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Simple Summary: Extramedullary disease (EMD) is an advanced-stage disease and is typi-
cally characterized by poor clinical outcome. Numerous therapeutic strategies have been
applied at times, with insufficient results so far. The current systematic review investigates
the composition of the immune microenvironment (IME) at EMD sites and its possible
differences between medullary and extramedullary milieu. Six studies meeting our inclu-
sion criteria were analyzed and highlighted the establishment of an immunosuppressive
state across the extramedullary niche. A profound spatial and temporal heterogeneity of
IME was reported and possibly correlated with defined genetic instability at EMD. Differ-
ences were noted between medullary disease and EMD concerning both molecular and
microenvironment findings. IME synthesis endured also post-therapy alterations concern-
ing mostly the percentages of T-regulatory cells (Tregs) and Myeloid-derived suppressor
cells (MDSCs). Grasping the heterogeneity of IME provides strategic avenues for tailored
therapeutic options in EMD.

Abstract: Background/Objectives: In recent years, efforts by the scientific community to
elucidate the underlying mechanisms of clonal expansion and selection within tumors
have led to the theory of “tumor ecosystems”, implicating, among other factors, the role
of the microenvironment in therapy resistance and tumor progression. In this context,
the contribution of the microenvironment in the development of multiple myeloma (MM)
is being investigated, imparting great emphasis on continuous clonal evolution. This
process gives rise to aggressive clones with the potential to spread to extramedullary
sites, rendering any treatment strategy practically ineffective. This systematic review
aimed to gather knowledge about the immune microenvironment (IME) of extramedullary
plasma cell myeloma and the differences in immune synthesis between medullary and
extramedullary disease (EMD). Methods: A search strategy according to PRISMA guide-
lines was conducted in seven databases, and six articles meeting the inclusion criteria
were encompassed in the study. Results: Results obtained from molecular analysis as
well as flow cytometry and immunofluorescence indicated profound genetic instability at
EMD sites along with spatial and temporal heterogeneity of the IME, implying a possible
correlation between them. Both genetic and microenvironment variability were notably
greater in EMD compared to medullary disease. The establishment of an immunosup-
pressive microenvironment was the rule, with exhausted CD8+ and natural killer (NK)
cells, M2 macrophages, and inactivated dendritic cells found co-localized with neoplastic

Cancers 2025, 17, 1081 https://doi.org/10.3390/cancers17071081

https://doi.org/10.3390/cancers17071081
https://doi.org/10.3390/cancers17071081
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-8732-0610
https://orcid.org/0009-0002-0300-7171
https://orcid.org/0000-0002-8233-0542
https://orcid.org/0000-0002-4435-3532
https://doi.org/10.3390/cancers17071081
https://www.mdpi.com/article/10.3390/cancers17071081?type=check_update&version=1


Cancers 2025, 17, 1081 2 of 13

plasma cells, whereas cytotoxic CD8+ cells, M1 macrophages, and active dendritic cells
congregated in tumor-free areas. Post-therapy alterations in the immune milieu were also
noted and were concerned mostly the percentages of Tregs and MDSCs. Conclusions: The
recognition of the microenvironment-myeloma cell interplay is essential for designing
specific therapeutic strategies and ameliorating disease prognosis.

Keywords: extramedullary multiple myeloma; plasma cell neoplasm; microenvironment;
immune exhaustion; microenvironment heterogeneity

1. Introduction
Extramedullary plasma cell myeloma (EPM) is a rare manifestation of multiple

myeloma characterized by the migration of neoplastic cells outside the bone marrow
to other tissues or organs. Liver and lymph nodes constitute the most commonly affected
sites, whereas breast, skin, neck, gastrointestinal and genitourinary tract are rarely in-
volved [1]. Its incidence varies considerably due to the diagnostic strategy in use [2].
In general terms, extramedullary involvement affects 10–20% of patients with multiple
myeloma, mostly those in advanced stages of the disease. The intricate processes causing
this extramedullary dissemination are believed to include alterations to adhesion molecules,
signaling pathways, and interactions with the bone marrow microenvironment [3,4].

The role of the microenvironment in solid tumors has been underscored in the recent
literature. Accordingly, there is a similar great interest in the microenvironment of multiple
myeloma (MM). Emerging data highlight the role of the immune microenvironment (IME)
in the progression of plasma cell neoplasm [5]. It seems that an immune-altered bone
marrow (BM) landscape promotes the advancement of the disease and its resistance to ther-
apies [6]. All the compartments that constitute the multiple myeloma microenvironment in
the BM promote immunosuppression and facilitate the survival of MM cells [6].

When neoplastic plasma cells extravasate into extramedullary sites, they form their
niche to provide factors that support their survival and growth. The recruited immune cells
are usually impaired, leading to an inability to mount effective anti-tumor responses [7].
EPM is often characterized by an aggressive clinical course and poor survival. Hence,
there is an unmet need to develop better therapeutic choices for EPM. Reprogramming
the immune system to recognize and attack malignant plasma cells could be an attractive
treatment option. Therefore, deeper investigation and understanding of both BM and
extramedullary IMEs are crucial. In this context, we aimed to conduct a systematic review
of original studies in order to gather knowledge primarily on the extramedullary IME and
secondarily on its differences to that of bone marrow niche.

2. Material and Methods
2.1. Search Strategy

A review of the literature was conducted in agreement with the recommendations of
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [8]. We verified that this particular systematic review was PRISMA-compliant by
applying PRISMA 2020 checklist [9]. All research was performed using a pre-specified
protocol registered in the open science framework (OSF) database “registration number:
https://osf.io/6rg2p/ (accessed on 2 November 2024)”.

https://osf.io/6rg2p/
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2.2. Study Selection and Eligibility Criteria

Relevant studies were identified by performing a systematic search in PubMed, Scopus,
TRIP, National Library of Medicine, Cochrane Library, MedLinePlus and ClinicalTrials.gov
electronic databases. Report examination was conducted until 30 November 2024. As
keywords we used “extramedullary multiple myeloma” AND “microenvironment”. The
term “immune microenvironment” was not applied in search terms in order to enhance the
number of results and avoid the omission of important studies.

Our analysis encompassed all clinical trials, randomized controlled trials, classical
articles and meta-analyses written in English language. There was no restriction on the
year of publication for search databases in total. No limits were imposed on countries or
observation periods. Results of the electronic research from the databases were screened
by two authors (KB, TK) independently and selected based on predefined inclusion and
exclusion criteria. Specifically, studies were eligible if they were oriented to (a) the synthe-
sis and distribution of the immune microenvironment in extramedullary sites or (b) the
differences in immune cell composition among BM and extramedullary localization, (c) the
impact of plasma cell myeloma microenvironment in disease progression, and (d) per-
formed on human tissue. On the other hand, exclusion criteria included (a) certain type of
documents (abstracts, conferences, reviews, commentaries, editorials), (b) experimental
animal or in vitro studies as well as (c) studies referred to clinical diagnosis and treatment
of patients with MM and hematological malignancies in general, or (d) to molecular and
immunohistochemical profile of neoplastic plasma cells without any mention on tumor
microenvironment.

2.3. Data Extraction

Each author reviewed the abstracts of the selected articles independently and gener-
ated a list of studies to retrieve for full-text review. The lists were compared, and discrep-
ancies were resolved by consensus. Afterwards, the papers were thoroughly studied by
both authors and collected data were exported to an Excel table. The recorded information
included the following: name of the first author, publication year, doi of the publication,
study design, site of EPM, main results focusing on the microenvironment in plasma cell
neoplasms as well as differences in neoplastic plasma cells and microenvironment synthesis
among bone marrow niche and extramedullary sites.

2.4. Quality Assessment (Study Risk-of-Bias Assessment)

The assessment of eligibility of the extracted data was estimated using the Risk-of-Bias
In Non-randomized Studies—of Exposure (ROBINS-E) tool [10]. All authors answered
the questionnaire of ROBINS-E tool for each article separately and any disagreement
was resolved by consensus. The risk-of-bias assessment summary table is illustrated in
Supplementary Figure S1.

2.5. Primary and Secondary Outcomes

Primary outcomes of this study were the associations of EPM with specific immune
microenvironment. Secondary outcomes included differences in the spatial distribution of
immune cells, as well as differences between medullary and extramedullary “myeloma niches”.

3. Results
3.1. Database Search Results

In total, 193 publications were retrieved from seven databases. Four out of them were
excluded since they were written in languages other than English (2 in Czech, 1 in French,
and 1 in Japanese). In total, 65 duplicate articles, 47 reviews, 7 case reports, 3 conference
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abstracts, 2 commentaries, and 2 editorials were removed. Subsequently, 62 articles were
screened based on their title and abstract. According to the predefined inclusion and
exclusion criteria, 30 reports were assessed through full-text analysis. Of these, 15 were
ruled out for not studying the microenvironment at all, 4 studies did not address the IME,
and other 5 examined the IME strictly in bone marrow. Finally, six articles that met all the
predefined criteria were included in this systematic review. Notably, all the incorporated
articles were recent, published within the last five years, (from 2020 to 2024). The study
selection process is summarized in Figure 1.
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3.2. Study Characteristics

The six selected studies included a total of 74 patients with extramedullary disease
(EMD), from whom 59 specimens were obtained. Male-to-female ratio was estimated at
almost 2:1, comprising 47 males and 27 females. The median age of patients was reported
in five studies and was estimated to 55 years with a range from 51 to 61 years [11–15]. In all
but one study, samples were obtained through imaging-guided tissue biopsies [11–13,15,16].
In the research study carried out by Ryu D. et al., specimens were retrieved by aspiration of
ascitic fluid or pleural effusion [14]. Jelinek et al. designated skin as the most frequent site
of extramedullary involvement (42.8%) [11], while in the study of Qi et al., EMD concerned
primarily breast and liver/spleen (38.8%) [13]. Considering bone-related extramedullary
disease, clavicular lesions represented the highest proportion (66.6%), followed by paraver-
tebral (33.3%) [16]. As indicated by Ryu D., Qi Y., and John M, IgG (15/40) was the most
prevalent M protein type in EMD specimens, followed by IgA (7/40) [12–14]. Pertinent
data are displayed in Table 1.

3.3. Methodology Used for MM and EPM

To elucidate the cellular composition and spatial distribution of MM and immune
cells as well as to define the genomic profile of malignant plasma cells in both intra- and
extramedullary sites, molecular analysis was conducted in four out of the six studies
utilizing spatial transcriptomics, single-cell RNA sequencing (scRNA-seq), fluorescent in
situ hybridization (FISH), and Whole Exome Sequencing (WES) [11,12,14,16]. To further
investigate and quantify specific surface markers and target biomolecules in neoplastic or
immune cells, flow cytometry and immunofluorescence analysis were performed in four
studies, as well [11,13,15,16].

Specifically, Ryu et al. applied scRNA-seq for the simultaneous analysis of myeloma
cells and IME in bone marrow and extramedullary sites [14]. scRNA-seq was also the
selection strategy method for John et al., who additionally used 10xVisium spatial tran-
scriptomics analysis in order to reveal intratumor heterogeneity in cellular subpopulations
within EMD lesions [12]. In the study by Mertz et al., examination of neoplastic cell com-
partment was accomplished by immunofluorescence, FISH, and WES. The same strategy
was subsequently applied for the investigation of the IME. However, in the aforementioned
case, to define differences in TCR repertoires between bone marrow and extramedullary
lesions, TCR sequencing was also employed [16]. In respect of Jelinek’s comprehensive
study, molecular profile of myeloma cells (chromosomal aberrations and mutations in
signaling pathways) was detected by FISH and WES. On the other hand, the composition
of IME in EPM sites was designated by scRNA-seq and confirmed by bulk RNA-seq and
flow cytometry data [11]. A distinct strategy was adopted by Zhang et al. employing
multicolored fluorescent flow cytometry to characterize both myeloma and immune cells
and to further classify CD3+/CD8+ T-cells into different subsets [15]. Finally, Qi et al.
focused solely on the identification of the immunological milieu of pretherapy EMD by
utilizing multiplex immunofluorescence [13].
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Table 1. Summary of studies investigating IME in EMD.

Authors, Year [Ref.] Number of Patients
with EMD Sex Male: Female Median Age

(Years) Number of Samples Methodology for
MM Cells Methodology for IME Main Results in Regard to EMD

Jelinek et al., 2024 [11] 14 10:4 59 14 FISH, WES Bulk RNA-seq,
scRNA-seq, FC

EMD cells have a higher frequency of 1q21
gain, mutations in the MAPK pathway,
activation of proliferation-associated

pathways and decreased homing to BM.
EMD IME is mainly composed of CD8+

and NK cells.

John et al., 2024 [12] 11 7:4 61 14 Spatial transcriptome
analysis and scRNA-seq

Spatial transcriptome
analysis and scRNA-seq

Intratumor heterogeneity and genetic
instability of MM cells. Differences in

spatial distribution between
dysfunctional/exhausted and activated

T-cells, as well as M1 and M2, DC1
and DC2.

Qi et al., 2024 [13] 31 17:14 55 16 None Multiplex IF

Differences in spatial distribution of
exhausted CD8+ T-cell subsets and M2
macrophages. Immune suppressor cells

may create a hostile IME and mitigate the
CAR T-cell activity.

Ryu et al., 2020 [14] 5 3:2 51 5 scRNA-seq scRNA-seq

Distinct transcriptional characteristics of
MM cells in EMD compared to BM.

Immune evasion due to
cytotoxic-exhausted phenotype in EMD.

Zhang et al., 2024 [15] 9 7:2 53 6 Multicolored fluorescent FC Multicolored fluorescent FC

No differences in Galectin-9 and CD155
expression on myeloma cells among PB,
BM, and EMD tissue. Lower CD3+ cells

and exhausted T-cell phenotype
characterized among PB, BM, and EMD
tissue. Lower CD3+ cells and exhausted
T-cell phenotype characterized by higher

TIGIT and TIM-3 expression levels on CD8+
cells in EMD.

Merz et al., 2023 [16] 4 3:1 NA 4 FISH, WES, IF TCR-seq, FISH, WES, IF

Significant differences in chromosomal
aberrations and gene mutations between

intra- and extramedulary disease. Immune
evasion due to increased Tregs and MDSCs

in EMD after induction therapy.

Abbreviations: EMD: extramedullary disease; IME: immune microenvironment: MM: multiple myeloma; scRNA-seq: Single-cell RNA sequencing; NA: Not assessed; IF: immunoflu-
orescence; FISH: Fluorescent in situ hybridization; WES: Whole Exome Sequencing; TCR-seq: TCR sequencing; Tregs: T-regulatory cells; MDSCs: myeloid-derived suppressor
cells; FC: flow cytometry; BM: bone marrow; NK: natural killer; PB: peripheral blood; TIGIT: T-cell immunoreceptor with immunoglobulin and ITIM domain; TIM-3: T-cell Ig- and
mucin-domain-containing molecule-3; CAR: chimeric antigen receptor; DC: dendritic cells.
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3.4. Comparisons Between the Medullary and Extramedullary Disease from a Genetic Perspective

Complete genetic analysis showed no significant differences in the number of muta-
tions between bone marrow and extramedullary lesions. However, remarkable differences
were noted in terms of copy number variations, including chromosomes with great prognos-
tic implications such as 1q amplification and 17p deletion [16]. From another perspective,
neoplastic cells in extramedullary sites endured activating transcriptional alterations in
genes associated with proliferation, glycolysis, proteasome, oxidative phosphorylation,
and antigen presentation, while bone marrow cells stimulated the TNFa-induced NF-kB
pathway, which intriguingly was found downregulated in most extramedullary cells [14].
Moreover, Jelinek et al. confirmed that EMD characterized by a higher frequency of 1q21
gain, mutations in the MAPK pathway, activation of proliferation-associated pathways and
decreased homing to BM [11].

3.5. Associations of EPM with Specific Immune Microenvironment

Almost all studies (5/6) confirmed a T-cell exhaustion shift and installation of an
immunosuppressive environment in tumor-rich areas [12–15]. T-cell dysfunction was
primarily attributed to the expression of multiple immune-checkpoint receptors (PD-1,
LAG-3, TIGIT, TIM-3) on their surface [12,13,15]. Additional potential mechanisms of
natural killer (NK) and T-cell inhibition have been unveiled, including regulation of MHC
class I or TRAIL gene expression, LIL family protein inactivation, and aberrant expression
of HIFA-1 transcription factor [14]. Nevertheless, immunosuppression was not an exclusive
privilege of exhausted T- and NK cells. According to Merz et al., myeloid dendritic cells
seem to play quite a role while their decline along with an increase in T-regulatory (Treg)
and NK cell percentages are implicated in the establishment of an immunosuppressive
milieu that contributes to the disease’s ominous progression [16].

In regard to the spatial distribution of immune cells in the tumor microenvironment,
CD8+ T-cells with exhausted phenotype (PD-1+, LAG-3+, TIM-3+) and M2 macrophages
(CD68+, CD163+, CD86−) were found co-localized with neoplastic plasma cells with
an increasing infiltration from “normal” to tumor areas [12,13]. On the contrary, CD8+
cytotoxic T-cells and M1 macrophages (CD68+, CD86+, CD163−) were identified mostly in
plasma cell-free areas [12,13]. Intriguing also was the fact that CD58+ dendritic cells (DCs)
were detected in tumor-free niches, while the inactivated ones (CD58−) seemed to follow
exhausted T-cells in plasma cell-rich niches [12].

Interestingly, when comparing bone marrow niche with extramedullary sites, Merz
et al. noticed no significant differences in the immune compartment [16]. In contrast, Zhang
et al. concluded that CD3+ T-cell densities were considerably decreased in EMD against
BM specimens, in cases of newly diagnosed myeloma [15]. Of note, even though TIGIT and
TIM-3 were more frequently expressed on CD8+ T-cells in extramedullary sites compared
to bone marrow, no discernible differences were observed regarding their ligand expression,
namely CD155 and galectin-9 [15].

3.6. Associations of Immune Microenvironment with Therapy and Prognosis

Analysis of microenvironment status after induction therapy with immunomodula-
tory drugs, proteosome inhibitors, and steroids showed significant enhancement of TCR
repertoire interestingly without parallel expansion of distinct TCR clones [16]. Furthermore,
the percentages of Tregs and Myeloid-derived suppressor cells (MDSCs) were remarkably
higher no matter the degree of treatment response [16]. On the other hand, CAR T-cell
therapy with simultaneous targeting of GPRC5D and TNFRSF17 antigens seemed to be
quite effective for EMD, succeeding optimal results in cases with a low plasma cell ratio, in-
creased number of M1 macrophages and decreased levels of exhausted CD8 T-cells [12,13].
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Comparable were the findings after anti-BCMA therapy where insufficient treatment re-
sponse was noticed in niches with an abundance of M2 macrophages and inactivated CD8+
cells [13].

4. Discussion
Recent research highlights malignant tumors as ecosystems derived from evolving

clones impacting the diversity of the microenvironment, which in turn affects tumor pro-
gression [17]. In this line, MM is considered a heterogeneous disease, which constitutes
several evolving clones with dynamic capabilities [18]. The progression to an aggressive
clone can lead to extramedullary dissemination [3], with 6% of multiple myeloma patients
exhibiting EMD lesions [12]. The unmet need for effective therapeutic options for these
patients possibly persists due to the limited knowledge on the biological mechanisms
underlying extramedullary spread. This systematic review emphasizes the insufficient in-
vestigation of EMD, with merely two studies comparing the medullary and extramedullary
plasma cell populations and microenvironments, despite the increasing evidence under-
scoring tumor microenvironment as an essential factor for cancer progression [17].

Regarding neoplastic plasma cell population and clonal evolution, cytogenetic analysis
shows profound instability at EMD sites [12,16,19–21] with both common and distinct copy
number variations (CNVs) compared to medullary neoplastic population [12]. Three of
the studies that met the criteria in this systematic review declare genomic heterogeneity
of EMD due to CNVs, including 1q amplification and 17p deletion [11,12,16]. Indeed,
1q gain is compatible with inferior outcomes in EMD patients, with the number of ex-
tra copies being proportionate to prognosis deterioration [22]. Genetic abnormalities of
high risk retrieved in extramedullary lesions include t(4;14) [11,20], del (13) [11,19,20],
del(1p32) [22,23]. In any case, subclonal CNVs suggest the emergence of new genetic vari-
ants, which contribute to treatment resistance and poor outcomes in EMD [12]. In the last
few years, the incorporation of gene expression profiling (GEP) in the examination of MM
patients with EMD has designated alterations in centrosome genes like CKS1B, YWHAZ,
CTBS, NADK [20,24], and NEAT1 [25]. Regarding those genes, when comparing neoplastic
cells in extramedullary sites with those in BM milieu, a significant spatial heterogeneity is
confirmed [26], suggesting possible association with microenvironment factors.

Neoplastic cells in extramedullary areas succeed in enduring transcriptional changes
in pathway-associated genes linked to oxidative stress, glycolysis, proliferation, protein
kinase regulator activity, and antigen responses [11,14,20,27]. TP53 [21], and RAS pathway
mutations (KRAS, NRAS) are often identified in EMD patients [23,28,29], suggesting an
upregulation of MAPK signaling [11], which has been associated with tumor-intrinsic
immunosuppression [30]. In addition, deregulation of CXCR4/CXCL12 axon and CCR10
overexpression enables neoplastic cell homing along the extramedullary niche [3,6,31,32].
Notably, Ryu et al. mention that a not so negligible percentage of extramedullary myeloma
cases is characterized by aberrant expression of TRAIL gene that may activate TRAIL recep-
tors on T-cells, provoking their apoptosis. Along this line of reasoning, expression of major
histocompatibility complex (MHC) class I molecule and LIL family protein genes, often
reported in EMD, could also deliver suppressive signals to NK-mediated cytotoxicity [14].

Delving further, the methylation profile differs significantly in EMD sites, indicating
once more a tendency of clonal evolution of neoplastic cells during BM escape and emer-
gence of EMD. In detail, SHP1 hypermethylation found in MM patients is incriminated for
the disease progression by activation of the JAK/STAT3 axon [33–35]. In addition, MYC
translocation seems to play a leading role in neoplastic cell migration from the BM, as it is
retrieved in higher percentages in EMD sites than BM [36]. Intriguing also is the fact that,
in a single case with paranasal EMD reported by Shi et al., MYBL2 gene overexpression



Cancers 2025, 17, 1081 9 of 13

was associated with activation of the IL-23 signaling pathway, which in turn was related to
decreased infiltration of CD8+ cells in the extramedullary niche [37], indicating a definite
correlation among genetic profile and IME synthesis in EMD patients.

The installation of an immunosuppressive microenvironment is an established con-
cept in EMD. Overall, our results reveal a prevalence of NK and CD8+ T-cells with an in-
creased expression of PD-1, TIM-3, LAG-3, and TIGIT on their surface in tumor-rich niches.
Subsequently, EMD lesions could be considered as “immune-altered” tumors [30] with
potential therapeutic implications. Besides dysfunctional CD8+ T-cells, tumor-associated
macrophages (CD68+, CD163+, CD86−) and inactivated DCs (CD58−) are also found
co-localized with myeloma cells, participating as well in the orchestration of an immuno-
suppressive state [12,13]. In contrast, as already indicated, activated CD8+ cytotoxic T-cells,
M1 macrophages, and DCs with antigen presentation ability (CD58+) are retrieved in
tumor-free niches or biopsy margins [12]. This spatial distribution of immune cells along
the extramedullary niche possibly suggests that immune cells become inactivated while
entering myeloma-rich lesions. The answer to that consequence probably lies either in
direct communication between neoplastic and immune cells, or/and in the emergence of
a distinct metabolic microenvironment deprived of essential nutrients and amino-acids,
a hypothesis well established for solid tumors [38,39]. Finally immune dysregulation is
also rendered to the increased number of Tregs and MDSCs found within plasma cell-rich
sites [40].

Concerning differences in immune compartment between bone marrow and ex-
tramedullary disease, there are prospective avenues yet to be explored. Previously pub-
lished studies claimed that immune landscape might differ between BM and EMD sites.
According to them, immune response may be less regulated in EMD lesions compared
to BM niche [41,42]. The results of this systematic review support a more pronounced
immunosuppressive microenvironment in EMD sites, with distinct spatial distribution
between tumor bed and invasive front [12,13]. On the other hand, limited data suggest a
comparable to EMD immune synthesis in BM milieu, consisting of various proportions of T
and NK cells, M1 and M2 macrophages, myeloid dendritic cells, and MDSCs [6]. This could
be explained by the fact that BM niche is quite dynamic and alters along disease progression.
This fact comes in agreement with higher percentages of CD3+ T-cells, reduced Tregs, and
decreased expression of immune-checkpoint receptors in CD8+ T-cells in the BM of patients
with newly diagnosed MM compared to BM niche of patients with EMD [15,16]. In any
case, the findings are limited and rather controversial and require further investigation.

The emerging critical role of the immune microenvironment in EMD places im-
munotherapy in the center of therapeutic targeting [43]. Along this line, promising results
came from the combination of isatuximab (an IgG1 monoclonal antibody directed against
CD38), with pomalidomide or carfilzomib (immunomodulatory drugs, IMiDs) and dexam-
ethasone (Isa-Pd, Isa-Kd) [44]. A recent study in patients with soft tissue myeloma detected
that those who received either Isa-Pd or Isa-Kd showed prolonged progression-free sur-
vival (PFS) and improved overall response rate (ORR) and very good partial response
(VGPR) compared to those treated with Pd or Kd alone [45]. The success of the aforemen-
tioned findings probably lies in the increase in anti-MM activity induced by the addition
of IMiDs to the CD38 monoclonal antibody. In detail, pomalidomide has been shown to
enhance CD38 overexpression on regulatory T-cells and increase the isatuximab-mediated
effect of antibody-dependent cellular phagocytosis (ADCP), and antibody-dependent cellu-
lar cytotoxicity (ADCC) [44]. In addition, isatuximab can directly activate NK-mediated
cytotoxicity via crosslinking of CD38 and CD16 or enhance T- cell mediated immune re-
sponse [46]. On the other hand, daratumumab, another IgG κ monoclonal antibody with a
distinct epitope on CD38 [47,48], showed limited efficacy in a cohort of 41 patients with
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EMD [49], possibly due to the lack of combination with IMiD as well as to the distinct mode
of action compared to isatuximab. Specifically, daratumumab is not capable of causing cell
death without the aid of crosslinking agents, nor modifying CD38 enzymatic activity [50].
However, further study is required to understand the immune contexture of EMD and its
influence on response to therapy, in order to optimize the multitarget treatment for EMD.

5. Study Limitations
The prime limitation of the systematic review presented herein is the relatively small

number of studies that met our inclusion criteria. This could affect the validity of our results
but also highlights the necessity for further examination. In addition, the small sample
size of each research study impacts the precision of our findings. To be mentioned, the
selected publications varied in terms of study design, follow-up period, and methodologies
applied for both myeloma cells and microenvironment landscape rendering difficulties
when comparing and rarely leading to controversies.

6. Conclusions
Tumors are ecosystems, and so it seems to be the case for MM, with continuous

evolution of clones, some of which gain aggressive properties and dynamic to spread
to extramedullary sites. This continuous process gives rise to intra- and inter- genetic
variations, raising almost impregnable walls for therapeutic interventions. EMD, as an
end-stage station of disease progression, is characterized by greater genomic variability
and more pronounced immunosuppression related to medullary disease. Spatial and
temporal heterogeneity is also noted in IME of EMD, implying a possible correlation of
the former with the distinct molecular profile. Indeed, the emergence of an “immune-
altered” landscape rationally reflects genetic and/or transcriptional alterations on signaling
pathways related to proliferation, “homing”, and cell migration. However, no molecular
event-specific immune contexture has been identified from this systematic review, possibly
due to the relatively small number of cases studied, as well as the potential impact of
local adaptive processes apart from the tumor-intrinsic ones. Focusing on the molecular
pathways and genetic abnormalities that correlate with specific microenvironment or its
heterogeneity across extramedullary milieu offers potential to design personalized multi-
targeted treatment strategies and overcome resistance to current therapeutic modalities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers17071081/s1, Figure S1: Risk of Bias assessment using
ROBINS-E tool.

Author Contributions: Conceptualization, K.B. and T.K.; methodology, K.B. and T.K.; validation,
K.B., T.K., S.C., E.H., M.P, E.G. and S.-E.T.; formal analysis, K.B. and T.K.; investigation, K.B. and T.K.;
data analysis, S.C., E.H., E.G. and S.-E.T.; writing—original draft, K.B. and T.K.; writing—review and
editing, T.K., M.P., E.H., A.F. and E.G.; supervision, E.H. and T.K. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this systematic review. Data
sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/cancers17071081/s1
https://www.mdpi.com/article/10.3390/cancers17071081/s1


Cancers 2025, 17, 1081 11 of 13

References
1. Kumar, S.; Baughn, L.B.; Cowan, A.J.; Gujral, S.; Gupta, R.; Karadimitris, A.; Lim, M.S.; Malhotra, P.; Maruyama, D.; Medeiros,

L.J.; et al. Plasma cell myeloma/multiple myeloma. In Haematolymphoid Tumours: Who Classification of Tumours, 5th ed.; The WHO
Classification of Tumours Editorial Board, Ed.; International Agency for Research on Cancer: Lyon, France, 2024; pp. 625–630,
ISBN 978-92-832-4520-9.

2. Bladé, J.; Beksac, M.; Caers, J.; Jurczyszyn, A.; Von Lilienfeld-Toal, M.; Moreau, P.; Rasche, L.; Rosiñol, L.; Usmani, S.Z.; Zamagni,
E.; et al. Extramedullary Disease in Multiple Myeloma: A Systematic Literature Review. Blood Cancer J. 2022, 12, 45. [CrossRef]
[PubMed]

3. Forster, S.; Radpour, R. Molecular Impact of the Tumor Microenvironment on Multiple Myeloma Dissemination and Ex-
tramedullary Disease. Front. Oncol. 2022, 12, 941437. [CrossRef] [PubMed]

4. Lu, Q.; Yang, D.; Li, H.; Niu, T.; Tong, A. Multiple Myeloma: Signaling Pathways and Targeted Therapy. Mol. Biomed. 2024, 5, 25.
[CrossRef]

5. Cheng, Y.; Sun, F.; Alapat, D.V.; Wanchai, V.; Mery, D.; Siegel, E.R.; Xu, H.; Johnson, S.; Guo, W.; Bailey, C.; et al. Multi-Omics
Reveal Immune Microenvironment Alterations in Multiple Myeloma and Its Precursor Stages. Blood Cancer J. 2024, 14, 194.
[CrossRef]

6. García-Ortiz, A.; Rodríguez-García, Y.; Encinas, J.; Maroto-Martín, E.; Castellano, E.; Teixidó, J.; Martínez-López, J. The Role of
Tumor Microenvironment in Multiple Myeloma Development and Progression. Cancers 2021, 13, 217. [CrossRef]

7. Zihala, D.; Anilkumar Sithara, A.; Kapustova, V.; Venglar, O.; Radova, E.; Broskevicova, L.; Vrana, J.; Nenarokov, S.; Bilek, D.;
Muronova, L.; et al. Composition and Fitness of T and NK Cells in Extramedullary Myeloma Tumor Microenvironment. Blood
2024, 144, 1887. [CrossRef]

8. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. PRISMA Group Preferred Reporting Items for Systematic Reviews and
Meta-Analyses: The PRISMA Statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

9. Page, M.J.; Moher, D.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan,
S.E.; et al. PRISMA 2020 Explanation and Elaboration: Updated Guidance and Exemplars for Reporting Systematic Reviews. BMJ
2021, 372, n160. [CrossRef]

10. McGuinness, L.A.; Higgins, J.P.T. Risk-of-bias VISualization (Robvis): An R Package and Shiny Web App for Visualizing
Risk-of-bias Assessments. Res. Synth. Methods 2021, 12, 55–61. [CrossRef]

11. Jelinek, T.; Zihala, D.; Sevcikova, T.; Anilkumar Sithara, A.; Kapustova, V.; Sahinbegovic, H.; Venglar, O.; Muronova, L.;
Broskevicova, L.; Nenarokov, S.; et al. Beyond the Marrow: Insights from Comprehensive next-Generation Sequencing of
Extramedullary Multiple Myeloma Tumors. Leukemia 2024, 38, 1323–1333. [CrossRef]

12. John, M.; Helal, M.; Duell, J.; Mattavelli, G.; Stanojkovska, E.; Afrin, N.; Leipold, A.M.; Steinhardt, M.J.; Zhou, X.; Žihala, D.; et al.
Spatial Transcriptomics Reveals Profound Subclonal Heterogeneity and T-Cell Dysfunction in Extramedullary Myeloma. Blood
2024, 144, 2121–2135. [CrossRef] [PubMed]

13. Qi, Y.; Li, H.; Qi, K.; Zhu, F.; Cheng, H.; Chen, W.; Yan, Z.; Li, D.; Sang, W.; Fei, X.; et al. Clinical Outcomes and Microenvironment
Profiling in Relapsed/Refractory Multiple Myeloma Patients with Extramedullary Disease Receiving Anti- BCMA CAR T-cell-
based Therapy. Am. J. Hematol. 2024, 99, 2286–2295. [CrossRef]

14. Ryu, D.; Kim, S.J.; Hong, Y.; Jo, A.; Kim, N.; Kim, H.-J.; Lee, H.-O.; Kim, K.; Park, W.-Y. Alterations in the Transcriptional Programs
of Myeloma Cells and the Microenvironment during Extramedullary Progression Affect Proliferation and Immune Evasion. Clin.
Cancer Res. 2020, 26, 935–944. [CrossRef] [PubMed]

15. Zhang, X.; Zhou, Z.; Wang, J.; Han, M.; Liu, H.; Zang, M.; Liu, J.; Lu, J.; Zhang, J.; Zhang, G.; et al. Immune Checkpoint Receptors
and Their Ligands on CD8 T Cells and Myeloma Cells in Extramedullary Multiple Myeloma. Biocell 2024, 48, 303–311. [CrossRef]

16. Merz, M.; Hu, Q.; Merz, A.M.A.; Wang, J.; Hutson, N.; Rondeau, C.; Celotto, K.; Belal, A.; Alberico, R.; Block, A.W.; et al.
Spatiotemporal Assessment of Immunogenomic Heterogeneity in Multiple Myeloma. Blood Adv. 2023, 7, 718–733. [CrossRef]

17. Vendramin, R.; Litchfield, K.; Swanton, C. Cancer Evolution: Darwin and Beyond. EMBO J. 2021, 40, e108389. [CrossRef]
18. Bahlis, N.J. Darwinian Evolution and Tiding Clones in Multiple Myeloma. Blood 2012, 120, 927–928. [CrossRef]
19. Besse, L.; Sedlarikova, L.; Greslikova, H.; Kupska, R.; Almasi, M.; Penka, M.; Jelinek, T.; Pour, L.; Adam, Z.; Kuglik, P.; et al.

Cytogenetics in Multiple Myeloma Patients Progressing into Extramedullary Disease. Eur. J. Haematol. 2016, 97, 93–100. [CrossRef]
20. McAvera, R.; Quinn, J.; Murphy, P.; Glavey, S. Genetic Abnormalities in Extramedullary Multiple Myeloma. Int. J. Mol. Sci. 2023,

24, 11259. [CrossRef]
21. Xia, Y.; Shi, Y.; Chen, Z.; Zhang, J.; Zhu, Y.; Guo, R.; Zhang, R.; Shi, Q.; Li, J.; Chen, L. Characteristics and Prognostic Value of

Extramedullary Chromosomal Abnormalities in Extramedullary Myeloma. Chin. Med. J. 2022, 135, 2500–2502. [CrossRef]
22. Kriegova, E.; Fillerova, R.; Minarik, J.; Savara, J.; Manakova, J.; Petrackova, A.; Dihel, M.; Balcarkova, J.; Krhovska, P.; Pika,

T.; et al. Whole-Genome Optical Mapping of Bone-Marrow Myeloma Cells Reveals Association of Extramedullary Multiple
Myeloma with Chromosome 1 Abnormalities. Sci. Rep. 2021, 11, 14671. [CrossRef] [PubMed]

https://doi.org/10.1038/s41408-022-00643-3
https://www.ncbi.nlm.nih.gov/pubmed/35314675
https://doi.org/10.3389/fonc.2022.941437
https://www.ncbi.nlm.nih.gov/pubmed/35847862
https://doi.org/10.1186/s43556-024-00188-w
https://doi.org/10.1038/s41408-024-01172-x
https://doi.org/10.3390/cancers13020217
https://doi.org/10.1182/blood-2024-206798
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1136/bmj.n160
https://doi.org/10.1002/jrsm.1411
https://doi.org/10.1038/s41375-024-02206-w
https://doi.org/10.1182/blood.2024024590
https://www.ncbi.nlm.nih.gov/pubmed/39172759
https://doi.org/10.1002/ajh.27469
https://doi.org/10.1158/1078-0432.CCR-19-0694
https://www.ncbi.nlm.nih.gov/pubmed/31558476
https://doi.org/10.32604/biocell.2023.046640
https://doi.org/10.1182/bloodadvances.2022007457
https://doi.org/10.15252/embj.2021108389
https://doi.org/10.1182/blood-2012-06-430645
https://doi.org/10.1111/ejh.12688
https://doi.org/10.3390/ijms241411259
https://doi.org/10.1097/CM9.0000000000002351
https://doi.org/10.1038/s41598-021-93835-z
https://www.ncbi.nlm.nih.gov/pubmed/34282158


Cancers 2025, 17, 1081 12 of 13

23. Liu, Y.; Jelloul, F.; Zhang, Y.; Bhavsar, T.; Ho, C.; Rao, M.; Lewis, N.E.; Cimera, R.; Baik, J.; Sigler, A.; et al. Genetic Basis of
Extramedullary Plasmablastic Transformation of Multiple Myeloma. Am. J. Surg. Pathol. 2020, 44, 838–848. [CrossRef] [PubMed]

24. Sevcikova, S.; Paszekova, H.; Besse, L.; Sedlarikova, L.; Kubaczkova, V.; Almasi, M.; Pour, L.; Hajek, R. Extramedullary Relapse of
Multiple Myeloma Defined as the Highest Risk Group Based on Deregulated Gene Expression Data. Biomed. Pap. Med. Fac. Univ.
Palacky Olomouc Czech Repub. 2015, 159, 288–293. [CrossRef]

25. Chen, T.; Sun, Z.; Cui, Y.; Ji, J.; Li, Y.; Qu, X. Identification of Long Noncoding RNA NEAT1 as a Key Gene Involved in the
Extramedullary Disease of Multiple Myeloma by Bioinformatics Analysis. Hematology 2023, 28, 2164449. [CrossRef]

26. Long, X.; Xu, Q.; Lou, Y.; Li, C.; Gu, J.; Cai, H.; Wang, D.; Xu, J.; Li, T.; Zhou, X.; et al. The Utility of Non-invasive Liquid Biopsy
for Mutational Analysis and Minimal Residual Disease Assessment in Extramedullary Multiple Myeloma. Br. J. Haematol. 2020,
189, e45–e48. [CrossRef]

27. Sun, Z.; Ji, J.; Li, Y.; Cui, Y.; Fan, L.; Li, J.; Qu, X. Identification of Evolutionary Mechanisms of Myelomatous Effusion by
Single-Cell RNA Sequencing. Blood Adv. 2023, 7, 4148–4159. [CrossRef]

28. Egan, J.B.; Kortuem, K.M.; Kurdoglu, A.; Izatt, T.; Aldrich, J.; Reiman, R.; Phillips, L.; Baker, A.; Shi, C.; Schmidt, J.; et al.
Extramedullary Myeloma Whole Genome Sequencing Reveals Novel Mutations in C Ereblon, Proteasome Subunit G 2 and the
Glucocorticoid Receptor in Multi Drug Resistant Disease. Br. J. Haematol. 2013, 161, 748–751. [CrossRef]

29. Mithraprabhu, S.; Sirdesai, S.; Chen, M.; Khong, T.; Spencer, A. Circulating Tumour DNA Analysis for Tumour Genome
Characterisation and Monitoring Disease Burden in Extramedullary Multiple Myeloma. Int. J. Mol. Sci. 2018, 19, 1858. [CrossRef]

30. Galon, J.; Bruni, D. Approaches to Treat Immune Hot, Altered and Cold Tumours with Combination Immunotherapies. Nat. Rev.
Drug Discov. 2019, 18, 197–218. [CrossRef]

31. Gupta, S.; Master, S.; Graham, C. Extramedullary Multiple Myeloma: A Patient-Focused Review of the Pathogenesis of Bone
Marrow Escape. World J. Oncol. 2022, 13, 311–319. [CrossRef]

32. Miriyala, L.K.V.; Avasthi, D. Cutaneous Multiple Myeloma. Cureus 2021, 13, e17779. [CrossRef]
33. Beldi-Ferchiou, A.; Skouri, N.; Ben Ali, C.; Safra, I.; Abdelkefi, A.; Ladeb, S.; Mrad, K.; Ben Othman, T.; Ben Ahmed, M. Abnormal

Repression of SHP-1, SHP-2 and SOCS-1 Transcription Sustains the Activation of the JAK/STAT3 Pathway and the Progression of
the Disease in Multiple Myeloma. PLoS ONE 2017, 12, e0174835. [CrossRef] [PubMed]

34. Chim, C.-S.; Fung, T.-K.; Cheung, W.-C.; Liang, R.; Kwong, Y.-L. SOCS1 and SHP1 Hypermethylation in Multiple Myeloma:
Implications for Epigenetic Activation of the Jak/STAT Pathway. Blood 2004, 103, 4630–4635. [CrossRef] [PubMed]

35. Yao, Q.; Morgan, G.J.; Chim, C.S. Distinct Promoter Methylation Profile Reveals Spatial Epigenetic Heterogeneity in 2 Myeloma
Patients with Multifocal Extramedullary Relapses. Clin. Epigenet. 2018, 10, 158. [CrossRef] [PubMed]

36. Song, Y.; Du, J.; Jin, X.; Li, H.; Jia, C.; Liu, Y.; Li, K.; Zhou, D.; Zhuang, J. MYC Translocation Is a Valuable Marker for the
Development and Relapse of Extramedullary Disease in Multiple Myeloma. Eur. J. Haematol. 2024, 113, 824–832. [CrossRef]

37. Shi, X.; Wu, Y.; Yao, X.; Du, B.; Du, X. Case Report: Dual-Targeted BCMA and CS1 CAR-T-Cell Immunotherapy in Recurrent and
Refractory Extramedullary Multiple Myeloma. Front. Immunol. 2024, 15, 1422478. [CrossRef]

38. Elia, I.; Haigis, M.C. Metabolites and the Tumour Microenvironment: From Cellular Mechanisms to Systemic Metabolism. Nat.
Metab. 2021, 3, 21–32. [CrossRef]

39. Kim, G.B.; Riley, J.L.; Levine, B.L. Engineering T Cells to Survive and Thrive in the Hostile Tumor Microenvironment. Curr. Opin.
Biomed. Eng. 2022, 21, 100360. [CrossRef]

40. Leblay, N.; Maity, R.; Hasan, F.; Neri, P. Deregulation of Adaptive T Cell Immunity in Multiple Myeloma: Insights Into Mechanisms
and Therapeutic Opportunities. Front. Oncol. 2020, 10, 636. [CrossRef]

41. Chen, D.; Zhan, Y.; Yan, H.; Liang, H.; Yao, F.; Xu, H. Reduced CXCR4 Expression in Associated with Extramedullary and Predicts
Poor Survival in Newly Diagnosed Multiple Myeloma. Expert. Rev. Hematol. 2022, 15, 1017–1021. [CrossRef]

42. Salle, V.; Attencourt, C.; Chevalier, M.; Semeria, L.; Boulu, X.; Karam, J.; Smail, A.; Schmidt, J.; Duhaut, P.; Dernoncourt, A.
Cutaneous Involvement in Relapsed Multiple Myeloma. Clin. Case Rep. 2022, 10, e6282. [CrossRef] [PubMed]

43. Bhutani, M.; Foureau, D.M.; Atrash, S.; Voorhees, P.M.; Usmani, S.Z. Extramedullary Multiple Myeloma. Leukemia 2020, 34, 1–20.
[CrossRef] [PubMed]

44. Shen, F.; Shen, W. Isatuximab in the Treatment of Multiple Myeloma: A Review and Comparison With Daratumumab. Technol.
Cancer Res. Treat. 2022, 21, 15330338221106563. [CrossRef]

45. Beksac, M.; Spicka, I.; Hajek, R.; Bringhen, S.; Jelínek, T.; Martin, T.; Mikala, G.; Moreau, P.; Symeonidis, A.; Rawlings, A.M.; et al.
Evaluation of Isatuximab in Patients with Soft-Tissue Plasmacytomas: An Analysis from ICARIA-MM and IKEMA. Leuk. Res.
2022, 122, 106948. [CrossRef] [PubMed]

46. van de Donk, N.W.C.J.; Usmani, S.Z. CD38 Antibodies in Multiple Myeloma: Mechanisms of Action and Modes of Resistance.
Front. Immunol. 2018, 9, 2134. [CrossRef]

47. Van De Donk, N.W.C.J.; Pawlyn, C.; Yong, K.L. Multiple Myeloma. Lancet 2021, 397, 410–427. [CrossRef]

https://doi.org/10.1097/PAS.0000000000001459
https://www.ncbi.nlm.nih.gov/pubmed/32118627
https://doi.org/10.5507/bp.2015.014
https://doi.org/10.1080/16078454.2022.2164449
https://doi.org/10.1111/bjh.16440
https://doi.org/10.1182/bloodadvances.2022009477
https://doi.org/10.1111/bjh.12291
https://doi.org/10.3390/ijms19071858
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.14740/wjon1521
https://doi.org/10.7759/cureus.17779
https://doi.org/10.1371/journal.pone.0174835
https://www.ncbi.nlm.nih.gov/pubmed/28369102
https://doi.org/10.1182/blood-2003-06-2007
https://www.ncbi.nlm.nih.gov/pubmed/14976049
https://doi.org/10.1186/s13148-018-0597-6
https://www.ncbi.nlm.nih.gov/pubmed/30572945
https://doi.org/10.1111/ejh.14296
https://doi.org/10.3389/fimmu.2024.1422478
https://doi.org/10.1038/s42255-020-00317-z
https://doi.org/10.1016/j.cobme.2021.100360
https://doi.org/10.3389/fonc.2020.00636
https://doi.org/10.1080/17474086.2022.2113772
https://doi.org/10.1002/ccr3.6282
https://www.ncbi.nlm.nih.gov/pubmed/36093446
https://doi.org/10.1038/s41375-019-0660-0
https://www.ncbi.nlm.nih.gov/pubmed/31776467
https://doi.org/10.1177/15330338221106563
https://doi.org/10.1016/j.leukres.2022.106948
https://www.ncbi.nlm.nih.gov/pubmed/36108425
https://doi.org/10.3389/fimmu.2018.02134
https://doi.org/10.1016/S0140-6736(21)00135-5


Cancers 2025, 17, 1081 13 of 13

48. Mateos, M.-V.; Cavo, M.; Blade, J.; Dimopoulos, M.A.; Suzuki, K.; Jakubowiak, A.; Knop, S.; Doyen, C.; Lucio, P.; Nagy, Z.;
et al. Overall Survival with Daratumumab, Bortezomib, Melphalan, and Prednisone in Newly Diagnosed Multiple Myeloma
(ALCYONE): A Randomised, Open-Label, Phase 3 Trial. Lancet 2020, 395, 132–141. [CrossRef]

49. Jelinek, T.; Sevcikova, T.; Zihala, D.; Popkova, T.; Kapustova, V.; Broskevicova, L.; Capkova, L.; Rihova, L.; Bezdekova, R.;
Sevcikova, S.; et al. Limited Efficacy of Daratumumab in Multiple Myeloma with Extramedullary Disease. Leukemia 2022, 36,
288–291. [CrossRef]

50. Zhu, C.; Song, Z.; Wang, A.; Srinivasan, S.; Yang, G.; Greco, R.; Theilhaber, J.; Shehu, E.; Wu, L.; Yang, Z.-Y.; et al. Isatuximab
Acts Through Fc-Dependent, Independent, and Direct Pathways to Kill Multiple Myeloma Cells. Front. Immunol. 2020, 11, 1771.
[CrossRef]

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/10.1016/S0140-6736(19)32956-3
https://doi.org/10.1038/s41375-021-01343-w
https://doi.org/10.3389/fimmu.2020.01771

	Introduction 
	Material and Methods 
	Search Strategy 
	Study Selection and Eligibility Criteria 
	Data Extraction 
	Quality Assessment (Study Risk-of-Bias Assessment) 
	Primary and Secondary Outcomes 

	Results 
	Database Search Results 
	Study Characteristics 
	Methodology Used for MM and EPM 
	Comparisons Between the Medullary and Extramedullary Disease from a Genetic Perspective 
	Associations of EPM with Specific Immune Microenvironment 
	Associations of Immune Microenvironment with Therapy and Prognosis 

	Discussion 
	Study Limitations 
	Conclusions 
	References

