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Measurable residual disease (MRD) is defined as the presence of residual cancer
cells after treatment in patients with clinically undetectable disease, who would
otherwise be considered in complete remission. It is a highly sensitive parameter
which indicates the disease burden and predicts survival in this setting of patients.
In recent years, MRD has gained a role in many hematological malignancies as a
surrogate endpoint for clinical trials: undetectable MRD has been correlated to
longer progression free survival (PFS) and overall survival (OS). New drugs and
combinations have been developed with the aim to achieve MRD negativity, which
would indicate favorable prognosis. Different methods to measure MRD have also
been devised, which include flow cytometry, polymerase chain reaction (PCR) and
next generation sequencing (NGS), with different sensitivity and accuracy in
evaluating deep remission after treatment. In this review, we will analyze the
current recommendations for the detection of MRD, with particular focus on its
role in Chronic Lymphocytic Leukemia (CLL), as well as the different detection
methods. Moreover, we will discuss the results of clinical trials and the role of MRD
in new therapeutic schemes with inhibitors and monoclonal antibodies. MRD is not
currently used in the clinical practice to evaluate response to treatment, due to
technical and economical limitations, but it's gaining more and more interest in
trials settings, especially since the introduction of venetoclax. The use of MRD in
trials will likely be followed by a broader practical application in the future. The aim
of this work is to provide a reader-friendly summary of the state of artin the field, as
MRD will soon become an accessible tool to evaluate our patients, predict their
survival and guide physician’s therapeutic choices and preferences.
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1 Introduction

The use of Measurable Residual Disease (MRD) is extensive in
acute myeloid diseases and other conditions where therapy has a
curative objective. Oppositely, it has a controversial role in Chronic
Lymphocytic Leukemia (CLL), which has changed over the years.
Recently, MRD in CLL has raised interest again, thanks to the advent
of target therapies which induce deep molecular response, such as the
BCL-2 inhibitor venetoclax.

Undetectable MRD has been defined by the international
workshop on CLL (iwCLL) and ERIC as the presence of <1 CLL
cell per 10.000 leukocytes (1, 2). Standard staging methods with
cytology can detect the presence of one CLL cell in up to a maximum
of 100 leukocytes (3), therefore they are much less accurate than MRD
in defining the burden of disease at the end of a treatment. According
to the iwCLL criteria, we can consider a patient in complete remission
(CR) when he/she presents with (i) less than 4x10° lymphocytes/liter,
more than 1.5x10° neutrophils/liter, more than 100x10° platelets/liter
and more than 11.0 grams/deciliter hemoglobin level in peripheral
blood; (ii) absence of lymphadenopathy >1.5 cm and splenomegaly or
hepatomegaly at physical examination; (iii) absence of constitutional
symptoms (1). Nevertheless, the clinical assessment alone is not
considered accurate enough in the era of molecular biology and
personalized therapy: thus, the need for a deeper definition of CR is
emerging in clinical trials and will likely guide treatment choices in
the clinical practice in the next future (4). Starting from the awareness
that disease relapse comes from the expansion of any residual clone
after therapy, we can easily get to the conclusion that the larger is the
number of persistent clones, the earlier will relapse occur. As a matter
of fact, even the smallest amount of residual leukemic cells can lead to
relapse over time, when allowed to expand in the treatment free
interval, if only looking at the clinical outcome of the
previous treatment.

Given that clinical parameters correlate and can predict the PFS of
those patients, a more powerful tool to predict such outcome is the
highly sensitive detection of MRD, which is able to recognize very
small amounts of residual clones in both peripheral blood (PB) and
bone marrow (BM) (5). Nevertheless, determining MRD is more
costly and technically difficult than clinical assessment, which
explains why it is not yet recommended by the current guidelines
and not routinely used in the clinical practice.

In the era of targeted therapies, monoclonal antibodies and
combinations of such, the deepening of the response to treatment
measured by MRD 1is considered an endpoint to establish the
superiority of a therapeutic approach over another (6). To note,
different treatment platforms obtain different MRD levels. The old
chemo-immunotherapy regimen with Fludarabine-Cyclophosphamide-
Rituximab (FCR) induces a long-lasting CR, at times accompanied by
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MRD negativity, which of course represents the most important
predictor of survival (4). On the other hand, new targeted therapies
obtain a heterogeneous variety of responses. Bruton tyrosine kinase
receptor (BTK) inhibitors, including ibrutinib and acalabrutinib, obtain
a rapid nodal reduction and increase of the hemoglobin and platelets
levels, but are not able to reach MRD at any time, rather they induce
partial remission (PR) which needs continuative administration of
therapy, until relapse or toxicity, to maintain such response (4).
Contrarily, the BCL2 inhibitor venetoclax, in combination with anti-
CD20 antibody, has shown durable MRD negativity and a promising
long-lasting progression-free survival in relapsed and refractory patients
(7). Furthermore, the combination of BTK and BCL2 inhibitors
(ibrutinib and venetoclax) achieves even deeper MRD negativity, and it
has a favorable prognostic profile in terms of PES, but it is now available
only in few clinical trials (8).

In this review, we will go through all the laboratory methods that
allow the definition of MRD with different rates of sensitivity as well as
different costs and technical requirements. We will try to summarize
the state of art in the detection of MRD on PB rather than on BM. We
will also focus on the impact of MRD on both traditional and emerging
therapeutic approaches, and its relevance to tailor the treatment based
on patients’ age, clinical status, and future perspectives.

We strongly believe that MRD has a crucial impact on the
definition of personalized therapeutic strategies, as new clinical
trials involve the detection of MRD to delineate next steps of
patients’ management. Therefore, it is important for any clinician
to have a clear idea of the meaning of MRD detection from a technical
point of view, but more relevantly, as a tool that will possibly be
introduced in real life to guide and refine treatment choices.

2 MRD detection methods

Thanks to the technical advances of the last years, different
methods to determine the burden of residual disease in CLL
patients after treatment are available. At the same time, the lack of
standardized guidelines makes the comparison between different
clinical trials hard, due to the heterogenicity of techniques used and
their sensitivity in detecting persistent clones (2). We will try to
display the currently available options according to updated
recommendations. Table 1 summarizes the difference between the
three methods in terms of sensitivity, target, and standardization.

2.1 Flow cytometry

Multiparametric flow cytometry allows automated phenotyping
of cells with fluorescently labelled antibodies (9). Panels of antibodies

TABLE 1 Summary table comparing the sensitivity of the three laboratory methods (flow-cytometry, PCR and NGS) in terms of sensitivity, target,

and standardization.

ASO-PCR

Flow cytometry
Sensitivity MRD5
Target CD19, CD20, CD5, CD43, CD79b and CD81
Standardization ERIC 2016
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linked to different fluorochromes can identify a specific CLL
phenotype, characterized by expression of certain surface antigens.

The first attempts to measure minimal disease evaluated the
clonality by immunoglobulin light chain (K or A) restriction on a
CD19/CD5 co-expressing population (10). This approach, virtually
applicable to all CLL cases, later demonstrated a low sensitivity and
was deemed unsuitable for predicting response status according to
later iwCLL/NCI criteria or identifying cases with no detectable
MRD (11).

The standardized cytofluorimetric approach for the detection of
MRD dates to 2007, but it still gives valuable information to assess the
presence of residual cells on PB (2). Cell preparation was performed
by a whole-blood lysis method with or without fixatives such as
ammonium chloride or FACSLyse, to allow quantitative enumeration
of CLL cells. The antibodies used to detect MRD were against CD19,
CD5, CD20, CD38, CD22, CD81, CD43, CD79b, combined in four
different four-color tubes: one clonality tube (CD19, CD5, surface
light chains ¥ or A), one limit of detection tube (CD19, CD3, CD45,
CD14) and three tubes dedicated to MRD enumeration
(2) (Figure 1A).

This first protocol was suitable for the detection of 1 cell in 10.000
lymphocytes in PB within an adequate sample of 1 to 2 million cells,
thus a sensitivity of 0.01%/10™%, also termed MRD4 according to
Wierda et al (6). Even though this four-colors set of antibodies
showed good performance and multiple standardization measures
were adopted (2), there was a significant inter-laboratory variability
and the MRD determination was still highly operator-dependent.
Moreover, this approach needed four/five tubes, which further
increased the risk of procedural errors.

With the evolution of flow cytometry instruments, more
parameters became readily available and the MRD panel was
improved to two 6-color tubes (CD19/CD5/CD20/CD3/CD38/
CD79b and CD19/CD5/CD20/CD81/CD22/CD43; Figure 1B) (11).
This approach reduced the amount of time and sample required for
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MRD enumeration and reached the ability to quantitatively detect
residual disease in the 0.001-0.01% (MRD4-MRD5) range.

In 2016, the European Research Initiative on CLL (ERIC) further
validated a standardized flow cytometry approach to reliably detect
CLL clones up to the level of 0.001% (MRD5) on a single tube: this
assay includes a core panel of six markers, namely CD19, CD20, CD5,
CD43, CD79b and CD81, as summarized in Figure 1C. Although the
initial panel was designed with 8 colors, including CD22 and CD3,
these markers were ultimately considered not essential, and the latter
was deemed informative only if a very high accuracy (<107°) was
necessary (Figure 1C, arrows). This system was designed to work
independently from reagents and laboratory equipment (e.g., by
processing the ratio of median fluorescence intensity of the positive
signal over a negative signal, rather than raw fluorescence intensities),
and could be validated locally, in different laboratories, using normal
PB. To confirm the reliability of this 6-color, 1-tube method, a parallel
analysis of high-throughput sequencing with ClonoSEQ assay was
performed and showed good concordance with flow cytometry results
at the MRD4 level, which represents the MRD threshold defined by
the iwCLL guidelines in 2008 (12). Nevertheless, this method
demonstrated to provide good qualitative results up to a detection
limit of 1 in a million (10°°) (13). The only significant drawback of this
setup is that can be insensitive in presence of atypical phenotypes,
therefore the knowledge of the pre-treatment phenotype is advisable
(11). An example of a flow cytometry panel for MRD detection can be
visualized in Figure 2.

Flow cytometry has the advantage to be a rapid method which
works for most of typical CLL cases with very good sensitivity.
Moreover, these instruments are widespread in most diagnostic
laboratories, and they are operator friendly and easy to run, making
this technique the preferred choice of most clinical investigators. On
the other hand, the disadvantage is that samples must be processed
within 48h and in any case not later than 72h, so fresh blood
preparations are needed, and no cell storage can be performed (2, 14).
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FIGURE 1

Evolution and requirements for flow cytometry panels for MRD testing in CLL in 2007 (A), 2013 (B) and 2016 (C).
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FIGURE 2
Example of the gating strategy employed for MRD detection in the flow cytometry panel. The green dots represent normal B cells, while the violet dots
represent CLL cells. The gates are set up hierarchically. (A) Singlets are selected on FSC-H/FSC-A; the same population is refined on SSC-H/SSC-A;
leukocytes are selected through the CD45 staining on CD45/SSC; mononuclear cells are selected on FSC/SSC (P1) and B cells are selected on CD19/
CD20 (P2). (B) CLL cells are further characterized according to CD5/CD79b (P3), CD81/CD20 (P4), CD5/CD20 (P5), CD43/CD81 (P6) and CD5/CD200
(P7) expression. Courtesy of Prof. Giovanni D Arena and Dr. Antonella Aiello.

Over time, several integrations and extensions have been
proposed, to increase the sensitivity and limit of detection of the
ERIC 6-color panel, also incorporating novel markers such as ROR1,
CD200, CD160 (15-17) [also reviewed in D’Arena et al. (18)].

Innovative next-generation flow cytometry methods, capable of
recording tens of millions of events and coupled with advanced
analysis software, may potentially allow the reach of MRD6 in the
next future (19). However, these systems will likely require significant
hardware and software capabilities, initially limiting the application of
these innovative technologies to few specialized laboratories.

2.2 Polymerase chain reaction-based
methods: Allele-specific and digital PCR

Given that CLL is caused by aberrant proliferation of a specific B-
cell population, each B-cell clone can be identified on a genetic level
based on its uniquely rearranged immunoglobulin (Ig) genes within
hypervariable regions. These regions are a unique characteristic of the
leukemic cell; therefore, allele specific oligonucleotide (ASO) PCR
takes advantage of the patient-specific Ig gene rearrangement to
identify CLL clones and detect MRD. In this method, ASO primers
matching the hypervariable region of each leukemic cell are used with
reverse consensus JH germline primers and a fluorescent hydrolysis
probe annealing to a downstream family specific JH region on a real-
time thermal cycler. A graphical representation of the procedure can
be visualized in Figure 3A, while the output of this procedure is shown
in Figure 3B. Calculation of the MRD level is based on comparative
analysis between follow-up samples and standard cells in ASO from
polyclonal DNA, normalized to albumin PCRs as internal control
(20). Guidelines for the interpretation of ASO-PCR results are
available and attempt to standardize the results across different
laboratories. Application of such guidelines and strict quality
control assure the comparability of results obtained from different
clinical trials (21).

Frontiers in Oncology

The sensitivity of this method has been attested between 10™* and
107°. Moreover, this method can be applied to frozen samples, which
can be stored for a long time, and does not require processing of fresh
samples (20). On the other hand, this method is intrinsically
dependent on the amount of amplified DNA: in this regard, reliable
clonotype identification requires that at least 3-5 copies of target DNA
should be present within the sample; an adequate amplification would
therefore need at least 100 nanograms of DNA for MRD4, 1
microgram for MRD5, 10 micrograms for MRD6. Furthermore,
since ASO-PCR is tailored to be patient-specific, a representative
pathological sample is required to set-up of the method, for positive
controls in subsequent testing, as well as for the standard dilution
curve for determining limit of detection and quantitative range in
each experimental session; running out of such material would impair
the quantitative power of ASO-PCR, which could be used only for
qualitative assessment of MRD. Overall, this method can be very
powerful but requires an expertise which is not available in any
laboratory, thus rendering its use more difficult in the routine
clinical practice.

An improvement of PCR-based detection is digital PCR [see also
Dogliotti et al (22)], in which single DNA molecules are encapsulated
in a confined space and amplified in presence of a fluorescent reporter
(intercalating dye or hydrolysis probe); the resulting amplification
will theoretically be either positive, if target DNA is present, or
negative, hence the term “digital”. The main advantage is that this
is a quantitative technique, as it does not require a standard curve
(hence does not possess a quantitative range) and is independent of
reaction efficiency. A sensitivity up to MRD5, and possibly MRD6, is
reached when the amplification is selective for known specific
alterations, as BCL2-IgH translocation in Follicular Lymphoma, or
MYD88 L265P Waldenstrom Macroglobulinema (23, 24). This is not
however the case of CLL, where a single lesion, acting as a tracker, is
not present; in this case, patient-specific lesions may be exploited to
monitor the disease’s trajectory, but the emergence of novel clones
without the monitored mutations must be taken into consideration.
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2.3 Next generation sequencing

Ultra-deep next-generation sequencing (NGS) has emerged in
recent years as an important diagnostic tool for the quantification of
tumor burden, since many patients with undetectable MRD at flow
cytometry and/or ASO-PCR, which both have a 10™ sensitivity, as
recommended by the iwCLL guidelines, relapse after few years,
especially if their disease is characterized by high-risk molecular
features such as unmutated IGHV. NGS can identify residual cells
by amplification of all VDJ sequences from a single DNA sample (25,
26); the method requires previous knowledge of the specific CDR3
sequence of the immunoglobulin expressed by the pathological clone,
which the investigator can later search for in MRD samples.
Compared to ASO-PCR, NGS has the advantage that the
amplification does not require patient-specific primers but is only
dependent on the amount of loaded DNA, for which the MRD?5 target
(1 microgram of input DNA) is generally achievable (27). Therefore,
undetectable MRD by NGS represents nowadays the most reliable
predictor of survival in CLL patients. The main drawback is that NGS
is not widely available, and economically viable only for centers facing
significant volumes of testing; on the other hand, these centers would
be equipped with adequate instrumentation and automate most of the
analyses, significantly reducing the raw costs of a single test and the
handling time and building up the necessary expertise to analyze NGS
data efficiently. Therefore, at present, one of the optimal contexts for
NGS in MRD evaluation resides within clinical trials, which are likely
to centralize the most expensive analyses, thus also guaranteeing some
degree of standardization. The absence of highly standardized
commercial methods limits the applicability of NGS in the routine
clinical practice and this is probably why, for now, it is not mentioned
by the iwCLL recommendations (1).

The current landscape of technologies for MRD detection is
quickly approaching a steady MRD5 detection limit, and the final
choice of method is ultimately dependent on each laboratory’s set up.
Flow cytometry may be most suited for laboratories with an
established cytometry facility, standardized instruments and trained
personnel; however, it has a short “vein-to-brain” turnaround time,
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and the result can be produced within a few hours. Oppositely, ASO-
PCR is a method that can be implemented in most molecular
laboratories as it does not rely on a particularly advanced
equipment if applied through real-time PCR, whereas digital PCR is
more limited to specialized centers; NGS is equally, if not more,
elective to specialized facilities, however it has the significant
advantage that the investigator can search for the CDR3 sequence
of the pathological clone directly within the sequencing output,
providing higher sensitivity and specificity (28). Overall, these
techniques may represent different but complementary tools for a
comprehensive MRD detection, providing molecular detection where
the cell phenotype may vary (for example CD20 expression after
therapy with rituximab) or, vice versa, rely on a stable phenotypic
marker in presence of ongoing somatic hypermutation and intra-
clonal diversification of IGHV genes which may hamper patient
specific CDR3 recognition.

3 MRD detection in peripheral blood vs
bone marrow

CLL is characterized by the accumulation of leukemic cells in PB,
BM and lymphoid tissues as spleen, liver, and lymph nodes (29).
Therefore, the presence of leukemic cells in different tissues claims for
clarification of the best candidate samples to determine MRD. MRD
status is strongly prognostic for PFS and OS both in PB and BM of
CLL patients after treatment (30). Nevertheless, the multi-
compartment nature of CLL suggests the possibility of discordant
MRD results on different tissues; thus, the sampling site may affect the
prognostic ability of this parameter, and the choice depends on many
factors such as timing of the sampling and treatment status. In
general, it has been demonstrated that concordance between PB
and BM MRD status is ~85% at the 10™* threshold (6). For the
anti-CD20 monoclonal antibody Rituximab, the concordance lowers
to 79%: the sensitivity of MRD detection in BM is higher than that of
PB, with added value for predicting prognosis or treatment effects
(31). Nevertheless, the collection of BM samples is invasive and
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painful for patients, so it cannot be used in routine follow up;
therefore, samples from PB are commonly used instead.

4 Clinical significance of MRD in the
era of targeted therapies

Some history of CLL treatment may be helpful to understand the
role of MRD in the current and future clinical practice. Before 1990,
any CLL treatment aimed at palliation: they included alkylating
agents as chlorambucil or purine analogues as fludarabine in
monotherapy. The advent of combination treatments including
both fludarabine and cyclophosphamide improved the survival
outcomes and response rates, even if the real revolution happened
in 2010 with the introduction of the anti-CD20 monoclonal antibody
rituximab, which combined to fludarabine and cyclophosphamide
(FCR) gained great results in terms of survival (32). Around 2014, the
combination of obinutuzumab and chlorambucil was devised for
elderly and frail patients (33). In the same year, the anti-BTK
inhibitor ibrutinib (34) opened the era to targeted therapies,
followed later by the anti-BCL2 inhibitor venetoclax (35). The
advances of CLL treatment led to improvement of the long-term
outcomes in terms of survival and depth of response, which is why
nowadays MRD became a valuable instrument in the post-treatment
evaluation of patients (36). MRD can have a role as surrogate primary
endpoint in clinical trials, since it is an accurate indicator of treatment
efficacy which predicts PFS (36). On the other hand, it can be used as a
determinant of future treatment choices since patients who do not
achieve MRD-negativity after treatment can benefit from further
treatment or new molecules to achieve a deeper remission and
prolong PFS (5, 37). The timing of MRD assessment can vary
depending on the duration of the treatment and on the use of
continuous or fixed time regiments, for which MRD is usually
measured at the end of the treatment. Figure 4 summarizes the role
of MRD in the clinical practice.

4.1 MRD assessment after
chemo-immunotherapy

The evaluation of MRD with the recommended sensitivity of 10™*
can predict survival of naive patients undergoing first line treatment
with chemo-immunotherapy. Several studies investigated the results
in term of MRD negativity after different combination therapies, all
proving that MRD is an independent predictor of survival (30).

Lamanna et al. investigated the prevalence of MRD negativity in
patients treated with sequential fludarabine, high dose
cyclophosphamide and rituximab as first line, and found 56%
prevalence of MRD negativity by flow cytometry and 33% by PCR
in PB (38).

The German group established the addition of rituximab to
fludarabine and cyclophosphamide in 2010, through the CLL8 trial
which achieved great results compared to the past (32). Subsequently,
Boettcher et al. analyzed the clinical significance of flow cytometric
MRD between the arms of the CLL8 trial, quantifying MRD in both
PB and BM and categorizing patients into low/undetectable (<10™*),
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intermediate (10*-107%) and high (>107%) level of MRD detected on
PB. PES was 68.7% for the low MRD group and 40.5% for the
intermediate and high MRD groups. The results of this analysis
showed that the level of MRD after FCR is predictive of both OS
and PFS, which validates the use of MRD as a marker to assess the
efficacy of such treatment (39).

The German group also investigated the prevalence of MRD-
negativity in previously untreated patients undergoing treatment with
bendamustine and rituximab (BR): 57.8% of them obtained MRD
negativity below 10™* in PB, which was associated to longer event-free
survival compared to patients who did not achieve such deep
remissions (40).

The CLL11 trial by Goede et al. investigated the prevalence of
MRD negativity evaluated by PCR on PB, which was 37.7%, and BM,
which was 19.5%. Also, in this case, MRD negativity was predictive of
improved event-free survival (33).

4.2 MRD assessment after BTK inhibitors

The long-lasting experience with chemo-immunotherapy led to
the awareness of the importance of MRD in CLL as predictor of
treatment outcome and survival. The introduction of ibrutinib has
opened the way to target therapies, initially as second line in relapsing
CLL (34) and then as first line in previously untreated CLL patients
(41). Its biological mechanism of action involves binding of the
ibrutinib molecule to the ATP active site of the BTK which blocks
the constitutionally activated BCR signaling involved in cells survival
and expansion (42). Despite the encouraging results in terms of
survival, ibrutinib is characterized by the maintenance of MRD
positivity on the long term, thus requiring continuous therapy until
either progression of the disease or toxicity of the drug. After its
introduction, given the excellent clinical response but poor result in
terms of MRD negativity, the role of MRD as predictor of survival was
questioned (36). According to Ahn et al, MRD negativity was
achieved only by 10.2% of both treatment naive and relapsed/
refractory patients after 5 years of continuous ibrutinib
administration, but this result was surprisingly correlated to great
outcomes in terms of PFS (74.4% of patients) and OS (85.3% of
patients). The CR rate was 37.5% in the low MRD group and 21.3% in
the high MRD group, but PFS was not statistically different between
the 2 groups. Therefore, when it came to treatment with ibrutinib,
MRD was not predictive of poor event-free survival in patients treated
with monotherapy (43).

The combination of ibrutinib and rituximab did not obtain better
results compared to monotherapy in terms of MRD negativity tested
in PB at 12 months (8.3% vs 59.2% in patients treated with FCR):
nevertheless, PFS was 65% and OS was 83%, lower with ibrutinib and
rituximab than with chemo-immunotherapy, so again MRD was not
predictive of lower event-free survival (44).

The ILLUMINATE trial investigated the efficacy of the
combination of ibrutinib and obinutuzumab compared to
chlorambucil and obinutuzumab. This study obtained the best
result in terms of MRD negativity for ibrutinib, which was 30% in
PB (vs 20% in the Chl-Obinu group) and 20% in BM (vs 17% in the
Chl-Obinu group).

frontiersin.org


https://doi.org/10.3389/fonc.2023.1112616
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benintende et al.

MRD as surrogate

endpoint in
clinical trials

MRD is an accurate
indicator of treatment
efficacy

MRD status after
treatment predicts PFS
and quality of
remission

FIGURE 4

Role of MRD in the clinical practice and potential use in routine management of CLL patients.

Finally, the HELIOS trial investigated the combination of
ibrutinib with BR compared to BR alone. The rate of MRD
negativity given by the combination of ibrutinib and BR was 26.3%
(45), so also in this case it was significantly higher than for ibrutinib
monotherapy and combination of ibrutinib and rituximab.

Figure 5 summarizes the rate of MRD negativity obtained by
ibrutinib monotherapy (43), ibrutinib combined with anti CD20
monoclonal antibodies (44, 46) or with BR (45).

4.3 MRD assessment after BCL2 inhibitors

The anti-BCL2 inhibitor venetoclax, on the other hand, is
characterized by higher rates of MRD negativity, also in this case
defined as less than 10 in CLL. A pooled analysis of patients
enrolled in different clinical trials, which we will report below,
showed an overall 42% of confirmed undetectable MRD in either
PB, BM or both. The median time to obtain MRD negativity was 18
months and 90% of patients obtained MRD negativity within 24

MRD negativity after BTK inhibitorsin PB

Ibr + BR (Fraser et al)

Ibr + Obinutuzumab (Moreno et al)

Ibr + Rituximab (Shanafelt et al)

Ibr monotherapy (Ahn et al)

B MRD negativity after BTK inhibitors

FIGURE 5

Rate of MRD negativity obtained by ibrutinib monotherapy, ibrutinib combined with anti CD20 monoclonal antibodies or with BR.
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months, while no patient obtained MRD negativity after 24 months
without dose escalation. Deletion of chromosome 17p correlated, as
expected, to a lower probability to obtain MRD negativity and
consequently to a higher rate of relapse. Of those who did not
obtain MRD negativity, 78% patients developed progressive disease
at a median time of 19 months, confirming that, also upon treatment
with venetoclax, MRD is a strong predictor of event-free survival (47).

The efficacy of venetoclax monotherapy has been investigated in
studies which included patients with heterogeneous chromosome 17p
deletion and TP53 status as well as previous exposure to BTK
inhibitors (48). The M13-982 study investigated CLL patients with
relapsed/refractory (R/R) disease and with 17p deletion, a small
number of whom had previously received BTK inhibitors: 20% of
the enrolled patients obtained MRD negativity in PB (35). The M14-
032 study included CLL patients who previously failed treatment with
BTK inhibitors, regardless of their mutation status: 42% of the
enrolled patients obtained MRD negativity in PB. Moreover, 71% of
patients who progressed after treatment with BTK inhibitors
responded to venetoclax (49).
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The combination of venetoclax and rituximab as fixed therapy for
24 months in relapsed/refractory CLL has been investigated by the
MURANO trial, which compared it to the traditional chemo-
immunotherapy with bendamustine and rituximab. This study
showed an encouraging high rate of MRD negativity in PB at 9
months for the venetoclax and rituximab group (62.4%) compared to
the BR counterpart (13.3%), which strictly correlated with a longer
event-free survival (84.9% vs 34.8% at 2 years). Within the
venetoclax-rituximab arm, patients with undetectable MRD
achieved 85% PFS, while those with detectable MRD 65% (50).

The CLL14 trial investigated the efficacy of venetoclax and
obinutzumab, as fixed therapy for 12 months, against chlorambucil
and obinutuzumab in first line. This study reported a 76% of MRD
negativity at end of treatment in the group who received venetoclax
and obinutuzumab, which correlated to a longer PFS compared to the
Chl-Obi group, with a 0.31 hazard ratio (CI 0.22-0.44) (51).

The CLL13 trial investigated the outcome of four different
therapeutic schemes: CIT with FCR or BR, venetoclax plus
rituximab, venetoclax plus obinutuzumab and venetoclax plus
obinutuzumab and ibrutinib in first line for fit patients. This study
reported 52% MRD negativity for FCR or BR, 57% for venetoclax plus
rituximab, 86.5% for venetoclax plus obinutuzumab and 92.2% for
venetoclax plus obinutuzumab and ibrutinib (52).

Figure 6 summarizes the best rates of MRD negativity obtained by
venetoclax monotherapy (35, 49), venetoclax combined with anti
CD20 monoclonal antibodies (50, 51) and with ibrutinib (52) in
different clinical trials.

4.4 New combinations and
future perspectives

The development of target therapies for CLL and the spread of
rapidly available MRD detection methods opened the way to a wider
MRD use in clinical practice. New trials aim at more and more
personalized therapies, where the treatment strategies can be designed
based on patients’ epidemiological characteristics, molecular biology

MRD negativity after Bcl2 inhibitors

Ven + Obinu + Ibr (Eichorst et al)

Ven + Obinutuzumab CLL14 (Al-Sawaf et al)

Ven + Obinutuzumab CLL13 (Eichorst et al)

Ven + Rituximab (Seymour et al)

M14-032 (Jones et al)

M13-982 (Stilgenbauer et al)

B MRD negativity after Bcl2 inhibitors

FIGURE 6

Rate of MRD negativity obtained by venetoclax monotherapy and venetoclax combined with anti CD20 monoclonal antibodies
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of the disease and MRD detection at end of treatment. The
CAPTIVATE trial moves in this direction: it is a multicenter
randomized phase II trial which studies the combination of
ibrutinib and venetoclax in two cohorts, the MRD-guided and the
fixed-duration cohort. For the sake of our topic, we will describe the
study design for the MRD guided cohort: during the pre-
randomization phase, patients received ibrutinib monotherapy for
three cycles followed by ibrutinib and venetoclax for 12 cycles. At the
end of the 12 cycles, MRD was tested, and patients were divided into
MRD negative cohort, which was randomized to ibrutinib
continuation or placebo, and MRD positive cohort, which was
randomized to ibrutinib monotherapy or continuation of ibrutinib
and venetoclax. At the end of the pre-randomization phase, 75% of
patients obtained MRD negativity in PB and 68% in BM. After the
randomized phase, in the MRD negative cohort, undetectable MRD
in PB went from 100% to 84% for patients who received placebo and
from 100% to 77% for patients who received ibrutinib. In the MRD
positive cohort, undetectable MRD remained 45% for patients who
received ibrutinib monotherapy while it went from 50% to 69% for
those who received the combination of ibrutinib and venetoclax (53).
Such encouraging results support the preclinical evidence of a
synergistic effect of ibrutinib and venetoclax, which target the BTK
and Bcl2 receptors at the same time resulting in higher cytotoxicity,
and consequently deeper molecular response, compared to the two
drugs alone (54). Comparable results in terms of MRD were also
confirmed in the cohort treated with the fixed duration regimen, with
achievement of deep molecular response which correlated to a
favorable PES (55). Figure 7 summarizes the study design and
results in terms of MRD negativity.

The importance of this trial is to open the way to a more and more
tailored approach which address patient’s needs depending on the
depth of remission they obtain, beyond the clinical characteristics.
Other than the effectiveness of the two drugs and their combination, it
is important to consider how this trial emphasizes the role of MRD in
guiding physician’s choices on treatment management, which may
reflect an upcoming practical application of MRD in the
clinical practice.
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FIGURE 7
CAPTIVATE study design and results in terms of MRD negativity.

5 Conclusion

Measurable residual disease has always gained interest in the field
of hematology, but its importance is increasing steadily thanks to the
advances in the treatment of CLL. Nevertheless, MRD does not
currently have a defined role in the clinical practice. The three
main laboratory methods used to detect MRD include flow
cytometry (2), ASO-PCR (20) and NGS (26), and they all have a
role in clinical trials- The cytometric method standardized by the
ERIC guidelines (2, 11) appears to be the most accessible, in terms of
feasibility and costs, in the clinical practice.

The development of chemo-immunotherapy combination
platforms (FCR, BR, Chl-Obinu) back in the days, shed light on the
possibility to deepen the molecular response of CLL and obtain a
long-lasting event free survival (39). Surprisingly, the advent of
ibrutinib discouraged the use of MRD as a surrogate endpoint for
PES, as long-lasting partial responses were obtained with continuative
ibrutinib treatment regardless of persistent MRD negativity (36).
Venetoclax monotherapy or in combination with anti-CD20
monoclonal antibodies restored the key role of MRD in clinical
trials and validated its correlation to event free survival in patients
treated with the BCL2 inhibitor (35, 47-51). Furthermore, the newest
combination of ibrutinib and venetoclax, which already showed a
synergistic effect in pre-clinical models, obtained even deeper
molecular response, and explored the use of MRD itself to
determine further steps of patients’ management (53-55).

In conclusion, MRD has a valuable role in defining remission at a
more profound level compared to clinical assessment alone, and it can
help guiding treatment choices to obtain a more durable event free
survival, which is a turning point for such a chronic and incurable
condition. For this reason, even if at present MRD is not part of
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routine evaluation of patients at the end of treatment in the clinical
setting, it may gain a role in the next years and it may even be
included in new guidelines, as part of the recommended steps to
establish patients’ response and prognosis.
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