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Minimal residual disease (MRD) assessment using peripheral blood instead of
bone marrow aspirate/biopsy specimen or the biopsy of the cancerous infiltrated
by lymphoid malignancies is an emerging technique with enormous interest of
research and technological innovation at the current time. In some lymphoid
malignancies (particularly ALL), Studies have shown that MRD monitoring of the
peripheral blood may be an adequate alternative to frequent BM aspirations.
However, additional studies investigating the biology of liquid biopsies in ALL and
its potential as an MRD marker in larger patient cohorts in treatment protocols
are warranted. Despite the promising data, there are still limitations in liquid
biopsies in lymphoid malignancies, such as standardization of the sample
collection and processing, determination of timing and duration for liquid
biopsy analysis, and definition of the biological characteristics and specificity of
the techniques evaluated such as flow cytometry, molecular techniques, and
next generation sequencies. The use of liquid biopsy for detection of minimal
residual disease in T-cell lymphoma is still experimental but it has made
significant progress in multiple myeloma for example. Recent attempt to use
artificial intelligence may help simplify the algorithm for testing and may help
avoid inter-observer variation and operator dependency in these highly
technically demanding testing process.
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1 Liquid biopsies
1.1 Liquid biopsy components

1.1.1 Circulating tumor cells

Circulating tumor cells (CTCs) are cancerous cells that break
away from the primary tumor and enter the bloodstream, leading to
metastasis. The detection of CTCs in clinical samples using a liquid
biopsy can be an effective tool for cancer diagnosis and prognosis
(1). However, CTCs are present in low abundance in most patients
and have a short half-life of a few hours, making them difficult to
detect. Various techniques have been defined to isolate and analyze
CTCs with their detection usually dependent on molecular markers
like the epithelial cell adhesion molecule - the most widely used (2,
3). Though still experimental, CTC detection is now used as a
surrogate biomarker in numerous solid cancers (breast, prostate,
lung, and liver cancers). The analysis CTCs is not commonly done
in hematological malignancies, but it is still possible in certain
conditions such as acute leukemias, myelodysplastic syndromes
(MDSs), myeloproliferative neoplasms (MPNs), multiple myelomas
(MM), and lymphomas (4-6).

1.1.2 Cell-free DNA

It has been known for some time that circulating cell-free DNA
(cfDNA) can be found in human body fluids, including plasma. In
healthy individuals, the majority of cfDNA molecules in plasma
originate from the hematopoietic system. However, in certain
clinical situations, such as pregnancy, organ transplantation, and
cancer, it has been observed that the related or affected tissues may
release additional DNA into the plasma pool (7, 8). In oncological
patients, apoptosis, necrosis, or both, are the main sources of
circulating cell-free DNA (cfDNA) (in this case called circulating
tumor DNA - ctDNA). Apoptosis is a process of programmed cell
death characterized by the trimming of chromosomes into
nucleosomes (consisting of 180 base pairs) by enzymes called
DNases, which are then released into the bloodstream. These
nucleosomes circulate for a period of one to three hours before
being removed by phagocytic cells and other cells. Necrosis, on the
other hand, occurs when cells are damaged or stressed to the point
of uncontrolled death, leading to the random and incomplete
digestion of DNA (9-11). It has been suggested that the
fragmentation profile of circulating ¢fDNA may reveal
information about the tissue origin in cancer patients (11).
Additionally, DNA methylation patterns are known to be tissue-
specific, and thus, their analysis may allow for the determination of
the origin of cf-DNA fragments. Plasma cfDNA methylation
profiling has also been demonstrated to be a highly accurate
approach for the diagnostic evaluation of several types of
malignancies (12, 13). Furthermore, the sequence analysis of
tumor-associated ¢fDNA may also be utilized for the
identification of specific mutations, such as TP53, KRAS, BRAF,
and HER2, which may be useful for guiding therapeutic decisions
(14, 15). Liquid biopsies, by the quantification of cfDNA using real-
time quantitative digital polymerase chain reaction (qRT-dPCR)
and next-generation sequencing (NGS), can be used for all types of
lymphomas, because the plasma regularly contains low levels of
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detectable lymphoma-derived c¢fDNA, as well as in myeloid
pathology, MDS, MPN, and AML, and/or other lymphoid
malignancies, such as acute lymphoblastic leukemia (ALL) and
multiple myeloma (MM) (16, 17).

1.1.3 Tumor-educated platelets

Numerous studies demonstrated that platelets could influence
various aspects of cancer progression, particularly tumor cell
metastasis. In cancer patients, platelets often display distinct RNA
and protein profiles, despite showing no significant changes in their
hemostatic activity. This phenotypically distinct population of
platelets, known as tumor-educated platelets (TEP), has recently
received considerable attention due to its potential detection and
analysis using liquid biopsy (18, 19).

1.1.4 Exosomes

Exosomes are small, extracellular vesicles that are secreted by
multivesicular bodies within live cells through exocytosis. They
range in size from 30 to 150 nm and can facilitate communication
between cells due to their composition, which includes nucleic
acids, proteins, and lipids (20). Tumor-derived exosomes (TDEs)
are closely related to tumor progression, metastasis, and immune
evasion. Thus, TDEs analyzed through their RNA content, may
hold great promise for early cancer detection, prognosis, and
management assessment (21, 22).

1.1.5 Micro-RNA

MicroRNAs (miRNAs) are small, non-coding RNA molecules
that are about 20 nucleotides long and play a role in regulating
posttranscriptional gene expression. In recent years, miRNAs have
received increasing attention due to their involvement in various
aspects of cancer progression, such as cell growth, differentiation,
proliferation, angiogenesis, and apoptosis (23, 24). The high
concentration of miRNAs in exosomes has led to a growing
interest in the use of exosomal miRNAs as cancer biomarkers for
purposes of diagnosis, prognosis, and therapeutics (25, 26).

2 Minimal residual disease assessment
using liquid biopsy

In the setting of hematological malignancies, minimal residual
disease (MRD) is defined as the presence of residual leukemic cells
not detected by conventional cytomorphological methods, and it is
a powerful parameter to guide clinical management. For instance,
MRD is accepted as the strongest independent prognostic factor in
ALL (27). MRD can be performed on bone marrow aspirate
specimens or blood- liquid biopsy through the detection of
ctDNA. The preferred approach for detecting MRD varies
according to immunophenotype and molecular features of the
cancerous cells and available resources. Methods of analysis can
vary but they mainly include the following. First is multicolor flow
cytometry which is a rapid method that identifies leukemic blasts
based on their aberrant immunophenotype. It is less sensitive than
molecular techniques and may produce false-negative results if the
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immunophenotype changes (28). Second is through polymerase
chain reaction (PCR) which can quantify MRD by detecting blasts
based on immunoglobulin (Ig) or T-cell receptor (TCR) gene
rearrangements or leukemia-specific chromosomal
rearrangements. It is more sensitive than flow cytometry, but
requires a sample obtained at the time of diagnosis and may
produce false positives due to sample contamination (29, 30). The
third method is reverse transcriptase PCR(RT-PCR) which can
identify leukemia-specific fusion mRNA, such as the BCR : ABLI
rearrangement associated with t (9, 22). It is very sensitive and
stable throughout the disease course but is only applicable for a
minority of patients and the mRNA target may be more easily
degraded during sample handling/transport compared to DNA (31,
32). Last, next-generation sequencing (NGS) uses multiplex PCR to
amplify Ig or T-cell receptor (TCR) gene rearrangements and then
sequences the DNA with high depth (coverage). It is the most
sensitive method for detecting MRD and enables monitoring of
MRD and identification of clonal evolution during therapy (32).

Numerous studies have demonstrated that the positive
predictive value of ctDNA’s detection, is satisfactory since the
presence of MRD, which can be detected through its presence, is
linked to a poorer disease-free survival rate. However, many
limitations maintain the negative predictive of this technique at a
low level. They include detection methods that are not sensitive
enough to detect ctDNA at very low levels, improper timing of post-
treatment sampling, and the possibility of new cell clones emerging
that are not detected by the chosen technique. In addition, proper
sample processing logistics are critical for the adequate detection of
cfDNA and to prevent the breakdown of WBCs and contamination
with genomic DNA. It is ideal to process the samples quickly
(preferably within four hours) or to collect them in tubes
containing a cell stabilizing agent (33-35). Table 1 summarizes
the available MRD detection techniques in different
lymphoid malignancies.

TABLE 1 Assessment of MRD in lymphoid malignancies.

10.3389/fonc.2023.1173701

3 MRD assessment using liquid biopsy
in different malignancies

3.1ALL

MRD is the most important prognostic factor in ALL and can be
used to shape treatment choices and overall patient management to
achieve better outcomes (41). Multiparameter flow cytometry, PCR
based diagnostics used in ALL with BCR/ABLI mutations, or tests
based on next-generation sequencing (NGS) of clonal Ig and/or
TCR loci can all be used to assess ALL MRD (42, 43). Compared to
the other modalities, NGS is the most sensitive for ALL MRD
detection in the bone marrow (BM) with a sensitivity of 10°°, it is
approved and commercially accessible in the United States, and it is
being used more frequently in clinical practice (44). However, these
approaches’ requirement for recurrent invasive BM assessments is
one of their limitations, especially in the pediatric population that
constitutes 60% of newly diagnosed ALL cases (45). Hence, liquid
biopsies would be a significant advancement to avoid these
traditional intrusive tests. Yet only a handful of studies have
explored the use of blood for MRD assessment in ALL. Schwartz
et al. demonstrated that the elevation of total cfDNA in plasma in
ALL could possibly be used as an MRD marker. They also revealed
using quantitative analysis that Ig/T cell receptor (TCR) gene
rearrangements showed significant concordance between plasma
and peripheral blood (PB) leukocytes (46). Furthermore, a recent
study showed that monitoring plasma for leukemia structural
variants (SVs), found in cfDNA, with droplet digital PCR
(ddPCR) may provide useful information for the tailored follow-
up of ALL patients (47). In their study of Ig/TCR rearrangements in
bone marrow compared to peripheral blood (PB) samples from T-
ALL and precursor B-ALL, Van der Velden et al. discovered a high
association between the BM and PB MRD levels of T-ALL but not of
precursor B-ALL (48). Another study on pediatric ALL looked into

Method ALL DLBCL FL HL CLL MM
Imaging - PET/CT scan PET/CT scan PET/CT scan Lymphoid nodes, spleen, PET/CT scan
and liver evaluation by
CT
Histology BM biopsy BM biopsy BM biopsy Only if BM involvement at the time of = BM biopsy BM biopsy
(facultative) (facultative) diagnosis
MFC Yes - - - Yes Yes
Molecular = RQ-PCR - - - RQ-PCR -
NGS NGS Igs-TCR NGS liquid NGS liquid Investigational use NGS Igs NGS Igs
biopsy, biopsy,
investigational use | investigational use
Timing After completion Post-third cycle Post-third cycle Post-third cycle. Post-third cycle Post-third
of initial every 3 months every 3-6 months Additional time points should be every 3-6 months cycle. every 6
induction. guided in accordance with the months
regimen used
References = (36) (37) (37) (38) (39) (40)

ALL, acute lymphoblastic leukemia; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; HL, Hodgkin lymphoma; CLL, chronic lymphatic leukemia; MM, multiple myeloma; CT,
computed tomography; PET, positron emission tomography; BM, bone marrow; MFC, multiparametric flow cytometry; RQ-PCR, real quantitative PCR; PCR, polymerase chain reaction; NGS,

next-generation sequencing; MRD, minimal residual disease.
-, Not present.
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the level of clonal Ig/TCR gene rearrangements in plasma and
compared it to MRD determined by flow cytometry in BM. The
authors came to the conclusion that both approaches could
independently predict relapse despite the methods’ poor
correlation (49). All these studies have shown that MRD
monitoring of the PB appears to be an adequate alternative to
frequent BM aspirations, however, additional studies investigating
the biology of liquid biopsies in ALL and its potential as an MRD
marker in larger patient cohorts within current treatment protocols
are warranted.

3.2 Diffuse large B cell lymphoma

Some malignant cells express antigen receptors of B-
lymphocytes (BCR). These receptors are made up of paired light
and heavy immunoglobulin chains. Variable diversity joining (VD])
rearrangements in the progenitor B-cells can result in diversity in
the characteristics of molecules which lead to unique clonotypes in
each lymphoma. These can be useful in anticipating relapses in the
peripheral blood if the relapse comes from the diagnosis clone. This
technique has some caveats as some DLBCLs have unproductive
VDJ rearrangements (50, 51). However, multiple studies have
shown that liquid biopsies, specifically ¢fDNA and ctDNA
analysis, can be a practical tool in determining minimal residual
disease in DLBCL (52-56).

Assessing the response to the treatment, prognosis, and early
detection of relapse is a complex and sometimes inaccurate process
due to the biological and clinical heterogeneity of DLCBL. Liquid
biopsies have also been shown to be effective in diagnosis,
evaluation of disease progression, and response to the treatment
of DLBCL (54, 57-61). Liquid biopsies, such as ddPCR, have also
been utilized to detect common mutations in DLBCL such as XPOI,
EF7IK, EZH2 Y641, and MYD88 L265P (54, 57, 62). Roschewki
et al. evaluated the appropriateness and prognostic impact of NGS-
based molecular ctDNA (63). Rossi et al. assessed the rapid
clearance of mutations from c¢fDNA among the responsive
patients with DLBCL treated with R-CHOP. This was
demonstrated using CAncer Personalized Profiling by deep
Sequencing (CAPPseq) technology (64). A high ctDNA burden
before treatment has been proven to be associated with a bad
prognosis and high MRD (53, 60). This concept was introduced by
Kurtz and his colleagues in the evaluation of the response and
determining MRD by ctDNA analysis prior to the chemotherapy
(65). Pretreatment ctDNA and molecular responses were
independently prognostic of outcomes in DLBCL. Furthermore, a
two-log drop in ctDNA levels after two chemotherapy courses were
associated with an eventual completer response and cure (63). Later
Kurtz and his colleagues used phased variant enrichment and
detection sequencing (PhasED-Seq), where they were able to
detect phase variants for DBLCL and increase the sensitivity (66).
To overcome the heterogeneity and to detect MRD, different
fragmentation patterns and hypermutation patterns of ctDNA
were identified; they were shown to be superior to traditional
tissue biopsies in terms of prognostic information (67). In this
study, the latter also accurately determined the absence of MRD in
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cured patients where PET falsely identified the presence of MRD
(67). These studies showed that ctDNA analysis could be
informative and even superior in DLBCL compared to the other
methods. Another group of scientists decided that the tumor
burden by ctDNA prior to treatment heavily relies on the
diagnosis to treatment interval (68). Shin et al. analyzed the
plasma of ¢fDNA of a proposed a panel of 66 genes associated
with non-Hodgkin’s lymphoma. This study revealed that the level
of ctDNA was decreased in patients with a response to therapy, and
it increased in patients with disease progression (69). Last,
monitoring the MRD with c¢tDNA may be helpful, following
CAR-T-cell therapy (37, 70).

Exosomes or exosomal nucleic acids are another type of liquid
biopsy that is shown to be informative in determining MRD and
response to treatment (71-73). Furthermore, exosomes also are
promising in exploring the new therapeutic targets in DLBCL. Chen
and her colleagues provided evidence that Tumor-derived
exosomes can increase the immune response and promote tumor
growth, suggesting that targeting exosomes could be a potential
target in the treatment of DLBCL (74).

Along with the promising data, there are still limitations in
liquid biopsies in the context of DLBCL, such as standardization of
the sample collection and processing, determination of timing and
duration for liquid biopsy analysis, and definition of the biological
characteristics and specificity of the ctDNA, cfDNA, and exosomes.
One must keep in mind that some mutations such as TP53 or
DNMT3A could have their origin in clonal hematopoiesis of an
indeterminate potential (CHIP) (58, 75). Providing more
convincing evidence by comparing the different methods of MRD
detection versus liquid biopsies is crucial. Nevertheless, there is
promising evidence that, soon we will be able to use liquid biopsies
in the assessment of the MRD in DLBCL and by that could diminish
the invasive procedures and overtreatment by false positive MRD.

3.3 Mantle cell lymphoma

Mantle cell lymphoma (MCL) is a rare and aggressive type of
non-Hodgkin lymphoma, with a median survival of five to six years.
As MCL significantly invades both bone marrow and peripheral
blood, MRD assessment has been useful in the management of MCL
and has been developing over time from flow cytometry and PCR,
to more recent NGS-based methods (76). In a randomized phase 2
trial of bendamustine + rituximab-based induction followed by
rituximab + lenalidomide consolidation for MCL, MRD levels have
been shown to be correlated with progression-free survival (PES)
(77). In another study in patients with MCL, post-stem cell
transplant (SCT) MRD tracking using IgNGS had a high negative
predictive value and was able to identify the presence of ctDNA
months prior to clinical recurrence (78).

Lakhotia et al. analyzed the clinical significance of ctDNA
dynamics by NGS during therapy in patients with MCL treated
with bortezomib + DA-EPOCH-R. Baseline ctDNA was
significantly correlated with the total metabolic tumor volume
(TMTV) on PET Scan, and dynamic changes that occurred very
early during therapy predicted clinical outcomes. ctDNA clearance
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after one and two cycles of therapy were significantly associated
with a longer PFS, and a trend towards better overall survival (OS)
was seen. Additionally, ctDNA monitoring after induction showed
that molecular relapse can precede clinical relapse (79). Similarly,
another prospective phase 2 study of sequential
chemoradioimmunotherapy followed by SCT showed that post-
treatment NGS-based ctDNA monitoring identified early
molecular relapse. In patients who relapsed, 67% had MRD
positivity at least 3 months prior, and 72% of patients who did
not relapse had undetectable ctDNA (80).

3.4 Follicular cell lymphoma

Several studies have shown that quantification of cfDNA and
ctDNA in follicular cell lymphoma (FL) at diagnosis represents a
potential powerful prognostic biomarker. Using NGS to detect VD]
mutations in plasma samples, Sarkozy et al. assessed the prognostic
value of the ctDNA level at diagnosis from 34 patients with FL. In a
multivariate analysis, authors found that a high baseline ctDNA
level was the only independent factor significantly associated with a
worse PFS (81). Similarly, Delfau-Larue et al. retrospectively
analyzed baseline samples from 133 patients with FL using
ddPCR and IgH rearrangements. A significant correlation was
found between TMTV and both CTCs and ¢fDNA, with a worse
PES in patients with high ¢fDNA and TMTV (82).

MRD assessment by NGS can also help in predicting clinical
outcomes in patients with FL. Recent studies suggested that ctDNA
may be a more sensitive prognostic marker compared to
radiographic response. Significantly shorter PFS was seen among
patients with MRD positivity during, or after the end of treatment.
In addition, MRD negativity at 1-year and 2-years post-treatment
was associated with an improved PFS both in partial and complete
remission (83, 84). A prospective study by Distler et al. also
evaluated the ability of peripheral blood ctDNA by NGS to
serially monitor untreated FL patients during watchful waiting.
Baseline ctDNA significantly correlated with the TMTV on PET
scan, and serial monitoring of ctDNA demonstrated patterns of
sharp increases prior to progression. In non-progressing patients,
there was an overall trend for decreasing ctDNA values over time,
and undetectable ctDNA correlated with spontaneous clinical
regression in some patients (85).

ctDNA may also serve as a minimally invasive marker for
predicting FL progression and its transformation into diffuse large
B-cell lymphoma. An analysis of tumor and peripheral blood
samples from transformed FL patients identified de novo
mutations that occurred at the time of transformation and often
weeks to months prior (53). Ladetto at al showed that several MRD
negative results over time reduced the likelihood of FL relapse, but
more data into the extent of clinical relevance of serial monitoring is
warranted (86).

MRD assessment in FL has been explored as a guide to
therapeutic decision-making for additional therapy with
Rituximab, which can convert MRD positive FL to MRD negative
in cases such as advanced FL after chemotherapy and localized FL
after radiotherapy. One of the main factors limiting the use of such
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monitoring in management is a lack of detectable molecular in a
significant proportion of cases. Technical and technological
advancement are underway to potentially overcome these
limitations (87, 88).

3.5 Primary CNS lymphoma

Primary central nervous system lymphoma (PCNSL) is a rare
but aggressive type of lymphoma with generally poor survival rates.
The use of cfDNA and ctDNA as minimally invasive liquid biopsies
has been studied in PCNSL as a way to improve the diagnosis and
treatment of this anatomically challenging disease. A retrospective
study on 25 patients with PCNSL demonstrated that somatic
mutations and gene alterations can be detected by NGS-based
circulating ¢fDNA sequencing (89). In patients with MYD88
L265P mutated PCNSL, several studies suggested the important
role of detecting this mutation in plasma and cerebrospinal fluid
(CSF) samples as an additional diagnostic tool (90-92). A study by
Watanabe et al. showed that ddPCR-based detection of MYD88
mutation from CSF ¢fDNA was reliable and consistent with those of
standard tumor-derived DNA (93). CSF ctDNA was also shown to
be better than plasma ctDNA and flow cytometry at detecting CNS
lesions and residual disease, hence its utility in predicting
relapses (94).

Heger et al. recently found that the assessment of cfDNA
fragment length profiles and their dynamic changes has the
potential to significantly improve treatment guidance in PCNSL.
Higher average mutated allele frequency in a plasma sample at
baseline was associated with worse OS and PFS. Similarly,
mutation-based tracking of peripheral residual disease showed
that its persistence during treatment was significantly associated
with reduced PFS and OS (95). Using NGS CAPP-seq, another
study demonstrated the utility of ctDNA as a decision-making tool
in PCNSL treatment guidance, by accurately mirroring tumor
burden, serving as clinical biomarker for risk stratification, and
predicting outcomes (96).

3.6 T-cell ymphoma

Adult T-cell leukemia/lymphoma (ATL) is a T-cell malignancy
that arises in long-term carriers of human T-lymphotropic virus
type 1. Being extremely aggressive, the survival of some subtypes is
around 8 to 10 months. For the past 35 years, the average survival
has remained unchanged (97). T-cell lymphoma is less common
than B-cell lymphoma; hence, there is less evidence for the liquid
biopsy in T-cell lymphoma. In addition, to diagnose the latter or to
determine the mutational defect, allele-specific polymerase chain
reaction (AS- PCR) can be used to identify HOAG17V/IDH2R172
mutations (17). However, no association was done between
mutations and the clinical parameters nor survival in a study
done by Hayashida et al. (98). In fact, in a study with 34 patients
diagnosed with peripheral T-cell lymphoma where TCR
rearrangements was detected by dPCR, Milkjovic et al. reported
an average of 2.6-log decrease in the ctDNA levels and an early
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clearance of ctDNA after the first two cycles of treatment. However,
the decrease was not associated with a statistically significant
improvement in the event free survival (median (95% CI), 8.4
(0.1-NR) vs. 2.0 (0.1-NR) years; p = 0.32) or OS (median, 8.4 (0.3-
NR) vs. 7.0 (0.5-NR) years; p = 0.44) (99). Therefore, due to the lack
of association and evidence, the use of liquid biopsy for detection of
minimal residual disease in T-cell lymphoma is still inconclusive.

3.7 Hodgkin lymphoma

Classical Hodgkin’s lymphoma (cHL) is a treatable malignancy
with an annual incidence rate of 10% of new lymphomas and a
prevalence rate of 1% of all cancers in the western part of the world.
Multiagent chemotherapy (escalated BEACOPP, ABVD or
brentuximab+AVD) and radiation therapies ensured an excellent
outcome with a 5-year progression free survival rate of 65% to 95%
(100, 101). Many patients, after only two cycles of frontline
chemotherapy, benefit, so their treatment intensity gets de-
escalated (102). However, around 25% of patient will relapse,
shedding the lights on the urgency to understand the biological
processes involved and to select useful biomarkers (101). To date,
there is not yet pathognomonic biomarkers for classic Hodgkin
lymphoma because Hodgkin Reed-Sternberg (HRS) tumor cells are
very rare (0.1-3% of cells in the tissue) (103). Due to the low tumor
cell count (around only 1% of lymphoma tissue), using tissue-based
techniques to genotype HL is a challenging approach. Laser
microdissection and flow sorting of the malignant HRS cells to
molecularly profile HL has been used by previous studies, but these
complex methods have resulted in less than 100 HL genomes being
profiled to date (5). Recent research has proved that ctDNA analysis
leads to more comprehensive genomic characterization of cHL
(104). Two studies assessing the use of liquid biopsies to genotype
HL were published (105). The studies focused on the feasibility of
liquid biopsy in genotyping HL and identified the most recurrent
mutated genes, such as STAT6, GNA13, ITPKB, SOCS1 and
TNFAIP3 (106). In fact, using CAPP-seq on cfDNA, Spina et al.
proved that STAT6, TNFAIP3, ITPKB, GNA13, B2M, ATM, SPEN,
and XPO1 are the most mutated genes (105). Concerning the MRD,
Camus et al. explained that the XPO1 E571K mutation will aid as a
biomarker in cHL, by means of digital PCR. Their study presented a
not statistically significant association claiming that patients with a
detectable XPO1 mutation at the end of treatment could have a
shorter progression free survival (107). To conclude, the limitations
of these studies are numerous, and more data is crucial prior to
integrating liquid biopsies in monitoring MRD in lymphomas (99).

3.8 Chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL) is the most common
lymphoproliferative disease in the elderly of the western world,
and it has a multitude of clinical outcomes. In CLL, even though the
MRD is not yet well investigated as in other hematologic tumors,
recent studies are revealing its role in providing better progression-
free and overall survival rates (92). Relying on ctDNA for disease
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observing has also recently been established in CLL (108).
Multiparameter flow cytometer (MFC) and real time quantitative
polymerase chain reaction (RQ-PCR) are the most common used
techniques. Even though CLL is a circulation disease in the
peripheral blood, much research has proven the effectiveness of
ctDNA, using digital PCR and targeted sequencing. In CLL, ctDNA
analysis display fluctuations in the disease across tissues, including
the bone marrow and lymph nodes. This offers supplementary
information that cannot be attained by only monitoring the
circulating disease. Moreover, in CLL, serial ctDNA investigation
favors examining clonal dynamics and discovering genomic
changes linked with Richter’s syndrome (104). To conclude,
additional data and research ought to be performed to implement
the MRD monitoring as a harmonizing method additionally to the
ones used.

3.9 Multiple myeloma

The standard method for determining a patient’s diagnosis,
prognosis, and genetic assessment in MM is a BM aspirate and
biopsy and performing fluorescent in situ hybridization (FISH).
However, because it necessitates an invasive approach, this
uncomfortable method provides a significant disadvantage for
routine illness assessment. New research also showed that a single
BM aspirate is unable to display the complex genetic heterogeneity
of MM (109). Liquid biopsies may represent an emerging tool that
can be used in clinical settings to detect and track MM, leading to a
more specific treatment approach (110).

Currently, techniques utilized to detect MRD comprise of next-
generation flow cytometry (NGF) and NGS. The initial technique
used to assess MRD was flow cytometry more than a decade ago,
which had a sensitivity of 107 initially and has now improved to
2x107° (111). The EuroFlow consortium has standardized this
methodology (112). Alongside, NGS has also emerged for
measuring MRD, where immunoglobulin gene segments are
amplified and sequenced with consensus primers (113). The
Adaptive Clonoseq platform (formerly known as LymphoSIGHT)
presently has a sensitivity of 6.77x1077, using 20 g DNA from 1mL
of bone marrow aspirate (114, 115).

There is a high level of agreement between NGF and NGS
techniques in detecting MRD, exceeding 80% in newly diagnosed
patients as shown in the FORTE (116) and CASSIOPEIA (117)
trials. The concordance was similarly high, ranging from 85.8% to
92.9% when comparing NGF with NGS from a different platform
called LymphoTrack. The choice of MRD assay typically depends
on institutional preference and availability. However, NGS requires
a baseline sample to provide a trackable sequence, which is not
necessary for NGF. In some cases, a trackable sequence for NGS
could not be identified in 7.8% of samples (118). Another advantage
of NGF is that it can detect hemodilution by examining mast cell,
erythroblast, and B-cell precursor populations (112). Moreover,
NGF can potentially assess the bone marrow microenvironment,
which may have prognostic relevance in research settings.

Several meta-analyses have demonstrated that achieving a
deeper response beyond complete remission (CR) is linked to an
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improvement in OS (119-121). The initial meta-analyses focused
on transplant-eligible patients who underwent intensive therapy
and where MRD was mostly evaluated by older and less sensitive
flow cytometry (10™*). However, a recent meta-analysis builds upon
these prior observations and includes older, transplant-ineligible
patients, as well as patients with relapsed disease. The study revealed
that compared to MRD-positive disease, MRD-negative status was
associated with better progression-free survival (hazard ratio 0.33;
95% CI 0.29-0.37) and OS (hazard ratio 0.45; 95% CI 0.39-0.51)
across various patient populations, including those with relapsed or
high-risk disease (121). It is noteworthy that MRD status can also
stratify patients in CR, with an OS of 112 months for MRD-negative
patients, compared to 82 months for MRD-positive patients (120).

Considering these discoveries, the status of MRD is being used
more often as a benchmark to compare different treatment plans,
particularly as these plans are becoming more successful in
achieving deeper responses. The International Myeloma Working
Group and Bone Marrow Transplant Clinical Trials Network have
established definitions for MRD and its measurement, with the
former recommending a sensitivity of 10 (40, 122). The use of
MRD as a replacement endpoint for regulatory purposes is
currently being debated (123) and is being explored by a coalition
of academic organizations and pharmaceutical companies known as
the International Independent Team for Endpoint Approval of
Myeloma MRD (124-126).

Diving into how MRD can be utilized, one should notice that
nearly immediately following the onset of the premalignant clonal
activity, CTCs can be detected. These cells are liberated from the
BM into the circulation and typically join other BM sites (127). In
fact, Sata et al. found that polymerase chain reaction using allele-
specific oligonucleotides (ASO-PCR) levels in BM cells and
peripheral blood cells were strongly correlated, which suggests
that MM cells may circulate in the peripheral blood (128). CTCs
can be found in monoclonal gammopathy of undetermined
significance (MGUS), smoldering multiple myeloma (SMM) and
overt MM. The primary difference between these disorders is the
CTC rate, which rises in percentages from 0.0002% for MGUS to
0.004% for SMM and 0.04% for overt MM (129). Interestingly, a
high CTC count in SMM was associated with a significant
likelihood of progressing to clinical MM within 2-3 years after
diagnosis (130). Notably, the CTC count was thought to be a
distinct prognostic factor. Lower progression-free survival (PES)
related to rising numbers of CTCs. In addition to that, MM patients
with undetectable CTCs exhibited exceptionally long PFS (131). By
investigating the clonotypic VDJ rearrangement for tracking
circulating MM cells and cell-free myeloma DNA, Oberle et al.
found that most non-responders and progressors had lingering
myeloma cells and cell-free myeloma DNA in the blood (132).

The extension and aggressiveness of the illness appear to be
related to cfDNA levels. MM patients without extramedullary
involvement and extramedullary MM (EMM) patients’ plasma
samples were used in a study to assess the relationship between
c¢fDNA and MM progression. Surprisingly, individuals with
extramedullary involvement produced higher levels of cfDNA
than participants without this sort of involvement. Additionally,
compared to BM aspirates, plasma tumor-originated cfDNA

Frontiers in Oncology

10.3389/fonc.2023.1173701

(ctDNA) showed a higher concordance to extramedullary tumors.
Considering this, cfDNA is a helpful alternative for EMM genetic
identification, particularly when the tumor is difficult to access. It
may also be used to monitor MM progression (133). Numerous
studies have looked at the genetic traits in SMM that can reliably
identify patients with high risk SMM. According to certain findings,
cfDNA levels were lower in SMM participants than in patients with
overt MM. A study looked at whether variations in the quantity of
cfDNA correlate with risk levels identified by the 70 gene expression
profile (GEP70). The amounts of cfDNA were noticeably higher in
the GEP70 high-risk group compared to the low risk set (134).
Another study demonstrated that cfDNA may be used to determine
the tumor burden and forecast the likelihood of a disease recurrence
in MM patients. Additionally, ¢fDNA with driver mutations
provided more reliable evidence of the recurrence of MM than
serum free light chains (135). According to Rustad et al., there is a
correlation between the quantity of mutated alleles in the peripheral
blood and the percentage of BM plasma cells, which may reflect
mutated cells, tumor load, and the development of a more advanced
disease (136).

There are few papers that compare the assessment of the
minimal residual disease (MRD) using cfDNA to other common
approaches including flow cytometry and DNA assessment in the
BM (137). Mazzotti et al. demonstrated, using solely IgH gene
rearrangements, that there is no relationship between DNA and BM
for the MRD by NGS (137). Another research showed that cfDNA
may be used to assess the MRD, particularly in EMM. Although a
pertinent link between the quantity of tumor-specific cfDNA and
clinical outcomes has been found in other studies, the findings in
the case of the MRD assessment were not significant (138). As of
now, using cfDNA alone has little value in assessing the MRD in
MM subjects, despite mounting evidence that it may be a helpful
auxiliary method for the treatment and control of the disease and,
possibly, with further development, becoming a useful tool for
assessing the MRD (139). The clonoSEQ® Assay (Adaptive
Biotechnologies Corporation, Seattle, USA) identifies and tracks
unique disease-associated immunoglobulin (Ig) sequences by next-
generation sequencing of IgH, IgK, and IgL rearrangements and
IgH-BCL1/2 translocations in malignant B cells and is useful for
MRD assessment in CLL, ALL and Multiple Myeloma (MM). The
MRD assessment using clonoSEQ® can be used in the assessment of
myeloma burden throughout treatment with accuracy, sensitivity
and standardization when compared to traditional
cytomorphology. Both bone marrow based and peripheral blood
based assays are available (115).

Different studies explored liquid biopsies in MM. KRAS, NRAS
and BRAF mutations were evaluated by both Mithraprabhu et al.
and Kis et al., in 2017, The former found that the analysis of ctDNA
in seven patients indicated that the frequency of certain mutant
clones increased at the same time as clinical relapse, suggesting that
it could be used as a non-invasive method to monitor the
progression of MM disease (140). The latter found that the
concentration of cfDNA was significantly higher in the MM
cohort than in 56 patients with advanced solid tumors (p <
0.001). The concentration of ¢fDNA was associated with
advanced disease, as shown by a correlation with late relapse
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compared to early relapse (p = 0.016). The frequency of mutations
in ¢fDNA showed strong agreement with those in bone marrow
samples, with R? values ranging from 0.913 to 0.997 (141). Gerber
et al. evaluated somatic mutations utilizing CAPP-seq. The quantity
of ¢fDNA was associated with clinical and pathological indicators
that reflect the size and spread of the tumor, such as the degree of
bone marrow plasma cell infiltration (p = 0.02). The frequencies of
variant alleles in plasma samples were positively correlated with
those in tumor biopsies (rs = 0.58, p = 9.6 x 107°) (142). Table 2
represents trials evaluating MRD to guide treatment.

3.10 Waldenstrom’s macroglobulinemia

Waldenstréom’s macroglobulinemia (WM) is a type of
lymphoplasmacytic lymphoma with recurring somatic mutations,
including MYD88 and CXCR4 mutations, which can be found in up
to 97% and 40% of cases, respectively (143). While the current
genomic analysis of CD19+ selected cells from bone marrow
aspirates is the standard procedure, liquid biopsies are becoming
a reliable alternative. Bagratuni et al. collected and analyzed
approximately 100 paired bone marrow and peripheral blood
samples from patients with IgM monoclonal gammopathies (144).
They found that ¢fDNA is a reliable biomarker for the detection of
MYD88 and CXCR4 mutations, with high concordance rates
between bone marrow and ¢fDNA detection across all stages of
the disease (145). Drandi et al. also demonstrated the feasibility of
detecting MYD88 mutations in ¢fDNA using droplet digital PCR
(ddPCR), with good concordance rates between bone marrow and
cfDNA detection. This is of notable clinical importance since the

TABLE 2 Trials utilizing MRD to guide initial and maintenance therapy.

Primary Population

endpoint

Treatment administered

10.3389/fonc.2023.1173701

MYD88"**" is a diagnostic and predictive biomarker of therapy
response. Diagnostically, liquid biopsies including surface marker

and genetic mutations such as MYDgg" "

participate in
distinguishing WM from B-cell lymphoproliferative disorders as
well as from related IgM monoclonal gammopathies. Furthermore,
MYD88"** mutation detection have a role in MRD monitoring as
well. Dynamics of MRD clearance need to be explored further in a
controlled prospective setting to draw conclusions in comparing
optimal sources of sampling, but initial retrospective results suggest
the mutation clears from the PB earlier than BM (146). The ddPCR
technique can also be applied in other liquid biopsies, such as the
detection of the MYD88"2**" mutation in the cerebrospinal fluid of
patients with suspected Bing-Neel syndrome (147). Overall, liquid
biopsies have the potential to serve as a reliable alternative to bone
marrow CD19+ selected cell analysis.

3.11 Chronic myelocytic leukemia

Different groups have recently conducted tests on the
quantification of BCR-ABLI transcripts by using digital PCR in
patients with chronic myeloid leukemia (CML). One such study,
known as the ISAV study, involved CML patients who had been on
first-generation TKI therapy for more than two years and had
undetectable BCR-ABLI levels by RT-qPCR for at least 18 months.
The researchers, including Mori et al,, used the Fluidigm dPCR
platform, which involves multiple parallel micro-reactions, to select
patients who were suitable for discontinuing TKIs. The study
showed that most patients who remained in a stable state of
undetectable minimal residual disease (MRD) by RT-qPCR were

Based on

1. MRD testing utilizing NGF (107°)

RADAR PFS

Patients who received Isa main were MRD -ve

REMNANT PES

NCT04221178
one year

PREDATOR EFS

2. MRD testing utilizing NGS

MRD -ve at

Standard risk patients after
auto SCT

MRD -ve patients
randomized to two arms

Patients on 3 years of
continuous maint

Patients after 1-2 prior
lines of therapy who are
MRD negative

Randomization to arms including R maint, RVd
consolidation + R maint, R-isa maint, or isa-RVd
consolidation + R isa maint

Dara-Kd

Maint treatment

Dara vs. observation

after initial treatment. The remaining tested
+ve.

Patients who received Dara-Kd tested MRD
+ve vs those who were only continuously
observed every 4 months

None of the patients tested MRD +ve

Patients who were on Dara tested MRD+ve
while those on observation were MRD-ve

NCT04140162 = MRD

AURGIA* MRD

MASTER* MRD

EFS, event-free survival.
*denotes (107°).
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Patients who got induction
with dara-R

Patients who got auto-SCT

Patients who received
dara-KRd

Following induction, received either consolidation
with dara-RVd vs. maint dara

Patients received DARA-R vs R only.

Additional dara_KRd vs. observation after achieved
MRD-ve twice

08

Patients on dara-RVd tested +ve vs.-ve for
those who received maint dara

Patients on DARA-R only tested MRD+ve.

Patients receiving additional dara-KRd were
those who tested MRD+ve.
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dPCR-negative at the time of TKI suspension (148). Furthermore,
the majority of patients who relapsed and were unable to sustain
TKI discontinuation were found to be dPCR-positive (68% vs. 43%)
(149, 150). Another meta-analysis study also demonstrated the
effectiveness of dPCR in supporting the selection of CML patients
for TKI discontinuation. Other groups have also confirmed the
accuracy and sensitivity of first-generation dPCR platforms in
measuring BCR-ABLI transcripts (151).

Goh and their colleagues assessed the ability of nanofluidic
dPCR to monitor the continual decrease in BCR-ABLI transcript
levels, even after it had become undetectable using traditional RT-
qPCR methods. They found that dPCR had a 2-3 log improvement
in sensitivity over RT-qPCR, with 75% of samples that were
undetectable by RT-qPCR showing positivity for BCR-ABLI
transcripts when screened by dPCR (152). Other studies have also
confirmed the improved sensitivity of dPCR. In a comparison
between RT-qPCR and dPCR, the two methods had a 99%
correlation, but only dPCR was able to predict a logarithmic
increase in MRD. Additionally, dPCR was able to detect an
increase in BCR-ABLI1 transcripts up to three months earlier than
RT-qPCR (153). The use of dPCR for BCR-ABLI quantification has
also been explored in pediatric CML cases. In these cases, dPCR
improved MRD monitoring by detecting the BCR-ABL1 fusion
gene on genomic DNA. This is because in pediatric patients, the
ABL1 and BCR breakpoint cluster regions are positioned in a way
that affects the match between the primers and probe on the BCR-
ABLI transcript (154). This evidence was confirmed by another
study, which demonstrated that monitoring MRD through the
detection of both ¢cDNA and gDNA is the most sensitive
approach for pediatric CML patients (155).

It is possible to detect BCR-ABL1 on gDNA instead of cDNA in
adults, even if they have a long history of undetectable MRD using
conventional RT-qPCR based on RNA analysis (155). This is
because the fusion gene may not be transcribed. A gDNA-based
dPCR approach can accurately measure the major breakpoint
region and the presence of the BCR-ABLI fusion gene, increasing
sensitivity compared to fluorescence in situ hybridization (156,
157). A second-generation chip-based dPCR platform has been
developed in recent years for the detection of BCR-ABLI
transcripts. Bernardi and their colleagues demonstrated that
dPCR can provide precise, sensitive, and accurate quantification
of BCR-ABLI transcripts in different biological matrices, including
the gold standard peripheral blood cells. They also showed that
CML cells can release EVs (158, 159). The presence of BCR-ABLI
positive extracellular vesicles (EVs) has been shown to have an
impact on both in vitro and in vivo tumor progression. However,
the biological significance of these EVs has not yet been fully
understood. CML patients have been found to have a higher
number of circulating EVs at diagnosis compared to patients in
early stages of treatment or in “deep” MRD, as well as healthy
individuals. Additionally, the presence of BCR-ABLI transcripts
detected by RT-qPCR has only been observed in the cargo of
exosomes isolated from CML patients in the early stages of the
disease. With the application of dPCR, it has been possible to detect
the BCR-ABLI transcript in patients with undetectable MRD levels,
using a new biological substrate (circulating exosomes) and
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avoiding invasive clinical procedures. This suggests the potential
of using dPCR to detect active leukemic cells in a less invasive
way (158).

Using second-generation dPCR platforms has allowed for the
possibility of suspending TKIs therapy for CML patients (160, 161).
Italian and French cooperative groups have investigated the use of
dPCR in this context and have found that BCR-ABLI values
measured by dPCR are a significant predictor of molecular
recurrence. This finding has been supported by a meta-analysis of
five different trials (162-164). Additionally, dPCR is reported to be
more reliable than RT-qPCR in amplifying all transcript variants
present in CML patients. Third-generation dPCR chip-based
platforms, such as novel microfluidic array partitioning
consumable devices, have also been used to precisely quantify
BCR-ABLI1 transcripts down to a 0.01% allele frequency with
high reproducibility across many replicates, providing further
evidence of dPCR’s ability to overcome RT-qPCR limitations (165).

As a result of the promising outcomes, it is not surprising that
new commercial assays certified for diagnostic use have emerged for
detecting BCR-ABLI1 transcripts by dPCR. Furthermore, some
expert panels have recommended coordinated international
efforts to standardize MRD monitoring by dPCR in adult CML
patients through inter- and intra-laboratory tests (166). This push
will support the routine use of dPCR alongside RT-qPCR in some
settings of CML patients. The routine use of dPCR is preferred over
other technologies due to its lower analysis costs, ranging from EUR
4 to 12 per sample, making it a more affordable option (166).

The CD26 antigen is preferentially expressed on leukemic cells
from CML patients but not on normal BM cells or those from other
neoplasms (167). In one study, CD26+ leukemic stem cells (LSC)
were present in around 30% of CML patients with undetectable
BCR-ABL1 by RQ-PCR. Quiescent residual LSC may not express
BCR-ABLI transcriptionally, which makes them undetectable by
RQ-PCR or by other molecular techniques investigating the BCR-
ABLI transcript. This opens the opportunity to use residual CD26+
LSC in the PB by flow cytometry for MRD monitoring, in addition
to standard BCR-ABL1 detection. This is being investigated
further (168).

Other methods of BCR-ABLI independent MRD monitoring
currently under investigation for potential clinical use include
miRNA quantification and mitochondrial DNA (mtDNA)
mutations detection (169).

4 Artificial intelligence and
liquid biopsies

Artificial Intelligence (AI) will inescapably be involved in the
future landscape of hematological disease management at all stages.
Different models using AI have already shown promise in several
areas of hematology. For instance, in cytomorphology AI models
were able to differentiate cell types and detect malignant clones. In
cytogenetics, AI models were able to support karyotyping (170).
Technologies leveraging Al have been rapidly evolving over the last
few years and may very well be on their way to enhance the clinical
practice of the human hematologist. In fact, in 2022 alone, the FDA
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has approved 91 new additions to their list of legally marketed AI/
ML-enabled medical devices (171).

Although the terms “AI” and “machine learning” (ML) are
commonly used interchangeably in medical literature, ML is
actually a subset of AI that refers to the automatic detection of
patterns and associations within the data analyzed. AI can be
broadly separated into two groups: strong and narrow. Narrow or
weak AI performs one task based on a defined dataset, such as the
automatic classification of cell types, and refers to all current
medical ML-based algorithms. To qualify as strong, the AT model
would have to reliably perform multiple tasks without the need for
human intervention, but none of the present-day models achieve
this in medicine, ethical and legal questions aside (172).

Phenotypic assessment of peripheral blood (PB) and bone
marrow (BM) samples is still the backbone of hematological
diagnostics and depends on the experience and capabilities of
hematologists and pathologists with limited reproducibility.
Several models have been created to classify blood cell types and
morphological features, even reaching sensitivity and specificity of
over 93.5% and 96.0% respectively (173). For instance, one model
was able to reliably identify acute promyelocytic leukemia, an
oncologic emergency, in AML samples in a fraction of the time it
would take using traditional methods (174). There is even an
ongoing prospective clinical trial (ClinicalTrials.gov Identifier:
NCT04466059) leveraging an AI model to classify single-cell
images of PB smears side-by-side to routine diagnostics with
sensitivity and specificity of Al-guided diagnostics as the primary
outcomes measured. In TKI treatment selection of CML chronic
phase patients, the choice between several highly effective treatment
options is complex and frequently subjective. An AI model
developed by Sasaki et al. was able to give personalized
recommendations that were associated with better survival
probability compared to treatment with a non-recommended
therapy (175).

MRD has been proving to be of increasing utility in multiple
hematological diseases. Multiparameter flow cytometry (MFC) is
routinely used to measure MRD in the clinical setting, but it
strongly depends on operator skill and expert knowledge. In AML
and MDS patients, Ko et al. were able to apply supervised ML
techniques to create an automated MFC interpretation algorithm
that objectively, reliably, and rapidly detected MRD with high
accuracy (> 90%), thus opening the door to the resolution of
inter-lab standardization issues (176). Similarly, in childhood B-
ALL, Reiter et al. showed high correlation between operator-based
and their automated MFC MRD assessment (177). In CLL, Salama
et al. created a working model that detected MRD with high
accuracy, albeit needing additional clinical validation (178).

Moreover, Hoffman et al. developed an Al algorithm that aims
to prevent technique-related false-negative AML MRD results due
to critical BM dilution with PB (179). Going even further, Guerrero
et al. developed a model to predict MRD negativity and therefore
survival outcomes in patients with newly diagnosed multiple
myeloma, based on tumor and immune biomarkers (180).

Concerning future considerations although AI-based
methods have shown promise and success, both the medical
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community and the public have not been persuaded enough to
embrace Al in routine clinical practice. This of trust in Al
predictions can begin to be tackled by focusing on explainable
and widely validated models (181). Currently, AI still mostly
exists in the research setting, but the future of hematology
research will be the integration of the swaths of data from
research and the real-world data to find the best way to allow
AT to expand the work of human physicians to a point none could
reach individually (182).

5 Conclusion

Liquid biopsy for MRD testing using blood is rapidly evolving
in the field of lymphoid malignancies. Most advancement is seen in
the evaluation, management and in the post-therapy monitoring of
ALL leading to routine clinical utilization. Liquid biopsy based
MRD testing in common non-Hodgkin’s lymphoma such as diffuse
large B cell lymphoma, follicular or mantel cell lymphoma remains
experimental. Similarly, NGS based MRD testing in Hodgkin’s
lymphoma is used in the research setting only for now. In the
field of CLL and multiple myeloma NGS based MRD testing has
been widely utilized in clinical trials and has started to come to the
clinic for patient evaluation after therapy. MRD guided approach to
therapy will probably be the standard of care moving forward in
hematologic malignancies. Finally, employing artificial intelligence
may simplify the complexities associated with current high-tech,
high-skill and labor-intensive process of MRD testing using liquid
biopsy. Al based algorithm can have the potential to prevent
technique-related false-negatives or false positives.
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Glossary
Al Artificial Intelligence
ALL Acute Lymphoblastic Leukemia
AML Acute Myeloid Leukemia
ATL Adult T-cell leukemia/lymphoma
AS-PCR Allele-specific polymerase chain reaction
BM Bone Marrow
cfDNA Cell-free DNA
cHL Classical Hodgkin&rsquo;s lymphoma
CLL Chronic lymphocytic leukemia
CML Chronic Myeloid Leukemia
CSF Cerebrospinal fluid
CTC Circulating tumor cells
ctDNA circulating tumor DNA
DLBCL Diffuse Large B cell Lymphoma
ddPCR Droplet Digital PCR
FL Follicular cell lymphoma
HRS Hodgkin Reed-Sternberg
IG Immunoglobulin
MCL Mantle cell lymphoma
MDSs myelodysplastic syndromes
MEC Multiparameter flow cytometer
miRNAs MicroRNAs
ML Machine Learning
MRD Measurable Residual Disease
mtDNA Mitochondrial DNA
MPNs myeloproliferative neoplasms
NGS Next-Generation Sequencing
0Os Overall survival
PB Peripheral Blood
PFS Progression-free survival
PCR Polymerase chain reaction
PCNSL Primary central nervous system lymphoma
PhasED-Seq Phased variant enrichment and detection sequencing
qRT-dPCR real-time quantitative digital polymerase chain reaction
RT-PCR Reverse transcriptase PCR
RQ-PCR Real time quantitative polymerase chain reaction
SCT Stem-cell transplant
SVs Structural Variants
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TCR T-cell receptor
TDEs Tumor-derived exosomes
TMTV Total metabolic tumor volume
MRD Minimal Residual Disease
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