%
CI0.01-0.80; p = 0.0307) [12]. These effects are especially significant for respiratory viral
infections, where neutralizing antibody responses are critical for protection against severe
disease and reinfection. In patients undergoing BCMA-directed therapy, inadequate sero-
logic responses to SARS-CoV-2 vaccination may result from both disease-related immune
paresis and treatment-induced depletion of antibody-producing cells.

T-cell redirecting therapies, including BCMA- and GPRC5D-directed bispecific anti-
bodies, are increasingly used in relapsed or refractory MM and warrant careful considera-
tion in the context of infectious risk. These agents rely on activation of endogenous T cells
for antitumor activity and therefore induce significant immune modulation. This may have
implications for overall immune homeostasis, including antiviral responses. In the setting
of COVID-19, where outcomes are influenced by both early viral control and subsequent
inflammatory injury, such therapies may contribute to heterogeneous clinical risk profiles.
As a result, patients receiving these agents may represent a subgroup that warrants dedi-
cated evaluation in studies of infection outcomes and investigational immunomodulatory
strategies such as EVs.

4. Mesenchymal Stem Cells and Extracellular Vesicles as
Therapeutic Modalities

4.1. Mesenchymal Stem Cells: Cellular Immunomodulators

Mesenchymal stem cells (MSCs) are multipotent adult stromal cells present in almost
all human tissues, possessing capacities for immunomodulation, reduction in inflammation,
and tissue regeneration [61,62]. The immunomodulatory functions of MSCs have long
been theorized to be driven by paracrine signals, which may in turn be a function of
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EVs [62]. This is clinically significant given the emerging identification of EVs not merely
as functional units of MSC therapy, but as standalone therapeutic agents separate from
their cellular source.

In the context of COVID-19, MSC therapy shows promise through suppression of pro-
inflammatory cytokines (IL-6, IL-13, TNF-x), enhancement of anti-inflammatory medjiators,
and promotion of tissue repair and regeneration [61,63]. Early clinical trials in moderate-
to-severe COVID-19 have shown safety and preliminary signals of activity with respect to
inflammation, oxygenation indices, and radiographic improvement [64].

However, there are limitations to the use of MSCs and their EVs in patients with
MM. Pulmonary first-pass trapping reduces the efficacy of interventions and may cause
microvascular obstruction, as the large size of MSCs leads to mechanical sequestration in the
pulmonary capillary bed [65,66]. There are also challenges of proper storage, maintenance
of viability, and standardization of therapy [67]. All of these issues reduce the bioavailability
and efficacy of MSCs and position cell-free EV-based therapies as a potentially more
bioavailable alternative.

4.2. Extracellular Vesicles: Cell-Free Therapeutic Platform

EVs are membrane-bound particles (30-1000 nm) released by practically all cell types
and responsible for a variety of physiological functions [68]. EVs mediate intercellular com-
munication through the transport of proteins, lipids, mRNA, miRNA, and other bioactive
cargo, with function varying based on cell type and origin [69,70].

The rationale for utilizing EVs as therapeutic agents rests first on their capacity to
preserve the immunomodulatory function of their parent MSCs, with the added benefit
of reduced immunogenicity [71]. Owing to their small size, EVs cross biological barri-
ers, including the alveolar—capillary interface, that are inaccessible to intact cells such
as MSCs [70]. Because of their extracellular nature, EVs carry minimal MHC class 1/11
surface expression, significantly reducing immunogenic risk and bypassing the matching
requirements associated with cellular therapies [72].

EVs are broadly categorized into exosomes, microvesicles, and apoptotic bodies based
on their biogenesis and size. Exosomes are small, nano-sized vesicles (approximately
30-100 nm in diameter) that originate from the endosomal system. They form through
inward budding of late endosomal membranes, leading to the formation of intraluminal
vesicles within multivesicular bodies, which are subsequently released into the extracellular
space following fusion with the plasma membrane [68]. MVs are larger vesicles, typically
ranging from approximately 100-1000 nm, and are generated by direct outward budding
and shedding of the plasma membrane. Apoptotic bodies are the largest EV subtype,
formed during programmed cell death, and can contain cytoplasmic components and
fragmented nuclear material. These vesicle populations differ in their biogenesis pathways,
size distribution, and molecular cargo, which contributes to variability in their biological
roles and functional effects across physiological and pathological contexts [68].

In line with MISEV2023, which discourages the term “exosome” unless endosomal
biogenesis has been demonstrated, we use the operational term “small EVs (sEVs)” when
biogenesis is not established; where trial sponsors designate a product as “exosomes,” that
source terminology is retained verbatim for fidelity to the original report [73]. Critically,
most clinical EV preparations, regardless of label, are heterogeneous mixtures of these
subtypes, as current isolation methods cannot yield pure populations. This is not merely a
labeling problem: the isolation method itself shapes the product, since differential ultracen-
trifugation, tangential-flow filtration, and size-exclusion chromatography yield different
sEV-to-microvesicle ratios and different burdens of co-isolated protein and lipoprotein
contaminants, which in turn alter the apparent biological effect attributed to a given prepa-
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ration [74]. This compositional variance limits mechanistic interpretation across studies
and complicates dose standardization, reproducibility, and regulatory evaluation (Table 1).

Table 1. Comparative features of mesenchymal stem cells and extracellular vesicles.

Mesenchymal Stem Cells

Extracellular Vesicles

Feature (MSCs) (EVs) Quantitative Comparator
Cell-free, biologically
Nature Live cellular entity derived membrane Not applicable
nanovesicles
Isolated from t1§§ues (bone Secreted by MSCs and .
Source marrow, umbilical cord, Not applicable
. . other cell types
adipose tissue, placenta)
Size 10-30 um 30-1000 nm (small EVs: ~100-1000x smaller

30-150 nm)

Primary therapeutic

Paracrine signaling

Direct cargo delivery
(proteins, miRNAs, lipids,

Not established

hani imarily via BV i
mechanism (primarily via EV secretion) MRNAs)
Moderate; allogeneic use Low: minimal MHC
- generally tolerated but . .
Immunogenicity - . expression, reduced Not established
may elicit responses with . : :
. immunogenic potential
repeated dosing
Potential lung
entrapment/embolism due =~ Minimal embolic risk; no
Safety considerations to cell size; risk of rephcatlve potential; no Not established
senescence or malignant-transformation
transformation in capacity
long-term culture
Requires cryopreservation; Stable at —80 °C or
Manufacturing & storage  viability concerns; complex  lyophilized; amenable to Not established
culture/expansion large-scale manufacturing
Significant variability with More consistent under
Batch-to-batch consistency donor, passage, culture standardized conditions; Not established
conditions amenable to QC testing
Limited capacity to cross ~ Enhanced barrier crossing
Biological barriers barriers (blood-brain due to nanoscale size and Not established
barrier, placenta) surface properties
Pulmonary first-pass Biodistribution and
Pharmacokinetics /half-life trapping; rapid circulating half-life poorly Not established
sequestration characterized in humans
. No validated dose metric
Variable; cell-number ) .
Dose-response based (particle number vs. Not established
protein mass)
Limited data; potential Minimal documented
Drug interactions interactions with drug-drug interactions to Not established
immunosuppressants date
Several approved products  No regulatory approvals;
Regulatory status for specific indications (e.g., multiple products in Not applicable

graft-versus-host disease)

clinical development
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4.3. Mechanisms of EV-Mediated Immunomodulation

The therapeutic potential of EVs is mediated through anti-inflammatory action, im-
munomodulation, and cargo transfer of biologically active compounds, both to reduce the
effects of COVID-19 and to promote tissue regeneration during recovery [72]. Through
cytokine modulation and the transfer of immunoregulatory miRNAs and proteins, EVs
help reduce inflammation while maintaining immune function [75].

MSC-derived EVs reprogram macrophages from a pro-inflammatory M1 phenotype
to an anti-inflammatory M2 phenotype via miRNA cargo transfer, with miR-146a the best-
supported mediator and a contributory role proposed, though less firmly established, for
miR-145 [75,76]. EVs also modulate T-cell responses by inducing regulatory T cells (Tregs)
through IL-10 signaling, suppressing Th17 differentiation, and inhibiting CD4+ and CD8+
T-cell activation [77].

Beyond immunomodulation, EVs promote vascular repair and tissue regeneration
through the transfer of angiopoietin-1 mRNA and pro-angiogenic miRNAs, which restore
endothelial permeability and stimulate endothelial proliferation [78].

With the mechanistic role of EV-mediated immunomodulation and the structural
advantages of cell-free delivery over intact MSCs established, the question remains whether
early clinical evidence supports translating this theoretical mechanism into practice, specifi-
cally for high-risk immunocompromised populations such as those with MM (Figure 2).

Immune Restoration Tier (i) Baseline
Treg (IL-10); M1—->M2 Immune Homeostasis
MSC-derived EVs Cytokine Modulation Tier (ii) Amplifiers
Cell-free; Low MHC | | IL-6, TNF-q, IL-1B Cytokine, Endothelial
Endothelial Repair Tier (iii) Modifiers
Ang-1, VEGF Therapy-induced Defects

EVs do not act on Tier (iii) F

Caveats

EV heterogeneity - uncertain PK - prothrombotic TF-bearing microvesicles
no MM-specific data — investigative only

(J EV source (J EV mechanisms Tier Skeleton @ No EV Action
[n] = validating primary reference (edge table below)

Edge (Source — Target) Claim
EV — Tier (i) immune restoration M1—-M2 via miR-146a; Treg induction via IL-10; Th17 suppression
EV — Tier (ii) endothelial repair Angiopoietin-1 mRNA, VEGEF, pro-angiogenic miRNA transfer
Caveat—prothrombotic TF-bearing/PS-exposing microvesicles drive thrombin generation
Tier (iii) @ No agent, including EVs, addresses therapy-imposed defects (text claim)

Figure 2. Mechanistic model illustrating the points at which mesenchymal stem cells (MSCs) and their
extracellular vesicles (EVs) intersect the MM-SARS-CoV-2 network. This figure maps EV actions onto
the tier framework of Figure 1, showing EV-mediated effects across Tier (i) (immune-homeostasis
restoration) and Tier (ii) (cytokine modulation, endothelial repair, coagulation modulation), while
indicating that Tier (iii) therapy-imposed defects are not addressed by EVs.
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5. Clinical Evidence for EV Therapy in Severe COVID-19
5.1. Rationale for EV Therapy in COVID-19

The prognosis of COVID-19 depends on multiple immune mechanisms. In early
infection, mechanical viral clearance and cytokine-mediated responses form the mainstay
of immunological defense; failure of these initial protective mechanisms allows progression
to severe COVID-19 [79]. Severe COVID-19 is characterized by a simultaneous increase in
multiple inflammatory cytokines, including interleukins (IL-1, IL-6, and others), TNF-c,
interferons (IFN-f3, IFN-A), MCP-1, and MIP-1« [79]. This response is not without conse-
quence; the cytokine storm and associated host inflammatory responses lead to endothelial
injury, acute respiratory distress syndrome, and reduced lung function [80]. With different
phases of COVID-19 operating through distinct pathologic mechanisms, therapeutic targets
are difficult to pinpoint, and the timing of antivirals and immunomodulatory therapies
affects both efficacy and potential toxicity [80,81]. The difficulty of therapy is further aug-
mented by the multi-organ effects of COVID-19, making single-organ therapeutic targets
impractical [82].

In MM, beyond the usual challenges of COVID-19 therapy, the immunodeficiency
caused by both the plasma cell dyscrasia and its treatment adds complexity and leads to
higher rates of hospitalization, severe COVID-19, and mortality compared to immunocom-
petent patients [17].

Current COVID-19 management has improved considerably with vaccination, early
antiviral therapy, corticosteroids, IL-6 inhibition, JAK inhibition, anticoagulation strate-
gies, and optimized supportive care. However, these interventions do not completely
resolve the persistent challenges of impaired viral clearance, treatment-related immune
dysfunction, endothelial injury, coagulopathy, and tissue-repair failure in high-risk MM pa-
tients [83]. Current regimens largely repurpose immunomodulating agents developed for
immunocompetent patients (dexamethasone, protease inhibitors, IL-6 and JAK inhibitors),
which do not address all mechanisms of injury in COVID-19 and which the European
Myeloma Network consensus identifies as requiring myeloma-specific adaptation [84].
While the IL-6 inhibitor tocilizumab and the JAK1/2 inhibitor baricitinib have shown
promise in case reports of cancer patients with COVID-19, they require further study,
as positive outcomes coexist with reports of toxicity, increased infection risk, and excess
immunosuppression [85-87].

EVs occupy an advantageous position in this context. They are capable of multi-
pathway effects, carrying miRNAs, proteins, and lipids to simultaneously reduce hyper-
inflammation, promote endothelial repair, and modulate coagulation [88]. In the early
phase of COVID-19, EVs may inhibit viral replication and regulate the cytokine storm;
in later phases, they may promote alveolar repair, angiogenesis, and resolution of fibro-
sis [88,89]. These attributes make EVs particularly relevant to COVID-19 treatment in
MM patients, where disease severity is exacerbated by B-cell and T-cell immunodeficiency,
treatment-induced immunosuppression, and inflammation [90] (Figure 3).

5.2. Clinical Trial Evidence

No clinical trial has enrolled MM patients to study EVs in COVID-19; the evidence base
derives entirely from non-MM, predominantly immunocompetent populations, and must
be read with that limitation in mind [63,91,92]. The most informative randomized dataset
is the phase 2 ExoFlo trial (NCT04493242) of intravenous bone marrow MSC-derived EVs
in COVID-19-associated moderate-to-severe ARDS. Its pre-specified primary endpoint,
all-cause 60-day mortality in the intention-to-treat population, was not met (x2, p = 0.1343).
The frequently cited reduction in 60-day mortality from 50% to 19.2% derives from an
exploratory post hoc subgroup restricted to patients aged 18-65 years with respiratory

https://doi.org/10.3390 /biomedicines14071617


https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617

13 of 24

failure (relative risk 0.385; 95% CI 0.159-0.931; p = 0.0340), a finding the accompanying
CHEST editorial cautioned should be interpreted with great caution [93]. The flagship
randomized EV trial therefore illustrates why the current evidence is hypothesis-generating
rather than confirmatory.

Mechanistic Interplay: Multiple Myeloma, SARS-CoV-2, and MSC-Derived Extracellular Vesicle Therapy
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Figure 3. Mechanistic interplay between multiple myeloma (MM), SARS-CoV-2 infection, and the
proposed therapeutic actions of mesenchymal stem cell (MSC)-derived extracellular vesicles (EVs).
MM establishes a baseline state of immune dysfunction and IL-6—primed inflammation that is further
amplified by SARS-CoV-2 infection through cytokine production, complement activation, endothelial
injury, and coagulation abnormalities, resulting in cytokine storm, impaired antiviral immunity,
viral persistence, organ injury, and adverse clinical outcomes. MSC-derived EVs are proposed to
mitigate these processes through multimodal actions, including suppression of pro-inflammatory
cytokines, restoration of immune homeostasis, promotion of tissue repair, and potential antiviral
effects. Although biologically plausible, these therapeutic mechanisms remain investigational, as
current evidence is derived from non-MM COVID-19 populations and no MM-specific clinical trials
have been conducted. Created using Illustrae (https:/Illustrae.co/ accessed on 14 June 2026) an
Al-powered illustration tool.

Amniotic fluid—derived EVs, delivered intravenously, have shown preliminary, uncon-
trolled signals of activity in preventing progression of mild-to-moderate COVID-19, with
acceptable short-term safety [94]. Pilot studies of nebulized EVs derived from umbilical
cord MSCs, and of placental-derived EVs in critically ill COVID-19, have likewise reported
early signals of activity that remain uncontrolled and require confirmation [63,91,95].

The available evidence base is also subject to important structural limitations that
must be acknowledged alongside the reported findings. Publication bias is a substantial
concern: small, single-center studies with positive or neutral safety signals are dispro-
portionately represented in the published record compared to inconclusive or negative
results. Several trials listed in Table 2 remain ongoing or have not reported primary effi-
cacy endpoints, precluding comprehensive assessment of treatment effect. The absence of
reported failures in the published EV literature should not be interpreted as evidence of
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consistent benefit; rather, the current evidence base should be understood as preliminary,

hypothesis-generating, and subject to the distortions inherent to early-phase trial reporting.

Pre-registration of future EV trials and strict adherence to CONSORT reporting standards

are necessary mitigations.

Table 2. Representative clinical trials of extracellular vesicles in COVID-19.

NCT . Key Outcomes/ Limitations/Level of
Number EV Type Phase Population Route Findings Evidence
8 .
2 x 10° nanovesicles/3 mL Uncontrolled phase ;
Adipose Severe COVID-19 Aerosol x 5 days; well tolerated, no primary endpoint
NCT04276987 . I . . . pre-specified AEs; modest o
MSC-derived EVs pneumonia inhalation . safety/tolerability;
lymphocyte increases; CT .
. . efficacy not assessable
lesion regression
Dose escalation up to 16 x
Adipose Acrosol 108 particles; two Healthy volunteers; no
NCT04313647 pose I Healthy volunteers . . non-serious AEs at 7 days; efficacy endpoint; not a
MSC-derived EVs inhalation : . : .
establishes inhaled patient population
tolerability ceiling
0.5-2 x 101 particles BID x
MSC-derived sEVs COVID-19, 10 days; no Efficacy endpoints NOT
“ ” . . moderate/severe AEs ) ]
NCT04491240  (“exosomes” per I/11 PCR-confirmed Inhalation o . met vs. placebo; small;
Sponsor) (18-65y) within 30 days; improved controlled
CRP; efficacy endpoints
unchanged vs. placebo
Pre-specified ITT primary
endpoint (60-day mortality) =~ PRIMARY ENDPOINT
NOT met (p = 0.1343); 50% NOT MET; mortality
ExoFlo™ (bone Moderate-to-severe vs. 19.2% reduction limited ~ benefit post hoc
NCT04493242 marrow MSC EVs) I COVID-19 ARDS Intravenous to post hoc subgroup aged subgroup only; CHEST
18-65 with respiratory editorial urged caution;
failure (RR 0.385, 95% CI controlled phase II
0.159-0.931, p = 0.0340)
2-5 x 10! particles/mL on
days 0, 4, 8; reported safe; Case-series/early-
Zofin (human Moderate-to-severe suppression of cytokines phase signal;
NCTO38445 o nniotic Aluid Bvs) /1 COVID-19 ARDS ~ INFFavenous (g 17 6 11..8) and uncontrolled; no formal
respiratory improvement in  efficacy endpoint met
case series
T cells activated with
SARS-CoV-2 peptides
. in vitro; 2 x 108 exosomes Phase T; results not
NCT04389385 COVID-l?-sp ecific I Early stage Inhalation 5x daily x 5 days; reported; efficacy not
T-cell-derived EVs COVID-19 . .
IFN-y-mediated viral assessable
control proposed; results
pending
. Open-label,
CD24-exosomes, Moderate-to-severe . Open-label dose escalation;
engineered COVID- Inhalation hase I: 29/30 discharged uncontrolled;
NCT04747574 & . I . (once daily x phase & 8 non-randomized;
HEK-293 (Ichilov, 19/ cytokine-storm within 5 days; targets . .
. 5 days) . primary efficacy not yet
Israel) risk cytokine release syndrome )
established
Randomized, double-blind,
CD24-exosomes Moderate-to-severe Inhalation placebo-controlled; parallel Controlled: outcome
NCT04969172  (Athens Medical 11 (once daily x  arm to NCT04747574; ¢
. COVID-19 . data not yet reported
Society, Greece) 5 days) primary outcome:
cytokine-storm attenuation
Three doses ExoFlo 15 mL
ExoFlo™, bone Moderate-to-severe Viaplaicrib g(;)_%nmaﬁ}_l Onrsgm?ft’ rp\)rtma:y
NCT05354141 marrow MSCEVs I ARDS (any etiology  Intravenous o POt B Y e e e
(Direct Biologics) incl. COVID-19) Yi y g P !

oxygen-free days, ICU-free
days; ongoing

phase III

The ExoFlo entry (NCT04493242) records that the pre-specified intention-to-treat primary endpoint was not met
and that the reported mortality reduction is a post hoc subgroup finding.
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5.3. Safety Profile and Limitations of EV-Based Therapy

Preliminary clinical studies of MSC-derived EVs in COVID-19 have indicated favorable
short-term safety; however, the current evidence base is limited and should be interpreted
with caution [93]. Most studies are small, heterogeneous in design, and conducted in
non-MM or predominantly immunocompetent COVID-19 populations, which restricts
direct extrapolation to patients with plasma cell dyscrasias, treatment-related lymphopenia,
hypogammaglobulinemia, or recent exposure to anti-CD38 or BCMA-directed therapies.
Consequently, while EVs may present theoretical advantages over parent MSCs, their safety
and success in MM-specific clinical contexts remain unestablished.

A major limitation of EV-based therapy is product heterogeneity. EV preparations can
vary depending on the parent cell source, donor-related differences, culture conditions,
and the methods used for isolation and storage. This variability contributes to differences
in EV composition, including proteins, lipids, nucleic acids, and surface molecules, which
in turn may influence their biological activity. Such inconsistencies make it difficult to
directly compare results across studies and pose challenges for standardization and re-
producibility. In addition, the lack of universally accepted classification and standardized
manufacturing and quality control frameworks continues to limit clinical translation of
EV-based therapeutics [74].

Pharmacokinetic and biodistribution profiles of EVs are not yet fully characterized.
EVs are often proposed to have favorable tissue distribution compared with parent cells
such as mesenchymal stem cells, but the extent and consistency of their in vivo localiza-
tion following systemic administration are not fully defined. Their distribution is likely
influenced by multiple factors, including route of administration, particle size, surface
molecular composition, and host physiological or inflammatory status, as well as clearance
by the mononuclear phagocyte system. As a result, key parameters such as optimal dosing,
timing of administration in relation to disease stage, treatment frequency, and targeting
efficiency remain insufficiently standardized and require further systematic evaluation.

Potential pro-thrombotic effects of EVs warrant careful evaluation, particularly in
patients with MM and severe COVID-19, both of which are independently linked to
hypercoagulability. The mechanism is specific rather than generic: tissue-factor—-bearing
microvesicles can trigger the extrinsic coagulation cascade by complexing with factor Vlla,
while phosphatidylserine-exposing vesicle surfaces provide a platform for prothrombinase
(factor Xa—Va) assembly and accelerated thrombin generation [96]. Although MSC-derived
EVs may also exert anti-inflammatory and endothelial-stabilizing effects, the biological
heterogeneity of EV preparations means their net thrombotic impact may vary with source,
purification method, cargo, and patient context. This matters acutely in MM—-COVID-
19 co-occurrence, which represents a convergence of three independent prothrombotic
pressures, MM-associated hypercoagulability, COVID-19-associated coagulopathy, and the
thrombotic risk of immunomodulatory drugs such as lenalidomide and pomalidomide,
so that even a modest procoagulant contribution from an EV product could be clinically
consequential in precisely the population proposed for treatment. Future trials should
therefore systematically monitor coagulation markers, thrombotic complications, and
interactions with anticoagulation strategies.

5.4. Application to MM Population

The minimal immunogenicity, low toxicity, and multidirectional mechanism of EVs
position them as theoretically suitable candidates for investigation in immunocompro-
mised MM patients [90]. Concurrent anti-MM therapy may also be feasible, with EVs
potentially forming part of the anti-cancer regimen given their capacity to promote an
anti-inflammatory state [97]. Furthermore, the cell-free nature of EVs makes them scalable
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and accessible, and they can be genetically engineered to carry specific compounds or target
specific cells (endothelial cells, alveolar type II epithelial cells, and alveolar macrophages),
allowing localized immunomodulation and tissue repair at sites of injury [98].

It must be explicitly stated, however, that these theoretical advantages remain unval-
idated in MM-specific clinical settings. No published trial has enrolled MM patients for
EV-based therapy in the context of COVID-19 or any respiratory viral infection. The proper-
ties described above represent mechanistically plausible advantages, not established clinical
benefits. EVs in this context should be framed as an investigational strategy warranting
rigorous disease-specific evaluation, not a treatment ready for clinical integration.

6. Future Directions and Research Priorities
6.1. Mechanistic Studies

Despite encouraging early-phase data, much remains to be understood regarding the
mechanism of action of EVs specifically in MM. Studies are needed to clarify the particles
and their therapeutic targets, enabling more targeted treatment and improved efficacy.

Identifying which cargo components (miRNA, mRNA, proteins) are responsible for the
immunomodulatory effects can aid in engineering more targeted treatments. In particular,
it should be explored whether EVs can at least partially restore the innate antiviral function
lost through daratumumab-induced NK-cell fratricide [55]. Furthermore, directing EVs
toward specific cellular targets may help determine which EV designs best alleviate the
disease burden of COVID-19 [90,99].

Future EV workflows should adhere to the MISEV (Minimum Information for Studies
of Extracellular Vesicles) and MIQE (Minimum Information for Publication of Quantita-
tive Real-Time PCR Experiments) guidelines to improve reproducibility and standardiza-
tion [100]. While recent studies have followed MISEV and MIQE, adherence has been
variable and reporting inconsistent [73,101].

Future studies should also explore combinations of established and emerging COVID-
19 treatment protocols with EVs to identify optimal routes of therapy. Much remains
unexplored regarding the timing of EV administration relative to MM treatment cycles.
COVID-19 disease course is often described in phases with differing dominant patho-
physiology, which may have implications for timing of EV-based interventions. In earlier
stages characterized by active viral replication, interventions that modulate innate antiviral
responses may be more relevant, whereas later stages marked by systemic inflammation
and endothelial injury may require approaches aimed at immune regulation and tissue
repair. However, the translational relevance of EV cargo in specifically targeting these
phases remains theoretical and requires further validation.

In MM, this temporal framework is further complicated by treatment-related immune
dysfunction. Periods following therapies such as anti-CD38 antibodies, CAR T-cell therapy,
or bispecific T-cell engagers are associated with variable degrees of lymphocyte depletion
and impaired humoral and cellular immunity. These intervals may therefore represent
phases of increased susceptibility to viral infections, although the precise duration and
clinical impact vary depending on treatment regimen and patient-specific immune recovery.
Future EV trials in MM should therefore incorporate biomarker-guided dosing using
serial IL-6, CRP, lymphocyte-subset recovery, and neutralizing antibody titers to align
intervention timing with the patient’s immune state rather than fixed empirical schedules.

6.2. Clinical Trial Priorities

For EVs to be integrated into routine clinical practice for MM patients with COVID-19,
trials designed specifically for MM patients are required. While initial studies have shown
safety and preliminary activity in general COVID-19 populations, none have focused
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solely on MM patients [91,93]. Future trials should stratify patients by treatment expo-
sure, including proteasome inhibitors, immunomodulatory drugs, anti-CD38 antibodies,
BCMA-directed CAR T-cell therapy, antibody-drug conjugates, and bispecific or other T-cell
redirecting antibodies. These therapies induce specific immune defects, NK-cell depletion,
plasma cell aplasia, hypogammaglobulinemia, T-cell dysfunction, and impaired vaccine
responsiveness, that may affect both COVID-19 susceptibility and response to EV-based
therapy. Newly diagnosed patients may warrant separate study from those who have
undergone multiple cycles of therapy.

These measures are needed from a public-health standpoint, as shown by EPI-
COVIDEHA and other cohort data demonstrating persistently elevated mortality through
consecutive viral waves, even after widespread vaccination [14,16]. With MM patients
also at elevated risk for long COVID and persistent post-COVID symptoms, there is a
need to include them in clinical trials exploring the post-acute sequelae of COVID-19 [84].
Trials should also prioritize identification of validated predictive and pharmacodynamic
biomarkers to guide patient selection and monitor treatment response [73].

6.3. Manufacturing and Regulatory Considerations

Successful clinical translation of EV-based therapeutics will require rigorous stan-
dardization of manufacturing, characterization, storage, and potency testing. Current
preparations differ by parent-cell source, donor variability, culture medium, isolation plat-
form, purification strategy, and cryopreservation conditions, all of which can influence
cargo composition and biological activity. Adoption of MISEV and MIQE reporting stan-
dards is essential to increase reproducibility, minimize inter-study variability, and support
regulatory evaluation [73,101]. Reporting guidelines alone are insufficient, however; fu-
ture studies should also implement validated potency assays, quantitative release criteria,
sterility testing, particle characterization, cargo profiling, and stability assessments under
various storage conditions [102,103].

Regulatory development is further complicated by the intermediate classification of
EVs, which share characteristics with biologic products, drug-delivery platforms, and cell-
derived therapeutics. Unlike conventional small molecules, EVs carry complex, dynamic
molecular cargo, making it difficult to identify a single active ingredient or mechanism of
action. This regulatory ambiguity is itself documented in the manufacturing and policy
literature, [74] and is especially relevant in MM, where therapeutic efficacy may depend on
concurrent anti-inflammatory, antiviral, endothelial-stabilizing, and tissue-repair effects.
Accordingly, future MM-focused trials should predefine clinically relevant biomarkers
of activity, IL-6, CRP, ferritin, D-dimer, lymphocyte subsets, neutralizing antibody re-
sponses, and markers of endothelial injury, and assess product-specific pharmacokinetics
and biodistribution.

6.4. Broader Applications in Immunocompromised Populations

The mechanisms by which EVs act suggest broader potential across immunocompro-
mised populations [104,105]. Patients with other hematological malignancies, recipients
of allogeneic hematopoietic cell transplantation, and individuals on B-cell-depleting or
immunosuppressive therapies for autoimmune disease share similar vulnerabilities in
immune response and disproportionately severe outcomes from respiratory viral infections
such as influenza, respiratory syncytial virus, and adenovirus [105].

Establishing MM as the index population for this line of investigation could of-
fer insight into translating EV therapy into a broader range of immunocompromised
disease states.

https://doi.org/10.3390 /biomedicines14071617


https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617

18 of 24

7. Conclusions

The convergence of MM and COVID-19 represents a uniquely high-risk clinical in-
tersection defined by profound immune dysregulation and an amplified inflammatory
response. A prominent shared amplifier of this interaction is the IL-6 axis, which intensifies
systemic inflammation and contributes to adverse outcomes; as developed throughout this
review, however, IL-6 acts within a redundant, multidirectional network rather than as the
single governing driver. Despite advances in vaccination and supportive care, patients with
MM continue to experience suboptimal immune protection and remain highly vulnerable
to severe SARS-CoV-2 infection and its complications.

Emerging evidence supports the theoretical potential of MSC-derived EVs as a novel,
cell-free strategy that may simultaneously target multiple pathogenic pathways. By modu-
lating cytokine responses, restoring immune homeostasis, and promoting tissue repair, EVs
offer conceptual advantages over conventional single-target immunomodulatory therapies.
Their favorable short-term safety profile, low immunogenicity, and potential compati-
bility with ongoing anti-myeloma treatment further support their investigation in this
complex population.

However, translation into routine practice requires rigorous mechanistic studies, stan-
dardized manufacturing protocols, and well-designed clinical trials specifically targeting
MM patients. Ultimately, EV-based therapies may eventually contribute to the management
of severe viral infections in immunocompromised hosts, potentially extending beyond
COVID-19 to broader infectious and inflammatory conditions.

The mechanistic properties of MSC-derived EVs, multimodal cytokine modulation,
macrophage reprogramming toward an anti-inflammatory M2 phenotype, restoration of
endothelial integrity, and promotion of alveolar repair, align conceptually with the multi-
node pathophysiology described in this review. Unlike single-target agents such as IL-6
or JAK inhibitors, EVs theoretically address several pathogenic processes simultaneously,
which is precisely the property required in a condition as immunologically complex as MM
co-infected with SARS-CoV-2. This mechanistic alignment, however, must not be conflated
with clinical efficacy. The existing evidence derives entirely from early-phase studies in
non-MM, predominantly immunocompetent populations, is subject to publication bias,
includes a flagship randomized trial whose pre-specified primary endpoint was not met,
and cannot be directly extrapolated to the MM-specific immune landscape. EVs should
therefore be positioned as a mechanistically compelling but investigational strategy. While
well-motivated by existing pathophysiology, this approach demands rigorous, MM-specific
clinical evaluation before any adoption into practice.
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Abbreviations

The following abbreviations are used in this manuscript:

AE Adverse event
ARDS Acute respiratory distress syndrome
BCMA B-cell maturation antigen
BID Twice daily
CAR Chimeric antigen receptor
CI Confidence interval
COVID-19 Coronavirus disease 2019
CRP C-reactive protein
EV Extracellular vesicle
GPRC5D G protein-coupled receptor family C group 5 member D
IFN Interferon
IL Interleukin
ITT Intention-to-treat
JAK Janus kinase
MHC Major histocompatibility complex
miRNA MicroRNA
MM Multiple myeloma
MSC Mesenchymal stem cell
NK Natural killer
PCR Polymerase chain reaction
RR Relative risk
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
sEV Small extracellular vesicle
TGF-3 Transforming growth factor-beta
TNF Tumor necrosis factor
VFD Ventilator-free days
References
1.  Palumbo, A.; Anderson, K. Multiple Myeloma. N. Engl. J. Med. 2011, 364, 1046-1060. [CrossRef] [PubMed]

Pratt, G.; Goodyear, O.; Moss, P. Inmunodeficiency and Immunotherapy in Multiple Myeloma. Br. ]. Haematol. 2007, 138, 563-579.
[CrossRef] [PubMed]

Nakamura, K.; Smyth, M.].; Martinet, L. Cancer Inmunoediting and Immune Dysregulation in Multiple Myeloma. Blood 2020,
136, 2731-2740. [CrossRef] [PubMed]

Dasanu, C. Immune Alterations in Untreated and Treated Multiple Myeloma. J. Oncol. Pharm. Pract. 2012, 18, 257-263. [PubMed]
Noonan, K.; Borrello, I. The Immune Microenvironment of Myeloma. Cancer Microenviron. 2011, 4, 313-323. [CrossRef] [PubMed]
Ontiveros, ].L.L.; Rajme-Lépez, S.; Orozco, A.; Rodriguez-Rodriguez, S.; Riviello-Goya, S.; Seidman-Sorsby, A.; Aguayo, A.;
Martinez-Bafios, D. Infectious Complications and Their Relationship with Mortality in Patients Newly Diagnosed with Multiple
Myeloma. Blood 2022, 140, 12508-12509. [CrossRef]

Lin, C.; Shen, H.; Zhou, S.; Liu, M.; Xu, A.; Huang, S.; Shen, C.; Zhou, F. Assessment of Infection in Newly Diagnosed Multiple
Myeloma Patients: Risk Factors and Main Characteristics. BMC Infect. Dis. 2020, 20, 699. [CrossRef] [PubMed]

Giralt, S.; Jolles, S.; Kerre, T.; Lazarus, H.M.; Mustafa, S.S.; Papanicolaou, G.A.; Ria, R.; Vinh, D.C.; Wingard, ].R. Recommendations
for Management of Secondary Antibody Deficiency in Multiple Myeloma. Clin. Lymphoma Myeloma Leuk. 2023, 23, 719-732.
[CrossRef] [PubMed]

Dosani, T.; Carlsten, M.; Maric, I.; Landgren, O. The Cellular Inmune System in Myelomagenesis: NK Cells and T Cells in the
Development of MM and Their Uses in Immunotherapies. Blood Cancer J. 2015, 5, €306. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14071617


https://doi.org/10.1056/NEJMra1011442
https://www.ncbi.nlm.nih.gov/pubmed/21410373
https://doi.org/10.1111/j.1365-2141.2007.06705.x
https://www.ncbi.nlm.nih.gov/pubmed/17686051
https://doi.org/10.1182/blood.2020006540
https://www.ncbi.nlm.nih.gov/pubmed/32645135
https://www.ncbi.nlm.nih.gov/pubmed/21859744
https://doi.org/10.1007/s12307-011-0086-3
https://www.ncbi.nlm.nih.gov/pubmed/21866321
https://doi.org/10.1182/blood-2022-167882
https://doi.org/10.1186/s12879-020-05412-w
https://www.ncbi.nlm.nih.gov/pubmed/32972385
https://doi.org/10.1016/j.clml.2023.05.008
https://www.ncbi.nlm.nih.gov/pubmed/37353432
https://doi.org/10.1038/bcj.2015.32
https://www.ncbi.nlm.nih.gov/pubmed/25885426
https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617 20 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chen, M.; Zhao, Y.; Xu, C.; Wang, X.; Zhang, X.; Mao, B. Inmunomodulatory Drugs and the Risk of Serious Infection in Multiple
Myeloma: Systematic Review and Meta-Analysis of Randomized and Observational Studies. Ann. Hematol. 2018, 97, 925-944.
[CrossRef] [PubMed]

Li, Y; Tong, Y.; Zheng, Y.; Sun, H. Lenalidomide and the Risk of Serious Infection in Patients with Multiple Myeloma: A Systematic
Review and Meta-Analysis. Oncotarget 2017, 8, 46593-46600. [CrossRef] [PubMed]

Lancman, G.; Parsa, K.; Kotlarz, K.; Avery, L.; Lurie, A.; Lieberman-Cribbin, A.; Cho, H.J.; Parekh, S.S.; Richard, S.; Richter, J.;
et al. IVIg Use Associated with Ten-Fold Reduction of Serious Infections in Multiple Myeloma Patients Treated with Anti-BCMA
Bispecific Antibodies. Blood Cancer Discov. 2023, 4, 440—-451. [CrossRef] [PubMed]

Wang, Y.; Li, C; Xia, J.; Li, P; Cao, J.; Pan, B.; Tan, X,; Li, H.; Qi, K.; Wang, X.; et al. Humoral Immune Reconstitution after
Anti-BCMA CAR T-Cell Therapy in Relapsed/Refractory Multiple Myeloma. Blood Adv. 2021, 5, 5290-5299. [CrossRef] [PubMed]
Hultcrantz, M.; Richter, J.; Rosenbaum, C.A.; Patel, D.; Smith, E.L.; Korde, N.; Lu, S.X.; Mailankody, S.; Shah, U.A.; Lesokhin,
A.M,; et al. COVID-19 Infections and Clinical Outcomes in Patients with Multiple Myeloma in New York City: A Cohort Study
from Five Academic Centers. Blood Cancer Discov. 2020, 1, 234-243. [CrossRef] [PubMed]

Chari, A.; Samur, M.; Martinez-Lopez, ]. Clinical Features Associated with COVID-19 Outcome in Multiple Myeloma: First
Results from the International Myeloma Society Data Set. Blood 2020, 136, 3033-3040. [CrossRef] [PubMed]

Musto, P; Salmanton-Garcia, J.; Sgherza, N.; Bergantim, R.; Farina, E; Glenthgj, A. Survival in Multiple Myeloma and SARS-CoV-2
Infection through the COVID-19 Pandemic: Results from the EPICOVIDEHA Registry. Hematol. Oncol. 2024, 42, €3240. [PubMed]
Martinez-Lopez, J.; Hernandez-Ibarburu, G.; Alonso, R.; Sanchez-Pina, ].M.; Zamanillo, I.; Lopez-Mufioz, N.; Ifiiguez, R.; Cuellar,
C.; Calbacho, M.; Paciello, M.L.; et al. Impact of COVID-19 in Patients with Multiple Myeloma Based on a Global Data Network.
Blood Cancer J. 2021, 11, 198. [CrossRef] [PubMed]

Chuleerarux, N.; Manothummetha, K.; Moonla, C.; Sanguankeo, A.; Kates, O.S.; Hirankarn, N.; Phongkhun, K.; Thanakitcharu, J.;
Leksuwankun, S.; Meejun, T.; et al. Immunogenicity of SARS-CoV-2 Vaccines in Patients with Multiple Myeloma: A Systematic
Review and Meta-Analysis. Blood Adv. 2022, 6, 6198-6207. [CrossRef] [PubMed]

Aleman, A.; Upadhyaya, B.; Tuballes, K.; Kappes, K.; Gleason, C.R.; Beach, K.; Agte, S; Srivastava, K.; Andre, D.; Azad, A.; et al.
Variable Cellular Responses to SARS-CoV-2 in Fully Vaccinated Patients with Multiple Myeloma. Cancer Cell 2021, 39, 1442-1444.
[CrossRef] [PubMed]

Azeem, M.L; Nooka, A K.; Shanmugasundaram, U.; Cheedarla, N.; Potdar, S.; Manalo, R.J.; Moreno, A.; Switchenko, ].M.;
Cheedarla, S.; Doxie, D.B.; et al. Impaired SARS-CoV-2 Variant Neutralization and CD8" T-Cell Responses Following 3 Doses
of mRNA Vaccines in Myeloma: Correlation with Breakthrough Infections. Blood Cancer Discov. 2023, 4, 106-117. [CrossRef]
[PubMed]

Van Oekelen, O.; Gleason, C.; Agte, S.; Srivastava, K.; Beach, K.; Aleman, A. Highly Variable SARS-CoV-2 Spike Antibody
Responses to Two Doses of COVID-19 RNA Vaccination in Patients with Multiple Myeloma. Cancer Cell 2021, 39, 1028-1030.
[CrossRef] [PubMed]

Aleman, A.; van Kesteren, M.; Zajdman, A.K,; Srivastava, K.; Cognigni, C.; Mischka, J.; Chen, L.Y.; Upadhyaya, B.; Serebryakova,
K.; Nardulli, J.R.; et al. Cellular Mechanisms Associated with Sub-Optimal Immune Responses to SARS-CoV-2 Bivalent Booster
Vaccination in Patients with Multiple Myeloma. eBioMedicine 2023, 98, 104886. [CrossRef] [PubMed]

Wang, L.; Berger, N.A.; Xu, R. Risks of SARS-CoV-2 Breakthrough Infection and Hospitalization in Fully Vaccinated Patients With
Multiple Myeloma. JAMA Netw. Open 2021, 4, €2137575. [CrossRef] [PubMed]

Bhaskar, S.; Sinha, A.; Banach, M.; Mittoo, S.; Weissert, R.; Kass, ].S.; Rajagopal, S.; Pai, A.R.; Kutty, S. Cytokine Storm in COVID-
19—Immunopathological Mechanisms, Clinical Considerations, and Therapeutic Approaches: The REPROGRAM Consortium
Position Paper. Front. Immunol. 2020, 11, 1648. [CrossRef] [PubMed]

Montazersaheb, S.; Hosseiniyan Khatibi, S.M.; Hejazi, M.S.; Tarhriz, V.; Farjami, A.; Ghasemian Sorbeni, F.; Farahzadi, R,;
Ghasemnejad, T. COVID-19 Infection: An Overview on Cytokine Storm and Related Interventions. Virol. J. 2022, 19, 92. [CrossRef]
[PubMed]

Giannakodimos, I.; Gkountana, G.-V.; Lykouras, D.; Karkoulias, K.; Tsakas, S. The Role of Interleukin-6 in the Pathogenesis,
Prognosis and Treatment of Severe COVID-19. Curr. Med. Chem. 2021, 28, 5328-5338. [CrossRef] [PubMed]

Sebbar, E.-H.; Choukri, M. Interleukin 6: A Biomarker for COVID-19 Progression. Mater. Today Proc. 2023, 72, 3351-3355.
[CrossRef] [PubMed]

Santa Cruz, A.; Mendes-Frias, A.; Oliveira, A.L; Dias, L.; Matos, A.R.; Carvalho, A.; Capela, C.; Pedrosa, J.; Castro, A.G; Silvestre,
R. Interleukin-6 Is a Biomarker for the Development of Fatal Severe Acute Respiratory Syndrome Coronavirus 2 Pneumonia.
Front. Immunol. 2021, 12, 613422. [CrossRef] [PubMed]

Klein, B.; Zhang, X.G.; Jourdan, M.; Boiron, ].M.; Portier, M.; Lu, Z.Y.; Wijdenes, ].; Brochier, ].; Bataille, R. Interleukin-6 Is the
Central Tumor Growth Factor in Vitro and in Vivo in Multiple Myeloma. Eur. Cytokine Netw. 1990, 1, 193-201. [PubMed]

Gado, K.; Domjan, G.; Hegyesi, H.; Falus, A. Role of Interleukin-6 in the Pathogenesis of Multiple Myeloma. Cell Biol. Int. 2000,
24,195-209. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14071617


https://doi.org/10.1007/s00277-018-3284-y
https://www.ncbi.nlm.nih.gov/pubmed/29500711
https://doi.org/10.18632/oncotarget.16235
https://www.ncbi.nlm.nih.gov/pubmed/28423741
https://doi.org/10.1158/2643-3230.BCD-23-0049
https://www.ncbi.nlm.nih.gov/pubmed/37769148
https://doi.org/10.1182/bloodadvances.2021004603
https://www.ncbi.nlm.nih.gov/pubmed/34587230
https://doi.org/10.1158/2643-3230.BCD-20-0102
https://www.ncbi.nlm.nih.gov/pubmed/34651141
https://doi.org/10.1182/blood.2020008150
https://www.ncbi.nlm.nih.gov/pubmed/33367546
https://www.ncbi.nlm.nih.gov/pubmed/38050405
https://doi.org/10.1038/s41408-021-00588-z
https://www.ncbi.nlm.nih.gov/pubmed/34893583
https://doi.org/10.1182/bloodadvances.2022008530
https://www.ncbi.nlm.nih.gov/pubmed/36538342
https://doi.org/10.1016/j.ccell.2021.09.015
https://www.ncbi.nlm.nih.gov/pubmed/34706273
https://doi.org/10.1158/2643-3230.BCD-22-0173
https://www.ncbi.nlm.nih.gov/pubmed/36511813
https://doi.org/10.1016/j.ccell.2021.06.014
https://www.ncbi.nlm.nih.gov/pubmed/34242572
https://doi.org/10.1016/j.ebiom.2023.104886
https://www.ncbi.nlm.nih.gov/pubmed/37995467
https://doi.org/10.1001/jamanetworkopen.2021.37575
https://www.ncbi.nlm.nih.gov/pubmed/34812850
https://doi.org/10.3389/fimmu.2020.01648
https://www.ncbi.nlm.nih.gov/pubmed/32754159
https://doi.org/10.1186/s12985-022-01814-1
https://www.ncbi.nlm.nih.gov/pubmed/35619180
https://doi.org/10.2174/0929867328666201209100259
https://www.ncbi.nlm.nih.gov/pubmed/33297909
https://doi.org/10.1016/j.matpr.2022.07.387
https://www.ncbi.nlm.nih.gov/pubmed/35937954
https://doi.org/10.3389/fimmu.2021.613422
https://www.ncbi.nlm.nih.gov/pubmed/33679753
https://www.ncbi.nlm.nih.gov/pubmed/2104241
https://doi.org/10.1006/cbir.2000.0497
https://www.ncbi.nlm.nih.gov/pubmed/10816321
https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617 21 of 24

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Manier, S.; Sacco, A.; Leleu, X.; Ghobrial, LM.; Roccaro, A.M. Bone Marrow Microenvironment in Multiple Myeloma Progression.
J. Biomed. Biotechnol. 2012, 2012, 157496. [CrossRef] [PubMed]

Velazquez-Salinas, L.; Verdugo-Rodriguez, A.; Rodriguez, L.L.; Borca, M.V. The Role of Interleukin 6 During Viral Infections.
Front. Microbiol. 2019, 10, 1057. [CrossRef] [PubMed]

Auroni, T.T; Arora, K.; Natekar, J.P; Pathak, H.; Elsharkawy, A.; Kumar, M. The Critical Role of Interleukin-6 in Protection against
Neurotropic Flavivirus Infection. Front. Cell. Infect. Microbiol. 2023, 13, 1275823. [CrossRef] [PubMed]

Sgherza, N.; Curci, P; Strafella, V,; Rizzi, R.; Musto, P. Implications of Interleukin-6 (IL-6)-Blockade for Severe COVID-19 Infection
in Patients with Multiple Myeloma. Acta Biomed. Atenei Parm. 2021, 92, €2021205. [CrossRef] [PubMed]

Turnquist, C.; Ryan, B.M.; Horikawa, L.; Harris, B.T.; Harris, C.C. Cytokine Storms in Cancer and COVID-19. Cancer Cell 2020, 38,
598-601. [CrossRef] [PubMed]

Mahmud, S.; Hossain, M.E.; Muyeed, A.; Nazneen, S.; Haque, M.A.; Mazumder, H.; Mohsin, M. Risk Assessment and Clinical
Implications of COVID-19 in Multiple Myeloma Patients: A Systematic Review and Meta-Analysis. PLoS ONE 2024, 19, e0308463.
[CrossRef] [PubMed]

Pagano, L.; Salmanton-Garcia, J.; Marchesi, F.; Busca, A.; Corradini, P.; Hoenigl, M.; Klimko, N.; Koehler, P.; Pagliuca, A.;
Passamonti, F.; et al. COVID-19 Infection in Adult Patients with Hematological Malignancies: A European Hematology
Association Survey (EPICOVIDEHA). |. Hematol. Oncol. 2021, 14, 168. [CrossRef] [PubMed]

Salmanton-Garcia, J.; Marchesi, F.; Farina, F.; Weinbergerovd, B.; Itri, F.; Davila-Valls, J.; Martin-Pérez, S.; Glenthej, A.; Hersby,
D.S.; Gomes da Silva, M.; et al. Decoding the Historical Tale: COVID-19 Impact on Haematological Malignancy Patients—
EPICOVIDEHA Insights from 2020 to 2022. EClinicalMedicine 2024, 71, 102553. [CrossRef] [PubMed]

Ho, M; Zanwar, S.; Buadi, F; Ailawadhi, S.; Larsen, J.; Bergsagel, L. Risk Factors for Severe Infection and Mortality in Patients
with COVID-19 in Patients with Multiple Myeloma and AL Amyloidosis. Am. J. Hematol. 2023, 98, 49-55. [PubMed]

Mohamed, A.H.; Ahmed, A.T.; Al Abdulmonem, W.; Bokov, D.O.; Shafie, A.; Al-Hetty, HR.A.K.; Hsu, C.-Y.; Alissa, M.; Nazir, S.;
Jamali, M.C.; et al. Interleukin-6 Serves as a Critical Factor in Various Cancer Progression and Therapy. Med. Oncol. 2024, 41, 182.
[CrossRef] [PubMed]

Hideshima, T.; Podar, K.; Chauhan, D.; Anderson, K.C. Cytokines and Signal Transduction. Best Pract. Res. Clin. Haematol. 2005,
18, 509-524. [CrossRef] [PubMed]

Gupta, V.A.; Matulis, S.M.; Conage-Pough, J.E.; Nooka, AK,; Kaufman, J.L.; Lonial, S.; Boise, L.H. Bone Marrow
Microenvironment-Derived Signals Induce Mcl-1 Dependence in Multiple Myeloma. Blood 2017, 129, 1969-1979. [CrossRef]
[PubMed]

Abdi, J.; Engels, F; Garssen, J.; Redegeld, F. The Role of Toll-like Receptor Mediated Signalling in the Pathogenesis of Multiple
Myeloma. Crit. Rev. Oncol. Hematol. 2011, 80, 225-240. [CrossRef] [PubMed]

Tan, Y.; Tang, F. SARS-CoV-2-Mediated Immune System Activation and Potential Application in Immunotherapy. Med. Res. Rev.
2020, 41, 1167-1194. [CrossRef] [PubMed]

Galvan-Roman, ].M.; Rodriguez-Garcia, S.C.; Roy-Vallejo, E.; Marcos-Jimenez, A.; Sanchez-Alonso, S.; Fernandez-Diaz, C.;
Alcaraz-Serna, A.; Mateu-Albero, T.; Rodriguez-Cortes, P.; Sanchez-Cerrillo, I.; et al. IL-6 Serum Levels Predict Severity and
Response to Tocilizumab in COVID-19: An Observational Study. J. Allergy Clin. Immunol. 2020, 147, 72-80. [CrossRef] [PubMed]
Chau, A.S.; Weber, A.G.; Maria, N.I; Narain, S.; Liu, A.; Hajizadeh, N.; Malhotra, P.; Bloom, O.; Marder, G.; Kaplan, B. The
Longitudinal Immune Response to Coronavirus Disease 2019: Chasing the Cytokine Storm. Arthritis Rheumatol. 2020, 73, 23-35.
[CrossRef] [PubMed]

Castro, P; Palomo, M.; Moreno-Castano, A.B.; Fernandez, S.; Torramade-Moix, S.; Pascual, G.; Martinez-Sanchez, J.; Richardson,
E.; Tellez, A; Nicolas, ].M.; et al. Is the Endothelium the Missing Link in the Pathophysiology and Treatment of COVID-19
Complications? Cardiovasc. Drugs Ther. 2021, 36, 547-560. [CrossRef] [PubMed]

Rosas, 1.O.; Brau, N.; Waters, M.; Go, R.C.; Hunter, B.D.; Bhagani, S.; Skiest, D.; Aziz, M.S.; Cooper, N.; Douglas, 1.S.; et al.
Tocilizumab in Hospitalized Patients with Severe COVID-19 Pneumonia. N. Engl. |. Med. 2021, 384, 1503-1516. [CrossRef]
[PubMed]

Gordon, A.C.; Mouncey, PR.; Al-Beidh, E; Rowan, K.M.; Nichol, A.D.; Arabi, YM.; Annane, D.; Beane, A.; van Bentum-Puijk,
W.; Berry, L.R,; et al. Interleukin-6 Receptor Antagonists in Critically Ill Patients with COVID-19. N. Engl. . Med. 2021, 384,
1491-1502. [CrossRef] [PubMed]

RECOVERY Collaborative Group. Tocilizumab in Patients Admitted to Hospital with COVID-19 (RECOVERY): A Randomised,
Controlled, Open-Label, Platform Trial. Lancet 2021, 397, 1637-1645. [CrossRef] [PubMed]

Gorgtin, G.T.; Whitehill, G.; Anderson, J.L.; Hideshima, T.; Maguire, C.; Laubach, J.; Raje, N.; Munshi, N.C.; Richardson,
P.G.; Anderson, K.C. Tumor-Promoting Immune-Suppressive Myeloid-Derived Suppressor Cells in the Multiple Myeloma
Microenvironment in Humans. Blood 2013, 121, 2975-2987. [CrossRef] [PubMed]

Solimando, A.G.; Malerba, E.; Leone, P; Prete, M.; Terragna, C.; Cavo, M.; Racanelli, V. Drug Resistance in Multiple Myeloma:
Soldiers and Weapons in the Bone Marrow Niche. Front. Oncol. 2022, 12, 973836. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14071617


https://doi.org/10.1155/2012/157496
https://www.ncbi.nlm.nih.gov/pubmed/23093834
https://doi.org/10.3389/fmicb.2019.01057
https://www.ncbi.nlm.nih.gov/pubmed/31134045
https://doi.org/10.3389/fcimb.2023.1275823
https://www.ncbi.nlm.nih.gov/pubmed/38053527
https://doi.org/10.23750/abm.v92i2.11395
https://www.ncbi.nlm.nih.gov/pubmed/33988136
https://doi.org/10.1016/j.ccell.2020.09.019
https://www.ncbi.nlm.nih.gov/pubmed/33038939
https://doi.org/10.1371/journal.pone.0308463
https://www.ncbi.nlm.nih.gov/pubmed/39241024
https://doi.org/10.1186/s13045-021-01177-0
https://www.ncbi.nlm.nih.gov/pubmed/34649563
https://doi.org/10.1016/j.eclinm.2024.102553
https://www.ncbi.nlm.nih.gov/pubmed/38533127
https://www.ncbi.nlm.nih.gov/pubmed/36226510
https://doi.org/10.1007/s12032-024-02422-5
https://www.ncbi.nlm.nih.gov/pubmed/38900329
https://doi.org/10.1016/j.beha.2005.01.003
https://www.ncbi.nlm.nih.gov/pubmed/16026734
https://doi.org/10.1182/blood-2016-10-745059
https://www.ncbi.nlm.nih.gov/pubmed/28151428
https://doi.org/10.1016/j.critrevonc.2010.12.001
https://www.ncbi.nlm.nih.gov/pubmed/21236697
https://doi.org/10.1002/med.21756
https://www.ncbi.nlm.nih.gov/pubmed/33185926
https://doi.org/10.1016/j.jaci.2020.09.018
https://www.ncbi.nlm.nih.gov/pubmed/33010257
https://doi.org/10.1002/art.41526
https://www.ncbi.nlm.nih.gov/pubmed/32929876
https://doi.org/10.1007/s10557-021-07207-w
https://www.ncbi.nlm.nih.gov/pubmed/34097193
https://doi.org/10.1056/NEJMoa2028700
https://www.ncbi.nlm.nih.gov/pubmed/33631066
https://doi.org/10.1056/NEJMoa2100433
https://www.ncbi.nlm.nih.gov/pubmed/33631065
https://doi.org/10.1016/S0140-6736(21)00676-0
https://www.ncbi.nlm.nih.gov/pubmed/33933206
https://doi.org/10.1182/blood-2012-08-448548
https://www.ncbi.nlm.nih.gov/pubmed/23321256
https://doi.org/10.3389/fonc.2022.973836
https://www.ncbi.nlm.nih.gov/pubmed/36212502
https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617 22 of 24

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

Susek, K.H.; Gran, C.; Ljunggren, H.; Alici, E.; Nahi, H. Outcome of COVID-19 in Multiple Myeloma Patients in Relation to
Treatment. Eur. |. Haematol. 2020, 105, 751-754. [CrossRef] [PubMed]

Kulikowska de Nalecz, A.; Ciszak, L.; Usnarska-Zubkiewicz, L.; Frydecka, I.; Pawlak, E.; Szmyrka, M.; Kosmaczewska, A.
Deregulated Expression of Immune Checkpoints on Circulating CD4 T Cells May Complicate Clinical Outcome and Response to
Treatment with Checkpoint Inhibitors in Multiple Myeloma Patients. Int. J. Mol. Sci. 2021, 22, 9298. [CrossRef] [PubMed]
Wang, Y.; Zhang, Y.; Hughes, T.; Zhang, J.; Caligiuri, M.A.; Benson, D.M.; Yu, J. Fratricide of NK Cells in Daratumumab Therapy
for Multiple Myeloma Overcome by Ex Vivo-Expanded Autologous NK Cells. Clin. Cancer Res. 2018, 24, 4006—-4017. [CrossRef]
[PubMed]

Pasiarski, M.; Grywalska, E.; Kosmaczewska, A.; Golodz, S.; Steckiewicz, P.; Garus, B.; Bilski, M.; Hymos, A.; Rolinski, J.
Assessment of Peripheral Blood and Bone Marrow T, NK, NKT and Dendritic Cells in Patients with Multiple Myeloma. Postep.
Hig. Med. Dosw. Online 2015, 69, 1435-1442.

Bi, E.; Li, R,; Bover, L.C.; Li, H.; Su, P; Ma, X.; Huang, C.; Wang, Q.; Liu, L.; Yang, M.; et al. E-Cadherin Expression on Multiple
Myeloma Cells Activates Tumor-Promoting Properties in Plasmacytoid DCs. J. Clin. Investig. 2018, 128, 4821-4831. [CrossRef]
[PubMed]

Angleitner, A.C.; Levien, L.; Buntzel, J. Prolonged Viral Shedding of SARS-CoV-2 in Patients With Underlying Haemato-
Oncological Disease. In Vivo 2025, 39, 844-850. [CrossRef] [PubMed]

Perez-Lago, L.; Aldamiz-Echevarria, T.; Garcia-Martinez, R.; Perez-Latorre, L.; Herranz, M.; Sola-Campoy, P.J.; Suarez-Gonzalez,
J.; Martinez-Laperche, C.; Comas, I.; Gonzalez-Candelas, F.; et al. Different Within-Host Viral Evolution Dynamics in Severely
Immunosuppressed Cases with Persistent SARS-CoV-2. Biomedicines 2021, 9, 808. [CrossRef] [PubMed]

Nussenblatt, V.; Roder, A.E.; Das, S.; de Wit, E.; Youn, J.-H.; Banakis, S.; Mushegian, A.; Mederos, C.; Wang, W.; Chung, M; et al.
Year-Long COVID-19 Infection Reveals within-Host Evolution of SARS-CoV-2 in a Patient with B Cell Depletion. medRxiv 2021.
[CrossRef] [PubMed]

Guo, B.-C.; Wu, K.-H.; Chen, C.-Y;; Lin, W.-Y,; Chang, Y.-].; Lee, T.-A,; Lin, M.-].; Wu, H.-P. Mesenchymal Stem Cells in the
Treatment of COVID-19. Int. . Mol. Sci. 2023, 24, 14800. [CrossRef] [PubMed]

Zhou, Y.; Yamamoto, Y.; Xiao, Z.; Ochiya, T. The Inmunomodulatory Functions of Mesenchymal Stromal/Stem Cells Mediated
via Paracrine Activity. J. Clin. Med. 2019, 8, 1025. [CrossRef] [PubMed]

Leng, Z.; Zhu, R.; Hou, W,; Feng, Y.; Yang, Y.; Han, Q.; Shan, G.; Meng, F,; Du, D.; Wang, S.; et al. Transplantation of ACE2-
Mesenchymal Stem Cells Improves the Outcome of Patients with COVID-19 Pneumonia. Aging Dis. 2020, 11, 216-228. [CrossRef]
[PubMed]

Yan, C.; Hu, M,; Dai, R. Safety and Efficacy of Mesenchymal Stem Cells in COVID-19 Patients: A Systematic Review and
Meta-Analysis. Immun. Inflamm. Dis. 2023, 11, e1000. [CrossRef] [PubMed]

Ankrum, J.; Karp, ].M. Mesenchymal Stem Cell Therapy: Two Steps Forward, One Step Back. Trends Mol. Med. 2010, 16, 203—-209.
[CrossRef] [PubMed]

Johnson, C.L.; Soeder, Y.; Dahlke, M.H. Concise Review: Mesenchymal Stromal Cell-Based Approaches for the Treatment of
Acute Respiratory Distress and Sepsis Syndromes. Stem Cells Transl. Med. 2017, 6, 1141-1151. [CrossRef] [PubMed]

Linkova, D.D.; Rubtsova, Y.P.; Egorikhina, M.N. Cryostorage of Mesenchymal Stem Cells and Biomedical Cell-Based Products.
Cells 2022, 11, 2691. [CrossRef] [PubMed]

Savcy, D.; Isik, G.; Hizliok, S.; Erbas, O. Exosomes and Microvesicles. |. Exp. Basic Med. Sci. 2024, 5, 019-032.

Penfornis, P; Vallabhaneni, K.C.; Whitt, J.; Pochampally, R. Extracellular Vesicles as Carriers of microRNA, Proteins and Lipids in
Tumor Microenvironment. Int. J. Cancer 2016, 138, 14-21. [CrossRef] [PubMed]

Kumar, M.A.; Baba, S.K.; Sadida, H.Q.; Marzoogqi, S.A.; Jerobin, J.; Altemani, FH.; Algehainy, N.; Alanazi, M.A.; Abou-Samra,
A.-B.; Kumar, R.; et al. Extracellular Vesicles as Tools and Targets in Therapy for Diseases. Signal Transduct. Target. Ther. 2024, 9,
27. [CrossRef] [PubMed]

Kou, M.; Huang, L.; Yang, J.; Chiang, Z.; Chen, S.; Liu, J.; Guo, L.; Zhang, X.; Zhou, X.; Xu, X.; et al. Mesenchymal Stem
Cell-Derived Extracellular Vesicles for Inmunomodulation and Regeneration: A next Generation Therapeutic Tool? Cell Death
Dis. 2022, 13, 580. [CrossRef] [PubMed]

Herndndez-Diazcouder, A.; Diaz-Godinez, C.; Carrero, J.C. Extracellular Vesicles in COVID-19 Prognosis, Treatment, and
Vaccination: An Update. Appl. Microbiol. Biotechnol. 2023, 107, 2131-2141. [CrossRef] [PubMed]

Welsh, J.; Goberdhan, D.; O’Driscoll, L. Minimal Information for Studies of Extracellular Vesicles (MISEV2023): From Basic to
Advanced Approaches. J. Extracell. Vesicles 2024, 13, e12404. [CrossRef] [PubMed]

Wang, C.; Tsai, T.; Lee, C. Regulation of Exosomes as Biologic Medicines: Regulatory Challenges Faced in Exosome Development
and Manufacturing Processes. Clin. Transl. Sci. 2024, 17, €13904. [CrossRef] [PubMed]

Sbarigia, C.; Vardanyan, D.; Buccini, L.; Tacconi, S.; Dini, L. SARS-CoV-2 and Extracellular Vesicles: An Intricate Interplay in
Pathogenesis, Diagnosis and Treatment. Front. Nanotechnol. 2022, 4, 987034. [CrossRef]

https:/ /doi.org/10.3390/biomedicines14071617


https://doi.org/10.1111/ejh.13502
https://www.ncbi.nlm.nih.gov/pubmed/32745304
https://doi.org/10.3390/ijms22179298
https://www.ncbi.nlm.nih.gov/pubmed/34502204
https://doi.org/10.1158/1078-0432.CCR-17-3117
https://www.ncbi.nlm.nih.gov/pubmed/29666301
https://doi.org/10.1172/JCI121421
https://www.ncbi.nlm.nih.gov/pubmed/30277474
https://doi.org/10.21873/invivo.13887
https://www.ncbi.nlm.nih.gov/pubmed/40010969
https://doi.org/10.3390/biomedicines9070808
https://www.ncbi.nlm.nih.gov/pubmed/34356872
https://doi.org/10.1101/2021.10.02.21264267
https://www.ncbi.nlm.nih.gov/pubmed/34642697
https://doi.org/10.3390/ijms241914800
https://www.ncbi.nlm.nih.gov/pubmed/37834246
https://doi.org/10.3390/jcm8071025
https://www.ncbi.nlm.nih.gov/pubmed/31336889
https://doi.org/10.14336/AD.2020.0228
https://www.ncbi.nlm.nih.gov/pubmed/32257537
https://doi.org/10.1002/iid3.1000
https://www.ncbi.nlm.nih.gov/pubmed/37773722
https://doi.org/10.1016/j.molmed.2010.02.005
https://www.ncbi.nlm.nih.gov/pubmed/20335067
https://doi.org/10.1002/sctm.16-0415
https://www.ncbi.nlm.nih.gov/pubmed/28186706
https://doi.org/10.3390/cells11172691
https://www.ncbi.nlm.nih.gov/pubmed/36078098
https://doi.org/10.1002/ijc.29417
https://www.ncbi.nlm.nih.gov/pubmed/25559768
https://doi.org/10.1038/s41392-024-01735-1
https://www.ncbi.nlm.nih.gov/pubmed/38311623
https://doi.org/10.1038/s41419-022-05034-x
https://www.ncbi.nlm.nih.gov/pubmed/35787632
https://doi.org/10.1007/s00253-023-12468-6
https://www.ncbi.nlm.nih.gov/pubmed/36917275
https://doi.org/10.1002/jev2.12404
https://www.ncbi.nlm.nih.gov/pubmed/38326288
https://doi.org/10.1111/cts.13904
https://www.ncbi.nlm.nih.gov/pubmed/39115257
https://doi.org/10.3389/fnano.2022.987034
https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617 23 of 24

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Xia, X.; Yuan, P; Liu, Y.; Wang, Y.; Cao, W.; Zheng, ].C. Emerging Roles of Extracellular Vesicles in COVID-19, a Double-Edged
Sword? Immunology 2021, 163, 416-430. [CrossRef] [PubMed]

Lopes, R.; Caetano, J.; Barahona, F,; Pestana, C.; Ferreira, B.V.; Lourengo, D.; Queirés, A.C.; Bilreiro, C.; Shemesh, N.; Beck, H.C,;
et al. Multiple Myeloma-Derived Extracellular Vesicles Modulate the Bone Marrow Immune Microenvironment. Front. Immunol.
2022, 13, 909880. [CrossRef] [PubMed]

Sun, H.; Zhang, T.; Gao, J. Extracellular Vesicles Derived from Mesenchymal Stem Cells: A Potential Biodrug for Acute Respiratory
Distress Syndrome Treatment. BioDrugs 2022, 36, 701-715. [CrossRef] [PubMed]

Zhu, Y,; Sharma, L.; Chang, D. Pathophysiology and Clinical Management of Coronavirus Disease (COVID-19): A Mini-Review.
Front. Immunol. 2023, 14, 1116131. [CrossRef] [PubMed]

Wiersinga, W.J.; Rhodes, A.; Cheng, A.C.; Peacock, S.].; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treatment
of Coronavirus Disease 2019 (COVID-19): A Review. JAMA 2020, 324, 782-793. [CrossRef] [PubMed]

Coopersmith, C.M.; Antonelli, M.; Bauer, S.R.; Deutschman, C.S.; Evans, L.E.; Ferrer, R.; Hellman, J.; Jog, S.; Kesecioglu, J.;
Kissoon, N.; et al. The Surviving Sepsis Campaign: Research Priorities for Coronavirus Disease 2019 in Critical Illness. Crit. Care
Med. 2021, 49, 598-622. [CrossRef] [PubMed]

Lopes-Pacheco, M; Silva, PL.; Cruz, FFE,; Battaglini, D.; Robba, C.; Pelosi, P.; Morales, M.M.; Caruso Neves, C.; Rocco, PR.M.
Pathogenesis of Multiple Organ Injury in COVID-19 and Potential Therapeutic Strategies. Front. Physiol. 2021, 12, 593223.
[CrossRef] [PubMed]

Al-Hajeri, H.; Baroun, E; Abutiban, F.; Al-Mutairi, M.; Ali, Y.; Alawadhi, A.; Albasri, A.; Aldei, A.; AlEnizi, A.; Alhadhood, N,;
et al. Therapeutic Role of Immunomodulators during the COVID-19 Pandemic—A Narrative Review. Postgrad. Med. 2022, 134,
160-179. [CrossRef] [PubMed]

Terpos, E.; Musto, P; Engelhardt, M.; Delforge, M.; Cook, G.; Gay, E; van de Donk, N.W.C.J.; Ntanasis-Stathopoulos, I.; Vangsted,
Al].; Driessen, C.; et al. Management of Patients with Multiple Myeloma and COVID-19 in the Post Pandemic Era: A Consensus
Paper from the European Myeloma Network (EMN). Leukemia 2023, 37, 1175-1185. [CrossRef] [PubMed]

Chang, E.; Kim, M.-S; Park, S.Y.; Kwon, K,; Jang, HM.; Lim, S.Y.; Bae, S.; Jung, J.; Kim, M.].; Chong, Y.P; et al. Machine
Learning-Based Approach to Guide the Choice between Baricitinib and Tocilizumab in Critical COVID-19 Pneumonia Treatment:
A Retrospective Cohort Study. Front. Med. 2025, 12, 1734109. [CrossRef] [PubMed]

Kastritis, E.; Wechalekar, A.; Schonland, S.; Sanchorawala, V.; Merlini, G.; Palladini, G.; Minnema, M.; Roussel, M.; Jaccard,
A.; Hegenbart, U,; et al. Challenges in the Management of Patients with Systemic Light Chain (AL) Amyloidosis during the
COVID-19 Pandemic. Br. |. Haematol. 2020, 190, 346-357. [CrossRef] [PubMed]

El Chaer, F; Auletta, ].J.; Chemaly, R.F. How I Treat and Prevent COVID-19 in Patients with Hematologic Malignancies and
Recipients of Cellular Therapies. Blood 2022, 140, 673-684. [CrossRef] [PubMed]

Tahyra, A.S.C.; Calado, R.T.; Almeida, F. The Role of Extracellular Vesicles in COVID-19 Pathology. Cells 2022, 11, 2496. [CrossRef]
[PubMed]

Qian, H.; Zang, R.; Zhang, R.; Zheng, G.; Qiu, G.; Meng, J.; Wang, ].; Xia, J.; Huang, R.; Le, Z.; et al. Circulating Extracellular
Vesicles from Severe COVID-19 Patients Induce Lung Inflammation. mSphere 2024, 9, e00764-24. [CrossRef] [PubMed]

Karn, V,; Ahmed, S.; Tsai, L.-W.; Dubey, R.; Ojha, S.; Singh, H.N.; Kumar, M.; Gupta, PK; Sadhu, S.; Jha, N.K,; et al. Extracellular
Vesicle-Based Therapy for COVID-19: Promises, Challenges and Future Prospects. Biomedicines 2021, 9, 1373. [CrossRef] [PubMed]
Zamanian, M.H.; Norooznezhad, A .H.; Hosseinkhani, Z.; Hassaninia, D.; Mansouri, F,; Vaziri, S.; Payandeh, M.; Heydarpour, E;
Kiani, S.; Shirvani, M.; et al. Human Placental Mesenchymal Stromal Cell-Derived Small Extracellular Vesicles as a Treatment
for Severe COVID-19: A Double-Blind Randomized Controlled Clinical Trial. J. Extracell. Vesicles 2024, 13, €12492. [CrossRef]
[PubMed]

Hosseinzadeh, M.; Pouladzadeh, M.; Khedri, R.; Oskouei, S.Y.; Amini, P.; Dargahi-Malamir, M.; Kamyari, N.; Hosseininejad, H.;
Seyedian, S.S.; Shoae-Hassani, A.; et al. Therapeutic Potential of hUCMSC-Derived Exosomes in Modulating Inflammation and
Immune Response in COVID-19-Associated ARDS: A Randomized Clinical Trial. Respir. Med. 2025, 249, 108475. [CrossRef]
[PubMed]

Shimizu, Y.; Inoue, Y.; Matsuura, N.; Ishii, T.; Sowa, Y.; Sunami, H.; Ntege, E.H. Mesenchymal Stromal Cell-Derived Extracellular
Vesicles in Regenerative Medicine: Standardisation, Bioengineering and Clinical Translation. Regen. Ther. 2026, 31, 101058.
[CrossRef] [PubMed]

Bellio, M.A.; Bennett, C.; Arango, A.; Khan, A.; Xu, X.; Barrera, C.; Friedewald, V.; Mitrani, M.I. Proof-of-Concept Trial of an
Amniotic Fluid-Derived Extracellular Vesicle Biologic for Treating High Risk Patients with Mild-to-Moderate Acute COVID-19
Infection. Biomater. Biosyst. 2021, 4, 100031. [CrossRef] [PubMed]

Du, J. Clinical Study of the Safety and Efficacy of Umbilical Cord Mesenchymal Stem Cell Exosomes in Treating Chronic
Cough After COVID-19 Infection; Clinical Trial Registration NCT05808400; clinicaltrials.gov, 2023. Available online:
https://clinicaltrials.gov /study/NCT05808400 (accessed on 17 March 2026).

https:/ /doi.org/10.3390/biomedicines14071617


https://doi.org/10.1111/imm.13329
https://www.ncbi.nlm.nih.gov/pubmed/33742451
https://doi.org/10.3389/fimmu.2022.909880
https://www.ncbi.nlm.nih.gov/pubmed/35874665
https://doi.org/10.1007/s40259-022-00555-5
https://www.ncbi.nlm.nih.gov/pubmed/36087245
https://doi.org/10.3389/fimmu.2023.1116131
https://www.ncbi.nlm.nih.gov/pubmed/37646038
https://doi.org/10.1001/jama.2020.12839
https://www.ncbi.nlm.nih.gov/pubmed/32648899
https://doi.org/10.1097/CCM.0000000000004895
https://www.ncbi.nlm.nih.gov/pubmed/33591008
https://doi.org/10.3389/fphys.2021.593223
https://www.ncbi.nlm.nih.gov/pubmed/33584343
https://doi.org/10.1080/00325481.2022.2033563
https://www.ncbi.nlm.nih.gov/pubmed/35086413
https://doi.org/10.1038/s41375-023-01920-1
https://www.ncbi.nlm.nih.gov/pubmed/37142661
https://doi.org/10.3389/fmed.2025.1734109
https://www.ncbi.nlm.nih.gov/pubmed/41574379
https://doi.org/10.1111/bjh.16898
https://www.ncbi.nlm.nih.gov/pubmed/32480420
https://doi.org/10.1182/blood.2022016089
https://www.ncbi.nlm.nih.gov/pubmed/35776899
https://doi.org/10.3390/cells11162496
https://www.ncbi.nlm.nih.gov/pubmed/36010572
https://doi.org/10.1128/msphere.00764-24
https://www.ncbi.nlm.nih.gov/pubmed/39475319
https://doi.org/10.3390/biomedicines9101373
https://www.ncbi.nlm.nih.gov/pubmed/34680490
https://doi.org/10.1002/jev2.12492
https://www.ncbi.nlm.nih.gov/pubmed/39051747
https://doi.org/10.1016/j.rmed.2025.108475
https://www.ncbi.nlm.nih.gov/pubmed/41202994
https://doi.org/10.1016/j.reth.2025.101058
https://www.ncbi.nlm.nih.gov/pubmed/41537152
https://doi.org/10.1016/j.bbiosy.2021.100031
https://www.ncbi.nlm.nih.gov/pubmed/34841370
https://clinicaltrials.gov/study/NCT05808400
https://doi.org/10.3390/biomedicines14071617

Biomedicines 2026, 14, 1617 24 of 24

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Jing, H.; Zuo, N.; Novakovic, V.A,; Shi, ]. The Central Role of Extracellular Vesicles in the Mechanisms of Thrombosis in COVID-19
Patients With Cancer and Therapeutic Strategies. Front. Cell Dev. Biol. 2021, 9, 792335. [CrossRef] [PubMed]

Lia, G; Di Vito, C.; Cerrano, M.; Brunello, L.; Calcaterra, F.; Tapparo, M.; Giaccone, L.; Mavilio, D.; Bruno, B. Extracellular Vesicles
After Allogeneic Hematopoietic Cell Transplantation: Emerging Role in Post-Transplant Complications. Front. Immunol. 2020, 11,
422. [CrossRef] [PubMed]

Maron-Gutierrez, T.; Rocco, PR.M. Cell-Free Therapies: Novel Approaches for COVID-19. Front. Immunol. 2020, 11, 583017.
[CrossRef] [PubMed]

Su, P; Wu, Y,; Xie, E; Zheng, Q.; Chen, L.; Liu, Z.; Meng, X.; Zhou, F; Zhang, L. A Review of Extracellular Vesicles in COVID-19
Diagnosis, Treatment, and Prevention. Adv. Sci. 2023, 10, €2206095. [CrossRef] [PubMed]

Poupardin, R.; Wolf, M,; Strunk, D. Adherence to Minimal Experimental Requirements for Defining Extracellular Vesicles and
Their Functions. Adv. Drug Deliv. Rev. 2021, 176, 113872. [CrossRef] [PubMed]

Pfaffl, M.W.; Kubista, M.; Vandesompele, J.; Bustin, S.A. MISEV and MIQE: Integrating Domain-Specific and General Standards to
Strengthen Extracellular Vesicle Biomarker Research. Extracell. Vesicles Circ. Nucleic Acids 2025, 6, 669-676. [CrossRef] [PubMed]
Stawarska, A.; Bamburowicz-Klimkowska, M.; Runden-Pran, E.; Dusinska, M.; Cimpan, M.R.; Rios-Mondragon, I.; Grudzinski,
LP. Extracellular Vesicles as Next-Generation Diagnostics and Advanced Therapy Medicinal Products. Int. J. Mol. Sci. 2024, 25,
6533. [CrossRef] [PubMed]

Thakur, A ; Rai, D. Global Requirements for Manufacturing and Validation of Clinical Grade Extracellular Vesicles. J. Lig. Biopsy
2024, 6, 100278. [CrossRef] [PubMed]

Chutipongtanate, S.; Kongsomros, S.; Pongsakul, N.; Panachan, J.; Khowawisetsut, L.; Pattanapanyasat, K.; Hongeng, S.;
Thitithanyanont, A. Anti-SARS-CoV-2 Effect of Extracellular Vesicles Released from Mesenchymal Stem Cells. . Extracell. Vesicles
2022, 11, e12201. [CrossRef] [PubMed]

Xu, G,; Jin, J.; Fu, Z.; Wang, G.; Lei, X.; Xu, J.; Wang, J. Extracellular Vesicle-Based Drug Overview: Research Landscape, Quality
Control and Nonclinical Evaluation Strategies. Signal Transduct. Target. Ther. 2025, 10, 255. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biomedicines14071617


https://doi.org/10.3389/fcell.2021.792335
https://www.ncbi.nlm.nih.gov/pubmed/35096822
https://doi.org/10.3389/fimmu.2020.00422
https://www.ncbi.nlm.nih.gov/pubmed/32265915
https://doi.org/10.3389/fimmu.2020.583017
https://www.ncbi.nlm.nih.gov/pubmed/33072130
https://doi.org/10.1002/advs.202206095
https://www.ncbi.nlm.nih.gov/pubmed/37144543
https://doi.org/10.1016/j.addr.2021.113872
https://www.ncbi.nlm.nih.gov/pubmed/34284058
https://doi.org/10.20517/evcna.2025.68
https://www.ncbi.nlm.nih.gov/pubmed/41551613
https://doi.org/10.3390/ijms25126533
https://www.ncbi.nlm.nih.gov/pubmed/38928240
https://doi.org/10.1016/j.jlb.2024.100278
https://www.ncbi.nlm.nih.gov/pubmed/40027307
https://doi.org/10.1002/jev2.12201
https://www.ncbi.nlm.nih.gov/pubmed/35289102
https://doi.org/10.1038/s41392-025-02312-w
https://www.ncbi.nlm.nih.gov/pubmed/40804047
https://doi.org/10.3390/biomedicines14071617

	Introduction 
	Materials and Methods 
	Pathophysiologic Synergy Between Multiple Myeloma and Severe SARS-Cov-2 Infection 
	Clinical Vulnerability of MM Patients to SARS-CoV-2 
	Interleukin-6: A Shared Amplifier Within a Multidirectional Network 
	Immune Dysregulation and Viral Susceptibility 
	Synthesis and Therapeutic Implications 

	Mesenchymal Stem Cells and Extracellular Vesicles as Therapeutic Modalities 
	Mesenchymal Stem Cells: Cellular Immunomodulators 
	Extracellular Vesicles: Cell-Free Therapeutic Platform 
	Mechanisms of EV-Mediated Immunomodulation 

	Clinical Evidence for EV Therapy in Severe COVID-19 
	Rationale for EV Therapy in COVID-19 
	Clinical Trial Evidence 
	Safety Profile and Limitations of EV-Based Therapy 
	Application to MM Population 

	Future Directions and Research Priorities 
	Mechanistic Studies 
	Clinical Trial Priorities 
	Manufacturing and Regulatory Considerations 
	Broader Applications in Immunocompromised Populations 

	Conclusions 
	References

