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Abstract

Background Baseline CD20 expression > 20% in B-cell acute lymphoblastic leukemia (B-ALL) has been associated
with poorer outcomes, which improved after rituximab introduction into frontline therapy for CD20-positive cases.
We investigated the clinical and biological significance of this threshold by monitoring early dynamics of CD20
expression.

Methods In the GMALL 08/2013 trial, adults with B-ALL received a cyclophosphamide/dexamethasone prephase,
followed by Induction and Consolidation |, which included four rituximab doses in BCR::ABL1-negative patients,
irrespective of CD20 status. CD20 expression was measured by standardized multiparametric flow cytometry in
274 patients in bone marrow and blood at diagnosis and in blood after prephase. IG/TR based measurable residual
disease (MRD) was correlated with baseline bone marrow or the highest CD20-positive blast percentage recorded
throughout prephase. The historical GMALL 07/2003 cohort treated without rituximab served for comparison.

Results Baseline CD20 expression was significantly higher in blood than in bone marrow and increased further
during prephase. In paired baseline samples, 6/76 c-/pre-B ALL cases (7.9%) were CD20-negative by bone marrow

(< 20%) but positive in blood. In paired blood samples, 14/106 patients crossed the 20% threshold after prephase
(12/86 c-/pre-B ALL, 13.9% and 2/20 pro-B ALL, 10.0%). Among 182 BCR:ABL1-negative patients, highest recorded
CD20 across all time points classified 76 (41.8%) as < 20% and 106 (58.2%) as > 20%. Higher CD20 expression was
associated with improved MRD response under rituximab. Among MRD-evaluable patients after Induction | (n=161),
molecular complete remission (MolCR) was achieved in 10.6% of patients with CD20 expression < 20% compared with
30.5% of those with CD20 expression > 20%. After Consolidation | (n=159), corresponding MolCR rates were 50.0%
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and 72.6%, respectively. Associations were weaker when only baseline CD20 bone marrow status was considered. No
association with MRD response was observed in GMALL 07/2003 patients treated without rituximab, suggesting a

treatment-driven effect in GMALL 08/2013.

Conclusions CD20 expression in adult B-ALL varies from diagnostic bone marrow to blood and post-prephase
measurements. The highest recorded CD20% value better predicts early MRD responses under rituximab. Post-
prephase CD20 reassessment in blood identifies additional patients with eligibility for rituximab.

Registry ClinicalTrials.gov, TRN: NCT02881086 (2016-08-23); NCT00198991 (2005-09-12).
Keywords B-ALL, CD20 upregulation, Rituximab, Measurable residual disease, Early treatment response

Background

The MS4A transmembrane protein family member CD20
is expressed in 30—40% of B-cell acute lymphoblastic leu-
kemia (B-ALL) and was first targeted in high- and low-
grade non-Hodgkin B-cell lymphoma studies, in which
the introduction of rituximab, a therapeutic CD20-
directed monoclonal antibody, into frontline therapies
significantly improved overall survival [1-3]. This obser-
vation provided the rationale for testing rituximab in
CD20-positive B-ALL. In the pre-rituximab era, baseline
CD20 expression > 20% on B-ALL blasts was associated
with higher relapse rates and poorer outcomes [4], attain-
ing its status as an adverse prognostic factor, even though
some studies suggested CD20 expression alone lacks
prognostic significance in BCR::ABLI-negative B-ALL
[5]. The introduction of rituximab required practical
eligibility criteria. Consequently, a threshold of > 20%
CD20-positive blasts at baseline was introduced to define
CD20-positive B-ALL. Since then, B-ALL with CD20
expression below this threshold is classified as CD20-
negative and considered ineligible for rituximab under
current standard protocols. In the GRAALL-2005 study,
adding rituximab to standard chemotherapy in de novo
CD20-positive B-ALL improved complete remission
(CR), overall survival (OS), and event-free survival (EFS)
under standard chemotherapy regimens supplemented
with either 8 or 16-18 doses of rituximab. Improved
molecular CR rates and outcomes in standard-risk (SR)
and high-risk (HR) patients with BCR:ABLI-negative
CD20-positive B-ALL receiving 8 doses of rituximab
were also reported in the German Multicenter Study
Group for Adult ALL (GMALL) 07/2003 trial [6-10].
Conversely, in the UKALL14 trial, 4 rituximab doses
added to induction chemotherapy (regardless of baseline
CD20 or BCR::ABLI status) did not significantly improve
EFS, although relapse rates were reduced, suggesting that
extended dosing may be required [11].

In practice, determining optimal CD20 thresholds for
rituximab eligibility and rituximab schedules is challeng-
ing due to the lack of a standardized CD20 assessment
and heterogeneous trial designs, including differences
in patient age, BCR:ABLI1 status, rituximab dosing
number and time points, and varying applications of

the 20% threshold. Consequently, robust comparative
data on therapy response under rituximab, particularly
for patients with low baseline CD20 expression, remain
limited.

Additionally, CD20 expression can increase during
early B-ALL treatment, as reported in pediatric stud-
ies in which prednisolone-induced CD20 upregulation
conferred a higher sensitivity of blasts to rituximab-
mediated cytotoxicity in vitro [12, 13]. Yet it remains
unclear whether similar CD20 modulation occurs in
adult B-ALL, whether it can be induced by dexametha-
sone, and whether CD20 expression levels are affected
by microenvironmental factors in different body com-
partments (e.g., bone marrow (BM) and peripheral blood
(PB)).

Current European LeukemiaNet (ELN) recommenda-
tions emphasize integrating morphology, multiparameter
flow cytometry (FCM), and molecular genetics for accu-
rate diagnosis, risk stratification, and effective measur-
able residual disease (MRD) monitoring. FCM is essential
for determining lineage, maturation stage, and leukemia
subtype, and for identifying immunophenotypic aberran-
cies relevant to FCM-based MRD detection, particularly
in patients lacking suitable immunoglobulin and T-cell
receptor gene rearrangement (IG/TR)-derived molecular
markers. It also enables the identification of antigen tar-
gets for immune-based therapies [14].

Accurate quantification of baseline CD20 expression
is crucial for the determination of rituximab eligibility in
standard therapy settings, but guidelines for standardized
CD20 assessment are currently lacking. Typically, base-
line CD20 expression is assessed by FCM and reported
as the percentage of CD20-positive blasts (among all
blasts) in pretreatment BM or, more rarely, in PB. Based
on research from trials conducted over the past decades,
the ELN currently recommends at least 8 doses of ritux-
imab for the management of CD20-positive B-ALL [15].
The GMALL 08/2013 therapy-optimization trial investi-
gated risk-adapted, pediatric-inspired regimens in adults
with ALL, regarding clinical risk factors and MRD-based
stratification to guide stem cell transplantation (SCT)
decisions. The trial incorporated up to 8 rituximab doses
for all BCR:ABLI-negative B-ALL patients regardless
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of baseline CD20 expression [16]. In a subset of these
patients, we studied baseline CD20 expression across
compartments (BM and PB) and after prephase to moni-
tor CD20 modulation, determine rituximab eligibility,
and investigate the impact of CD20 expression level on
early MRD response.

Methods

Patients

Patients (n = 274) aged 1855 years with de novo B-ALL
were treated within the pediatric-based, risk-adapted,
MRD-stratified therapy-optimization trial of the GMALL
08/2013 in which rituximab was administered to all
BCR::ABLI-negative B-ALL patients irrespective of base-
line CD20 expression. The trial was registered with
ClinicalTrials.gov: NCT02881086; EudraCT-Nr. 2013-
003466-13. The analysis included 41% of patients with

Table 1 Patient characteristics and analysis information
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B-ALL/lymphoblastic lymphoma enrolled in GMALL
08/2013 for whom samples were available through the
accompanying translational research program [17, 18].
BCR::ABLI-negative B-ALL patients aged 15-65 years
(n = 174), enrolled in the previous GMALL 07/2003
trial before Amendment III (NCT00198991) and treated
without rituximab, were used as a historical compari-
son cohort. All patients have provided written informed
consent as part of their protocols. According to the
Declaration of Helsinki, all research described herein
was approved by the Frankfurt Research Ethics Board
(188/15F). Further details on patients and analyses are
provided in Table 1, Additional File 1: Materials and
Methods, Additional File 2: Fig. S1.

Patients & Analyses

Total cases, n

Age (years) median
range
Sex, n (%) male
female
BCR::ABL1, n (%) pos
neg
Diagnosis pro-B ALL

common-/pre-B ALL

Rituximab doses
Prephase end until
Consolidation | end BCR::ABL1-pos

BCR::ABL1-neg

CD20 modulation analysis
BM d0 vs PB dO
PB dO vs PB d6

CD20 expression - MRD correlation
after Induction |
before Consolidation |
after Consolidation |

GMALL 08/2013 GMALL 07/2003
research subcohort research subcohort
plus rituximab no rituximab
246 174
36.2 27

18.1 -55.9 15 - 54
129 (52.4) 115 (66.1)
117 (47.6) 59 (33.9)
64 (26.0) 0(0)
182 (74.0) 174 (100)
32 (13.0) 11 (6.3)
214 (87.0) 163 (93.7)
0 or 48 NA
4 0
yes no
yes no
161 * 149
162 * 149
159 * 121

§ 4 rituximab doses only for CD20-positive BCR::ABL1 -positive B-ALL

* BCR::ABL1-negative cases only.
NA not applicable



Szczepanowski et al. Journal of Hematology & Oncology

Early treatment and rituximab schedules within GMALL
08/2013

In the GMALL 08/2013 trial, all patients with newly
diagnosed B-ALL, whether BCR:ABLI-negative or
BCR:ABLI-positive, received an identical prephase
regimen of cyclophosphamide plus dexamethasone. All
BCR:ABLI-negative B-ALL subsequently received four
doses of rituximab, irrespective of their baseline CD20
expression, in addition to their induction chemotherapy.
The first dose was given on day 6, immediately after com-
pletion of prephase at the start of Induction I, followed
by two additional doses during Induction I and a fourth
dose during Consolidation I. Patients with BCR::ABLI-
positive B-ALL received the four-dose rituximab regimen
only if CD20-positive B-ALL was diagnosed (Additional
File 3: Fig. S2). In the historical GMALL 07/2003 trial,
all patients initially received an analogous prephase regi-
men; however, rituximab was not administered until the
implementation of Amendment III. For our comparative
analyses, only patients with BCR::ABLI-negative B-ALL
enrolled before Amendment III were included (Addi-
tional File 2: Fig. S1).

Multiparametric flow cytometry

Multiparametric FCM for immunophenotypic assess-
ment of CD20 expression was performed in our reference
laboratory following standardized instrument protocols
established by the EuroFlow Consortium [19-23]. PB and
BM were processed centrally using identical antibody
panels, instrument settings, and gating strategies; paired
samples obtained at the same time point were shipped
and analyzed under identical conditions to minimize pre-
analytical variability. Antibodies detailed in Additional
File 4: Table S1 were used to quantify leukemic CD20
expression in GMALL 08/2013 cases using the monoclo-
nal anti-CD20 antibody clone 2H7 (Biolegend, San Diego,
CA, USA) and gating of the leukemic CD45%™/SSCloV
cell fraction. Median CD20 fluorescence intensities
(CD20 MFI) and percentages of CD20-positive B-ALL
blasts (%CD20(+) blasts) were assessed. Immunopheno-
types and percentages of the leukemic CD20 expression
in historical GMALL 07/2003 cases were obtained from
the trial sponsor as reported by the GMALL reference
laboratory for flow cytometry (Additional File 1: Materi-
als and Methods).

Comparative CD20 modulation analysis

Because the prephase treatment was uniform, all cases,
whether BCR:ABLI-negative or BCR:ABLI-positive,
were eligible for comparative analyses of CD20 expres-
sion dynamics at baseline and the end of prephase. CD20
levels were quantified by FCM at baseline in BM samples
at day 0 (BM d0) and/or PB samples at day 0 (PB d0) and
post-prephase in peripheral blood at day 6 (PB d6) before
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the first rituximab administration (Table 1; Additional
File 3: Fig. S2). Using the historical 20% threshold, B-ALL
was defined as CD20-negative (<20% of CD20(+) B-ALL
blasts among total leukemic cells) or CD20-positive
(220% of CD20(+) B-ALL blasts among total leukemic
cells).

MRD assessment and MRD-based risk stratification

All BCR:ABLI-negative B-ALL patients, whether
CD20-positive or CD20-negative, uniformly received 4
rituximab doses from the start of Induction until Con-
solidation I in the GMALL 08/2013 trial. The treatment
responses at stratification-relevant time points (after
Induction I, before Consolidation I, and after Consoli-
dation I) in GMALL 08/2013 patients (after one, three,
and four doses of rituximab) and in GMALL 07/2003
patients (without rituximab treatment) were monitored
through MRD analysis of leukemia-specific IG/TR gene
rearrangements, obtained by real-time quantitative (RQ)-
PCR in our laboratory [24—26]. IG/TR-based MRD values
were used to categorize treatment responses as follows:
molecular complete response (MolCR), defined as MRD
negativity at a sensitivity of at least 1 x 10~ % molecular
intermediate response (MolIR), defined as MRD positiv-
ity that was either non-quantifiable or positive <1 x 10 %
and molecular failure (MolFAIL), defined as MRD >1 x
107 % [27].

Initial CD20 expression and correlation with early MRD
response

In the GMALL 08/2013 trial, the respective 1G/TR-
based MRD values at stratification-relevant time points
(after Induction I, before Consolidation I, and after
Consolidation I) were correlated with either baseline
CD20 expression in BM (as most commonly applied
by the current standard approaches) or with the high-
est CD20 expression observed across BM and PB up to
the end of prephase, to account for potential early CD20
upregulation. Cases of BCR:ABLI-positive B-ALL were
excluded from MRD correlation analyses due to their dis-
tinct disease biology and divergent treatment schedules
after the end of prephase. For comparison, a historical
cohort of BCR::ABLI-negative B-ALL patients from the
GMALL 07/2003 trial, who did not receive rituximab,
was included. The percentage of CD20-positive blasts
(%CD20(+) blasts) at baseline in BM was correlated with
IG/TR-based MRD values after Induction I, before and
after Consolidation I, which were highly comparable to
the therapy schedules of the GMALL 08/2013 trial (Addi-
tional File 5: Fig. S3).

Transcriptome analysis
Whole-transcriptome  next-generation  sequencing
(RNA-seq) and subgroup allocation were performed as
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described [28, 29]. Molecular subtypes were predicted
using the ALLCatchR classifier [30] (Additional File 1:
Materials and Methods).

Statistical analysis

The following statistical tests were applied: nonparamet-
ric two-tailed Mann-Whitney U test for unpaired-sample
analysis of CD20 expression (BM dO versus PB d0 and PB
dO versus PB d6); paired t-test for paired-sample analyses
of CD20 expression (BM dO versus PB dO and PB dO ver-
sus PB d6); Pearson’s chi-squared test with Monte Carlo
simulation to compare early MRD response in B-ALL
with < 20% and > 20% CD20(+) blasts; nonparametric
two-tailed Mann-Whitney U test and Kruskal-Wallis test
to compare the distribution of early MRD responses with
baseline CD20 expression in BCR::ABL1-like B-ALL.
Logistic regression was used to evaluate associations
with CD20 expression > 20%. Univariable models were
fitted for age, sex, white blood cell (WBC) count, and
molecular subtype. The multivariable model included
age per 10-year increase, sex, WBC per 10,000/pL, and
molecular subtype. Odds ratios are reported with 95%
confidence intervals. The global significance of molecu-
lar subtype in the multivariable model was assessed by
likelihood-ratio testing against a reduced model without
molecular subtype. GraphPad Prism 8.0.2 for Windows
(GraphPad Software, San Diego, California, USA) and the
R package for ChiSq, R version 4.4.0, 4.4.3 and 4.5.2 [31]
were used. Statistical significance is indicated as: ns (not
significant), P > 0.05, * (P < 0.05), ** (P < 0.01), *** (P <
0.001), **** (P < 0.0001).

Results

Cohort characteristics

We investigated CD20 expression modulation and its
impact on MRD responses in 274 newly diagnosed adult
B-ALL cases (Additional File 2: Fig. S1). Among these,
205/274 (74.8%) were BCR::ABLI-negative, comprising
164/205 (80.0%) common-/pre-B (c-/pre-B) ALL and
41/205 (20.0%) pro-B ALL cases, and 69/274 (25.2%)
were BCR:ABLI-positive c-/pre-B ALL. BCR:ABLI-
positive cases were included only in early CD20 modu-
lation analyses (BM dO vs. PB dO and PB dO vs. PB d6).
Overall, in 1/173 (0.6%, d0) and 8/175 (4.5%, d6) PB
samples no blasts were detected by FCM. A monocytoid
lineage switch during prephase was defined according
to Novakova et al. [32] as the presence of an intermedi-
ate B-monocytoid population characterized by a gradual
decrease in CD19 expression accompanied by a gradual
increase in at least one monocytic feature (CD14 expres-
sion, CD33 expression, or increased side scatter char-
acteristics). Using this definition, a monocytoid lineage
switch was observed in 23/205 (11.2%) BCR:ABLI-
negative and 5/69 (7.2%) BCR:ABLI-positive B-ALL
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cases (overall 28/274, 10.2%) [32—34]. These cases were
excluded from further analysis due to progressive loss of
key lineage markers CD19 and CD20 (Additional File 2:
Fig. S1). In total, 246 B-ALL cases, 182 BCR::ABLI-neg-
ative and 64 BCR::ABLI1-positive, were included in the
final analysis (Table 1).

Global CD20 expression dynamics at baseline and during
prephase

At diagnosis, CD20 expression was significantly higher
in PB than in BM (P=0.03). During prephase treatment,
CD20 expression increased further in PB (dO vs. d6;
P=0.01), resulting in the highest CD20 MFI values at PB
d6 (BM dO vs. PB d6; P<0.0001) (Fig. 1A). Similar find-
ings were observed for the proportion of CD20-positive
blasts (Fig. 1B). To address potential confounding bias
and to test the robustness of these findings, paired BM
and PB samples were analyzed (see below).

Pretreatment CD20 expression modulation on B-ALL blasts
upon transition from bone marrow to peripheral blood
Baseline CD20 expression was analyzed in 182 paired
pretreatment BM and PB samples from 91 patients
with BCR:ABLI-negative and BCR:ABLI-positive
B-ALL whereas subsequent analyses of the correlation
of CD20 expression and MRD response were restricted
to BCR::ABLI-negative patients. CD20 MFI values were
higher in PB d0 than BM d0 (P=0.02) (Fig. 1C). Similarly,
CD20(+) blast frequencies were significantly higher in
PB d0 than in BM dO overall (P<0.0001) and specifically
in c-/pre-B ALL (76 cases; P<0.0001), but not in pro-B
ALL (15 cases; P=0.8) (Fig. 1D). Notably, 6/76 (7.9%) c-/
pre-B ALL cases crossed the 20% threshold during transi-
tion from BM dO to PB d0, meeting rituximab eligibility
only in PB dO (Fig. 1E). CD20 upregulation was surpris-
ingly strong in some cases, exemplified by case 10-1
with 35.4% CD20(+) blasts in BM dO vs. 91.3% in PB dO
(Fig. 1F).

Prephase-induced upregulation of CD20 expression on
B-ALL blasts

Early therapy CD20 modulation was further analyzed in
212 paired PB dO (baseline) and PB d6 (post-prephase)
samples from 106 patients with BCR:ABLI-negative
and BCR::ABLI-positive B-ALL. CD20 MFI values and
CD20(+) blast percentages increased significantly during
prephase (both P<0.0001) (Fig. 2A-B). Briefly, the per-
centages of CD20(+) blasts were significantly higher in
PB d6 than in PB d0 in c-/pre-B ALL (86 cases; P<0.0001)
but not in pro-B ALL (20 cases; P=0.25) (Fig. 2B). Nota-
bly, the CD20(+) blast frequencies exceeded the 20%
threshold in 2/20 (10.0%) pro-B and 12/86 (13.9%) c-/
pre-B ALL cases from PB dO to PB d6 (Fig. 2C). In sum-
mary, overall CD20 upregulation during early therapy
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Fig. 1 CD20 expression modulation in dependence on body compartment. (A) CD20 median fluorescence intensity (MFI) on blasts at baseline (d0)
in bone marrow (BM) and peripheral blood (PB) and after prephase in PB (d6) in unpaired-sample analysis (P=0.03; P=0.0125; P<0.0001, respectively);
(B) Percentages of CD20(+) blasts in BM d0, PB d0 and PB d6 in total (P=0.028; P=0.023; P<0.0001, respectively), in c-/pre-B ALL cases only (P=0.046;
P=0.01; P<0.0001, respectively) and in pro-B ALL only (ns, respectively) in unpaired-sample analysis. Case numbers are indicated on the plot’s right side;
(C) CD20 MFI on blasts in 91 paired BM d0 and PB d0 samples (P=0.0216); (D) Percentage of CD20(+) blasts in 91 paired samples of BM d0 and PB d0 in
total (P<0.0001), hereof in 76 c-/pre-B ALL cases (P<0.0001), and 15 pro-B ALL cases (P=0.8); (E) Rituximab-eligibility relevant CD20 upregulation: In 6/76
(7.9%) c-/pre-B ALL cases, the percentage of CD20(+) blasts in PB d0 exceeded the arbitrary 20% threshold, whereas the corresponding BM dO samples
were below this threshold (paired samples indicated by blue lines in the respective line plot); (F) Significant CD20 increase on B-ALL blasts between BM
d0 and PB dO [CD20 MFI at 312 versus 19198; percentage of CD20(+) blasts at 35.4% versus 91.3%)] in a representative BCR:ABL1-positive B-ALL (case
10—1). The density plots visualize the distribution of detected events over staining intensity, with the highest density indicated by dark zones within the
respective cell populations
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)

Fig. 2 CD20 expression modulation under prephase treatment. (A) CD20 median fluorescence intensity (MFI) on blasts at baseline (d0) and after pre-
phase (d6) in peripheral blood (PB) in paired-sample analysis of 106 B-ALL (P<0.0001); (B) Percentages of CD20(+) blasts in PB d0 and PB d6 in paired-
sample analysis of 106 B-ALL in total (P<0.0001), hereof in 86 c-/pre-B ALL (P<0.0001), and 20 pro-B ALL cases (P=0.25); (C) Rituximab-eligibility relevant
CD20 upregulation in 12/86 (13.9%) c-/pre-B ALL and 2/20 (10%) pro-B ALL with 20%-threshold-exceeding percentages of CD20(+) blasts in PB dé (paired
samples indicated by colored lines); (D) CD20 MFI values increase in blasts from BM dO to PB d0 to PB d6, and in comparison, decrease in benign mature
B cells from PB dO to PB d6 (exemplified for cases 22 —1 and 108); (E) Examples of CD20 modulation from BM d0 to PB d0 to PB d6 on blasts as measured
by CD20 MFI and by percentages of CD20(+) blasts in case 22— 1[CD20 MFl at 219 (BM d0), 301 (PB d0), and 7342 (PB d6); %CD20(+) blasts at 9.9% (BM
d0), 37.8% (PB d0), and 96.1% (PB d6)], and in case 108 [CD20 MFI at 99.7 (BM d0), 112 (PB d0), and 1080 (PB d6); %CD20(+) blasts at 5.8% (BM d0), 7.7%
(PB d0), and 62.2% (PB d6)]; (F) CD20 expression on benign mature B cells in unpaired-sample analysis: CD20 MFI significantly increase from BM d0 to PB
do (P<0.0001) and significantly decrease from PB dO to PB d6 (P<0.0001), returning to BM d0-levels (case numbers indicated on the plot’s right side).
Significant increase of CD20 MFI on benign mature B cells in paired-sample analysis of (G) 91 B-ALL from BM d0 to PB dO (P<0.0001) and (H) 105 B-ALL

from PB dO to PB d6 (P<0.0001)

was observed across compartments and over time as
illustrated by two representative c-/pre-B ALL cases
(Fig. 2D-E). In contrast, benign mature B cells showed
divergent CD20 modulation dynamics. In unpaired anal-
yses, CD20 MFI was higher in PB dO (n=163) than BM d0
(n=126) (P<0.0001) but decreased at PB d6 compared to
PB dO (P<0.0001), returning to BM-like levels (Fig. 2F).
Paired analyses confirmed CD20 upregulation from BM
dO to PB dO (#=91; P<0.0001) and downregulation from
PB dO to PB d6 (n=106; P<0.0001) (Fig. 2G-H).

Clinical and molecular factors associated with CD20
expression and modulation

Baseline CD20 expression differed substantially between
molecular subgroups (Additional File 6: Fig. S4A). In
addition to KMT2A-rearranged B-ALL, cases from
CDX2/UBTE, ZNF384- and TCF3::PBX1 rearranged sub-
types showed consistently low CD20 expression, whereas
BCR:ABL1-positive, BCR::ABL1-like, low-hypodiploid,
hyperdiploid, and PAX5alt B-ALL were characterised by
high CD20 expression. Similar differences were observed
for CD20 modulation during prephase treatment, with
little or no CD20 upregulation in molecular subgroups
characterised by low baseline expression. Because several
subgroups contained only small numbers of cases, these
analyses were considered exploratory and descriptive
rather than suitable for formal subgroup-specific statisti-
cal testing.

To understand the contribution of molecular sub-
groups and clinical disease characteristics, we performed
logistic regression analyses using CD20 status as the
binary outcome, defined as the highest available CD20
expression value>and <20% according to the predefined
cutoff. In univariable logistic analyses, both sex and
WBC count were associated with CD20 expression lev-
els>20%. However, neither variable remained significant
after adjustment for molecular subgroup in multivari-
able regression models, suggesting that these associations
largely reflected differences in molecular subtype com-
position (Additional File 6: Fig. S4B-C, Additional File 7:
Table S2). Molecular subtype was significantly associated
with CD20 status overall. This association was mainly

driven by the strong enrichment of CD20-negative cases
among KMT2A-rearranged leukemia. Other subtype-
specific comparisons did not reach statistical signifi-
cance, likely reflecting small subgroup sizes and wide
confidence intervals. Consistent results were obtained in
linear regression analyses using continuous CD20 expres-
sion as the outcome, supporting molecular subgroup
irrespective of age, sex and WBC count as the strongest
independent correlate of CD20 expression (not shown).

CD20 expression levels and early MRD response under
rituximab in GMALL 08/2013 patients

We evaluated the impact of baseline CD20 expression
on rituximab efficacy by analyzing IG/TR-based early-
phase MRD responses in BCR::ABLI-negative B-ALL.
Among 182 patients, 76 (41.8%) had <20% of CD20(+)
blasts (range 0.0-19.9%, median 3.8%) and 106 (58.2%)
had >20% of CD20(+) blasts (range 21.2—-100.0%, median
78.6%) (Additional File 8: Fig. S5 A-B). All patients uni-
formly received four rituximab doses: one at the start of
Induction I, two additional doses before, and one more at
Consolidation I (Additional File 3: Fig. S2; Additional File
5: Fig. S3).

As previously demonstrated, baseline CD20 expres-
sion can vary significantly depending on body com-
partment and is influenced by prephase-drug exposure
(Figs. 1 and 2). Using each patient’s highest CD20(+)
percentage from BM d0, PB dO or PB d6, patients with
>20% CD20(+) blasts showed significantly more favor-
able MRD response categories, including higher rates
of MolCR and lower rates of MolFAIL after Induction I,
before Consolidation I, and after Consolidation I com-
pared with those with <20% CD20(+) blasts (P =0.0005,
P=0.0012, P=0.017, respectively). CD20 expression and
molecular MRD data were available for 161 patients after
Induction I, 162 before Consolidation I, and 159 after
Consolidation I. (Fig. 3A).

The most pronounced difference was observed after
Induction I: 78.8% of patients with <20% of CD20(+)
blasts exhibited MolFAIL, compared with 46.3% of those
with =20%. By the end of Consolidation I, MolCR was
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Fig. 3 MRD responses. (A) In the GMALL 08/2013 trial cohort treated with rituximab, MRD responses were analyzed using the highest measured per-
centage of CD20-positive blasts. There were significant differences in MRD response between patients with highest measured CD20 <20% and those
with highest measured CD20=>20%, after Induction |, before and after Consolidation I; (B) When MRD dynamics were evaluated using bone marrow
day-0 (BM d0) CD20 values, significant differences between the <20% and >20% CD20 groups were observed only after Induction I, not at later time
points; (C) In contrast, in the GMALL 07/2003 trial cohort without rituximab treatment, MRD responses did not differ significantly between patients with
baseline CD20 < 20% vs. >20%, suggesting that the correlation seen in (A-B) is rituximab-dependent; (D) Among BCR:ABL1-negative B-ALL patients who
remained MRD-positive (MolFAIL) after Consolidation |, the most common molecular subtypes were BCR:ABL1-like, KMT2A-rearranged, and B-other;
(E) and BCR::ABL1-like cases predominated among the CD20-positive MolFAIL cases; (F) Overall, among the 31 BCR:ABL1-like cases, 14 (45.0%) were in
MolCR, 4 (13.0%) in MolIR, and 13 (42.0%) in MolFAIL after Consolidation I; (G) and their baseline CD20 expression was variable but the levels did not differ
significantly between molecular MRD response groups (Mann-Whitney test: MolCR vs. MolIR, P=0.4; MolCR vs. MolFAIL, P=0.2; MolIR vs. MolFAIL, P=0.9;

Kruskal-Wallis test: P=0.36)
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reached in 50.0% of patients with <20% CD20(+) blasts
compared with 72.6% of those with >20% CD20(+) blasts.

Although the number of evaluable patients was lower
because PB d6 material was not available for all cases
and 4.6% of samples had no detectable PB blasts at this
time point, comparable associations were observed when
the analysis was restricted to PB d6 samples (?=0.0019,
P=0.0005, P=0.0005, respectively).

Analysis restricted to BM d0 alone within the GMALL
08/2013 cohort, reflecting routine-diagnostics proce-
dures and enabling comparison with GMALL 07/2003
B-ALL patients not treated with rituximab (see below),
revealed significant differences only after Induction
I (P=0.014), but not before or after Consolidation I
(Fig. 3B). Here, 74% of patients with <20% CD20(+)
blasts exhibited MolFAIL after Induction I versus 47%
with >20%. MolCR after Consolidation I was similar
between groups with >20% or <20% CD20(+) blasts
(64% vs. 61%). BM dO0 CD20 expression and molecular
MRD data were available for 81 patients after Induction
I, 80 before Consolidation I, and 75 after Consolidation
L. These results indicate that MRD response to rituximab
correlates more strongly with the highest observed CD20
level across compartments and time points than with
baseline BM expression.

Baseline CD20 expression levels and early MRD response in
a rituximab-free historical GMALL 07/2003 cohort

MRD responses were analysed after Induction I (n=149),
before Consolidation I (7 =149), and after Consolidation
I (n=121) in BCR:ABLI-negative B-ALL patients from
the historical GMALL 07/2003 trial, who did not receive
rituximab and had only a single baseline BM CD20 mea-
surement given as percentage of CD20(+) blasts. MRD
responses did not differ between patients with <20% and
>20% CD20(+) blasts at any time point (P=1.0, P=0.2,
P=0.97, respectively) (Fig. 3C).

MRD persistence under rituximab despite high CD20
expression: enrichment of BCR::ABL1-like B-ALL

RNA-seq data were available for 184/246 (75.0%) cases,
of which 49 (26.6%) were BCR:ABLI-positive by RT-
PCR (and had the BCR:ABL1 molecular signature)
and 135 (73.4%) BCR:ABLI-negative cases with other
molecular signatures (Additional File 8: Fig. S5C). These
BCR:ABLI-negative cases showed the following molec-
ular-subtype distribution based on RNA-seq data (Addi-
tional File 8: Fig. S5D): 32 (23.7%) BCR::ABL1-like, 21
(15.6%) KMT2A-r, 12 (8.9%) Hyperdiploid, 10 (7.4%)
CDX2/UBTE, 9 (6.7%) DUX4-r, 8 (5.9%) PAXb5alt, 6
(4.4%) TCF3:PBX1, 5 (3.7%) LH, 5 (3.7%) ZNF384-r, 4
(3.0%) PAX5 P80R, 3 (2.2%) CEBP, 3 (2.2%) MEF2D, 3
(2.2%) IKZF1 N159Y, 1 (0.7%) ETV6:RUNX1, 1 (0.7%)
HLF, and 12 (8.9%) B-other. IG/TR-based MRD data
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after Consolidation I were available for 120 of these
BCR::ABLI-negative patients. Of these, 77 (64.2%)
achieved MoICR, 11 (9.2%) MolIR, and 32 (26.7%)
remained in MolFAIL. Most MolFAIL cases (25/32,
78.0%) were concentrated in BCR:ABL1-like (13/32,
40.6%), KMT2A-r (7/32, 21.9%), and B-other (5/32,
16.5%) subtypes (Fig. 3D). Among these MolFAIL cases
20/32 (62.5%) were CD20-negative (Fig. 3E) and clas-
sified as KMT2A-r (7/20, 35.0%), B-other (4/20, 20.0%),
BCR:ABL1-like (3/20, 15.0%), ZNF384-r (2/20, 10.0%),
and CDX2/UBTF, DUX4-r, ETV6:RUNX1, and HLF
(each 1/20, 5%). Among the remaining 12/32 (37.5%)
CD20-positive MOolFAIL cases, 10/12 (83%) were
BCR::ABL1-like, 1/12 CDX2/UBTF, and 1/12 B-other
(8.3%, respectively) (Table 2).

Given the high prevalence of BCR:ABL1-like cases
among MRD non-responders, we examined MRD
dynamics of all 31 BCR::ABL1-like patients (Fig. 3F).
After Consolidation I, 14 (45.0%) were in MoICR, 4
(13.0%) in MolIR, and 13 (42.0%) in MolFAIL. Baseline
CD20 expression varied: 6 patients were CD20-negative
(range 1.7%-17.1%, median 6.4% of CD20(+) blasts) and
25 patients were CD20-positive (range 23.7-100.0%,
median 64.8% of CD20(+) blasts). CD20 expression levels
did not differ significantly across MRD groups (Mann-
Whitney test: MolCR vs. MolIR, P=0.4; MolCR vs. Mol-
FAIL, P=0.2; MolIR vs. MolFAIL, P=0.9; Kruskal-Wallis
test: P=0.36), though MolCR patients demonstrated a
trend towards higher baseline CD20 expression (Fig. 3G).

Among CD20-positive BCR::ABL1-like MolFAIL
patients after Consolidation I (10/12, 83%) who received
four upfront rituximab doses, only 4 achieved MolCR
after blinatumomab, 6 patients relapsed, requiring ter-
tiary immunotherapy, and 4 suffered subsequent second
relapses. The 4 patients achieving MolCR after blinatu-
momab proceeded to allogeneic stem cell transplantation
and remained MRD-negative during follow-up (22-103
months; median 53.5 months).

Discussion

The addition of rituximab to standard chemotherapy has
improved early treatment responses and remission dura-
tion in CD20-positive B-ALL [4, 6, 8, 9, 35-37]. Ritux-
imab eligibility is conventionally based on the percentage
of CD20-positive blasts in diagnostic BM, with the > 20%
cut-off used as an arbitrary threshold [9]; however, CD20
expression can change dynamically on blasts following
body-compartment transitions and corticosteroid expo-
sure. Prior pediatric studies demonstrated corticoste-
roid-induced CD20 upregulation during early therapy,
attributed to prednisolone-mediated maturation [12, 13].
Additionally, a recent study on pediatric B-ALL observed
an increase in CD20 MFI between diagnosis and day 15,
showing that both CD20 values were associated with RFS
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Table 2 Molecular non-responder (MolFAIL) after Consolidation | among the CD20-positive BCR::ABL1-negative B-ALL

Patient Age Sex Diagnosis Molecular Driver Fusion CD20(+) Mol. MRD
ID (years) Subtype blasts at aCons |
baseline (%)
10 24.8 m c/preB Ph-like SSBP2::CSF1R + LAIR1::EPOR 23.7 2.00E-04
182 27.2 m c/preB Ph-like P2RY8::CRLF2 29.3 2.00E-03
117 36.2 f c/preB Ph-like IGH::CRLF2 30.0 1.00E-02
15 29.5 m c/preB Ph-like IGH:CRLF2 41.4 5.00E-04
154 52.7 f c/preB Ph-like none found 46.4 1.00E-03
96 46.0 m c/preB Ph-like IGH::CRLF2 + P2RY8::CRLF2 55.7 2.00E-02
14 20.7 m c/preB Ph-like NUP214::ABL1 67.4 9.00E-03
37 41.8 m c/preB Ph-like EBF1:PDGFRB 88.9 5.00E-04
158 19.8 m c/preB Ph-like PAX5::JAK2 93.3 1.00E-01
174 30.4 m c/preB Ph-like ZMIZ1::ABL1 95.2 3.00E-04
107 31.0 f pro-B CDX2/UBTF UBTF::ATXN7L3 26.9 4.00E-04
171 19.6 f c/preB B-other none found 74.7 1.00E-04

and OS, using cut-offs of > 8.08 at diagnosis and > 28.65
at day 15. In this study, CD20 expression appeared to be
a poor prognostic feature in pediatric B-ALL [38]. CD20
upregulation following dexamethasone-containing pre-
phase was also observed in six of eight immunopheno-
typed adult B-ALL patients in the UKALL14 trial [11].
Our findings align with these data and add new perspec-
tives to this topic. In our larger adult cohort, we identi-
fied two stages of leukemic CD20 upregulation relevant
for rituximab eligibility: lower CD20 expression in BM
versus PB at baseline, and significant CD20 increases in
PB during cyclophosphamide- and dexamethasone-con-
taining prephase. Together, these data provide strong evi-
dence that early-therapy CD20 upregulation is a common
phenomenon in adult B-ALL and that CD20 modulation
is influenced by microenvironmental factors (BM vs. PB)
and corticosteroid exposure. We also observed a mono-
cytoid lineage switch during prephase in approximately
10% of cases, a frequency comparable to that reported in
pediatric B-ALL [32-34].

Furthermore, in our exploratory analysis, CD20
expression appeared to vary across molecular subgroups,
suggesting a potential subgroup-specific regulation of
CD20 expression. Larger cohorts are needed to system-
atically validate these findings and determine their clini-
cal relevance.

MRD is an accurate surrogate parameter for assess-
ing treatment efficacy in ALL [27, 39-41]. In our study,
CD20-negative B-ALL, defined by 20% threshold, showed
slow MRD response, suggesting limited benefit from
CD20-targeting therapy, whereas higher baseline CD20

expression significantly correlated with improved early
MRD response in rituximab-treated patients. No such
association was found in the historical cohort between
CD20-negative and CD20-positive cases that did not
receive rituximab.

The prognostic significance of CD20 expression in
adult B-ALL remains controversial. While some studies
reported an adverse impact of CD20 expression in the
pre-rituximab era, others failed to confirm an association
with MRD response or clinical outcome [4, 5, 42]. Our
findings in the historical GMALL 07/2003 cohort are
consistent with the latter observations and suggest that
CD20 expression may be more relevant as a predictive
biomarker for CD20-directed therapy than as an inde-
pendent prognostic marker. This interpretation is sup-
ported by the association between CD20 expression and
MRD response observed in rituximab-treated patients,
which was absent in the historical cohort treated without
rituximab.

In our study, the 20% threshold of CD20-expressing
blasts has been surpassed from diagnostic BM to PB
(7.9% of c-/pre-B ALL) and from diagnostic PB to post-
prephase PB (10.0% of pro-B ALL and 13.9% of c-/pre-B
ALL). These findings challenge reliance on diagnostic
bone marrow alone for rituximab eligibility and suggest
reassessment of CD20 expression in PB at the end of
prephase. This strategy would identify patients with pre-
phase-driven CD20 upregulation above the 20% thresh-
old who may benefit from rituximab. A rationale for this
adapted strategy, as well as the potential impact on out-
comes, needs further investigation in prospective trials.
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Importantly, using the highest measured percentage
of CD20(+) blasts across compartments and time points
or blood on day 6 instead of the baseline BM value pro-
vides superior prediction of early MRD response and
more accurately reflects the impact of leukemic CD20
expression levels on MRD dynamics during rituximab
treatment.

From a clinical perspective, these findings sup-
port viewing CD20 expression as a dynamic biomarker.
Assessment immediately before rituximab administra-
tion may provide a more relevant estimate of target
availability than assessment at diagnosis alone. Such an
approach could identify patients who acquire clinically
relevant CD20 expression during prephase treatment and
may therefore benefit from anti-CD20 therapy despite
low baseline expression. Conversely, patients with per-
sistently low or absent CD20 expression, particularly
within molecular subgroups characterised by intrinsi-
cally low CD20 levels and little CD20 upregulation, may
derive less benefit from rituximab. Although this hypoth-
esis requires prospective validation, our data support the
concept of a more individualised, biomarker-guided use
of anti-CD20 therapy in adult B-ALL.

Delayed MRD responses under rituximab are expected
in KMT2A-rearranged B-ALL due to low or absent CD20
expression, whereas B-ALL patients with high baseline
CD20 expression are theoretically more likely to respond
well to anti-CD20 therapy. Thus, the disproportion-
ate enrichment of BCR:ABL1-like cases with moder-
ate to high baseline CD20 expression among molecular
non-responders after Consolidation I was unexpected.
These patients accounted for 41% of BCR::ABLI-negative
non-responders, although their overall prevalence in
our study sub-cohort of BCR::ABLI-negative cases was
considerably lower (23.7%). This suggests that a subset
of CD20-positive BCR:ABL1-like B-ALL may harbor
intrinsic adverse features that diminish the expected ben-
efit of rituximab. These cases may warrant closer clinical
attention and additional investigation to identify underly-
ing resistance mechanisms and guide more tailored ther-
apeutic approaches.

Despite great advances in CD19- and CD22-directed
therapies, anti-CD20 approaches remain clinically highly
relevant. Recently, inotuzumab ozogamicin showed
increased toxicity in frontline B-ALL therapy in the Alli-
ance A041501 trial, likely related to its immunosuppres-
sive effects [43]; thus, targeted therapeutic alternatives
remain warranted. Beyond rituximab, multiple anti-
CD20 agents, including monoclonal antibodies, bispe-
cific antibodies, and antibody—drug conjugates, are in
various stages of clinical approval. Ofatumumab, an
anti-CD20 monoclonal antibody, is part of the evolv-
ing landscape of therapies for patients with B-ALL [44].
Notably, several CD20xCD3 bispecific antibodies (e.g.,
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mosunetuzumab, glofitamab, epcoritamab, odronex-
tamab) have shown substantial activity in mature B-cell
malignancies [45]. Glofitamab is used for treating dif-
fuse large B-cell lymphoma and has been successfully
tested in combination with polatuzumab vedotin in three
patients with refractory Burkitt lymphoma [46]. Beyond
CD3-engaging BsAbs, other bispecific formats under
investigation include CD20xCD19, CD20xCD47, and
CD20xCD28 antibodies [47]. All these agents have the
potential and may be extended to the treatment of CD20-
positive B-ALL.

Conclusions

We correlated CD20 expression with early treatment
response in adult B-ALL of the GMALL 08/2013 trial,
in which all BCR::ABLI-negative patients received ritux-
imab irrespective of baseline CD20 levels, and CD20 was
assessed in a standardised manner. We demonstrate that
CD20 expression is dynamically regulated during the
early disease course, increasing as blasts transit from
bone marrow to peripheral blood and further rising after
a 5-day cyclophosphamide- and dexamethasone-contain-
ing prephase. In our study, the highest assessed CD20
expression level, rather than the baseline bone marrow
value, best predicts MRD response to rituximab, and a
subset of initially CD20-negative patients may become
rituximab-eligible during early treatment phases. These
findings support longitudinal reassessment of CD20 (e.g.,
after prephase, including peripheral blood) and suggest
a potentially practice-changing approach to anti-CD20
therapy in B-ALL.

However, a subset of CD20-positive BCR::ABLI-like
B-ALL remains refractory despite upfront rituximab,
indicating that CD20 expression alone does not always
overcome adverse biology and that these patients require
additional therapeutic consideration.

Abbreviations

B-ALL B-cell acute lymphoblastic leukemia
BsAbs Bispecific antibodies

do Day zero, baseline

d6 Day six, after prephase

EFS Event-free survival

FCM Multiparametric flow cytometry
IG/TR Immunoglobulin/T-cell gene rearrangements
mAb Monoclonal antibody

MolCR Molecular complete remission
MolFAIL ~ Molecular failure

MolIR Molecular intermediate response
MRD Measurable residual disease

(oY) Overall survival

PB Peripheral blood
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