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INTRODUCTION

CD20 represents one of the most successful
immunotherapy targets. The inclusion of rit-
uximab (RTX; Rituxan®, MabThera®) into the
treatment regimen of lymphoma patients
significantly improved the overall survival
of these patients. This revolutionized the im-
munotherapeutic landscape by showing the
potential of monoclonal antibodies (mADbs).
Since the initial approval of RTX in relapsed
and/or refractory low-grade non-Hodgkin’s
lymphoma (NHL), label expansions followed.
RTX continues to be the backbone for first-
line treatment of B-cell lymphoma and leu-
kemia despite newly approved CD20 mAbs,
and is one of only three antibodies on the
WHO essential medicines list (www.who.int/
medicine/publications/essentialmedicines;
6t list, Amended March 2017). Despite the
success of CD20-targeted therapies, signifi-
cant numbers of patients still fail to respond
or become refractory upon treatment, even
though the target antigen generally contin-
ues to be expressed on their tumor cells.
This is stimulating research into new and
improved CD20-directed immunotherapies
(see Figure 1, Table 1). CD20 expression is
restricted to B cells, but is not expressed on
lymphoid progenitor cells, and expression is
lost when B cells differentiate into plasma
cells. CD20-targeting antibodies do not
distinguish between malignant and non-ma-
lignant cells, but depletion of healthy CD20*
cells is well tolerated. Clinical research with
CD20 antibodies was also expanded to other
diseases in which a role for B cells was
hypothesized (e.g. rheumatoid arthritis (RA)
and multiple sclerosis (MS)).

CD20 review

This review gives an extensive overview
of pre-clinical and clinical investigations
with CD20-targeting immunotherapeutic
regimens, with the focus on lymphomas
and leukemias, and provides future per-
spectives.

CD20 EXPRESSION AND FUNCTION

Expression on normal B cells and

protein structure
CD20 was initially described by Stashenko
et al. in 1980 as B1 [1], but has also been
denoted as leukocyte surface antigen 16
(Leu-16), B1 polypeptide of 35-kDA (Bp35)
[21 and membrane-spanning 4-domain
family, subfamily A (MS4A) [3]. CD20 was
the first cell-surface antigen on human B
cells to be identified by a mAb and as such
became part of the cluster of differentiation
(CD). CD antigens are cell surface molecules
expressed on leukocytes and other immune
cells [4]. The CD nomenclature provides a
unified designation system for mAbs and
for the cell surface molecules they recog-
nize. The 1st international workshop on
human leukocyte differentiation antigens
was in 1982 and since then, more than 350
CDs have been assigned [5]. A subset of
pre-defined CDs is used to phenotype the
different human leukocyte subsets. CD20 is
part of the CD-markers used to distinguish
B-cells from other leukocytes [6].
Although CD20 was discovered more than
three decades ago, its exact structure has
not been solved by crystallography due
to the complex membrane topology of the
protein. CD20 spans the membrane four
times [7.8], with a small extracellular loop of
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FIGURE 1 Timeline of clinical development and approval of CD20 targeting antibodies.

The figure provides an overview of clinical stage therapeutic antibodies. Timing of first entry into clinical
development is shown below, and timing of FDA approval is shown in bold above timeline. Indications where
anti-CD20 therapy is investigated /approved is indicated in symbols ([ = cancer, O = auto immune disease).
The original clone from which the antibody was derived is shown in parenthesis, or (in case of bispecific
molecule) the current development name is provided. Color coding refers to the antibody format used.

5 amino acids (aa)! and a large extracellular
loop of 44 aa The N- and C-terminus are
located in the cytoplasm.

Attempts to recombinantly produce soluble
CD20 were only partially successful, since
binding of CD20-targeting mAbs required
specific conformations that were not re-
tained in the protein produced [9,101. RTX
requires an intact disulfide bridge within
the large extracellular loop to recognize
CD20. Reducing the disulfide bridge, by
treating the CD20 antigen with dithioth-
reitol (DTT), resulted in loss of RTX binding,
which was restored after re-oxidation [Sl.
As no other disulfide bridge is present in
CD20, the small loop does not have such a
stability-providing structure and thus can
only partially be mimicked by constrained
peptides [11,12] indicating the complexity
and dynamics of the molecule.

The exact function of CD20 remains elusive.
Despite the close association of CD20 ex-
pression with B cell development, absence
of CD20 protein only resulted in a mild
phenotype. In CD20 knock out mice a small
reduction in number of B cells was ob-

served, but normal B cell development and
antibody responses were retained [13]. In a
patient that expressed non-functional CD20
due to homozygous mutations, normal
B-cell development occurred, although a
reduced capacity to elicit antibody re-
sponses to specific antigens was observed
[14]. It has been well established that CD20
is involved in mediating transmembrane
calcium fluxes [15,16] and is important for
B-cell activation [17], differentiation [8,17]
and proliferation [17,18].

In normal physiology, CD20 is expressed on
more than 90% of the B cells in peripheral
blood and in lymphoid organs. Although it
has been suggested that CD20 was ex-
pressed at intermediate to low levels in a
small subpopulation of normal CD3* T cells
[19-24], this was later found to be incor-
rect. CD20 expression in T cells was the
result of trogocytosis, extraction of surface
molecules from other cells during contact
[4,25], a phenomenon that impacts diagnosis
and mAb-based therapies of malignancies
[26,27]. CD20 is first expressed at the pre-B
cell stage, before IgM is expressed on the
cell surface. The expression of CD20 con-

1 Inconsistencies exist in literature in the reported number of surface-exposed amino acids in the small
loop. Based on the properties of the amino acids (hydrophobic Isoleucine and rigid proline), we define,
in this review, IP-PI as the boundary of the transmembrane stretches, resulting in five surface-exposed

amino acids in the small loop.

CD20 review
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FIGURE 2 Stages of B cell Development and associated malignancies.

B cells arise from common lymphoid progenitor (CLP) cells and undergo various maturation stages. Each step
could give rise to a specific malignancy. ALL = Acute lymphatic Leukemia; CLL = Chronic lymphocytic leukemia;
FL = Follicular lymphoma; GC DLBCL = Germinal center Diffuse large B cell lymphoma; ABC DLBCL = Activated
B cell Diffuse large B cell lymphoma; MM = Multiple myeloma.

tinues throughout B cell maturation until
the plasmacytoid immunoblast stage. CD20
is not expressed on hematopoietic stem
cells, pro-B cells, plasma cells or on other
normal non-B cell lineage tissues [28,29].
The normal B cell development stages are
reflected in B cell malignancies, which often
echo dominant clonal expansion of a specif-
ic maturation stage (Figure 2) [6], although
antigen exposure and stimulation may also
play a key role in the onset of B-cell malig-
nancies [301.

In resting B cells, CD20 and the B-cell re-
ceptor (BCR, i.e. surface-expressed immu-
noglobulin (Ig)) are uniformly distributed in
the plasma membrane. CD20 is translocated
to cholesterol- and sphingolipid-rich micro
domains, referred to as lipid rafts or deter-
gent-insoluble glycolipid-enriched struc-
tures (DIGS), upon cross-linking by a subset
of CD20 antibodies, the so-called type |
CD20 antibodies [31,32], and/or engagement
of the BCR by antigen [33]. BCR and CD20
co-localize initially, but rapidly translocate
to distinct lipid rafts, followed by endocyto-
sis of the BCR [331. A central feature of lipid
rafts is their ability to selectively include
or exclude membrane proteins. Transloca-
tion of CD20 and the BCR into lipid rafts is
an extremely rapid process, and is directly
followed by phosphorylation of typical raft
proteins like Lyn, which initiate the BCR sig-
naling cascades [34,35].

CD20 review

EXPRESSION IN B CELL
MALIGNANCIES

A wide variety of studies have analyzed
CD20 antigen expression in B cell malignan-
cies and correlated this with expression on
the normal B cell counterpart. More than
90% of human B cell lymphomas and most
B cell leukemias express CD20. Expression
of CD20 was found to be lower on B cell
chronic lymphocytic leukemia (B-CLL) and
B cell acute lymphoblastic leukemia (B-ALL)
than on normal peripheral B cells or on
other malignant NHL [36-41]. In B-ALL, CD20
expression is lower and more heteroge-
neous compared to other B-cell malignan-
cies. CD20 expression heavily depends on
the differentiation stage of the originator
cell and CD20 on B-ALL thus reflects the
low expression on pro-B-cells, early pre-
B-cells and pre-B-cells from which the
tumor derived [42]. B-CLL derives from
antigen-experienced B lymphocytes and
can be classified based on whether the cells
have undergone somatic hyper mutation
(mutated immunoglobulin heavy-chain
variable region (IGHV)), or not (unmutated
IGHV). Further stratification can be done
based on other factors such as e.g. chromo-
somal abnormalities and BCR signaling. This
heterogeneity of the disease is reflected

in CD20 expression, which for B-CLL cells
varies with the genetic subtype [43-45] and
the anatomical location of the tumor cells.
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Indeed, CD20 expression levels were higher
on B-CLL cells obtained from peripheral
blood than on cells isolated from bone mar-
row and lymph nodes aspirates [46].

In the WHO revision of the classification of
lymphoid malignancies in 2016, a distinc-
tion is made in 35 different types of lym-
phoma and myeloma [47]. As it will go too
far to describe the role of CD20 expression
in all of these subtypes, we will focus on
the more common types, such as follic-

ular lymphoma (FL), diffuse large B-cell
lymphoma (DLBCL), mantle cell lymphoma
(MCL), marginal zone lymphoma (MZL) and
multiple myeloma (MM). The level of CD20
expression in these malignancies, from high
to low, is DLBCL > FL > MCL > MZL > MM
[38-40,48]. Although generally plasma cells
do not express CD20, it is well documented
that a small portion of MM are CD20-pos-
itive, yet expression is lower than on MZL
[49-53]. This is often associated with the
t(11;14) translocation and/or 1g8G isotype
[49,50,54,55]. Waldenstrém Macroglobu-
linemia (WM; where CD20 expression is
present, but lower than on other lymphoma
subtypes [46]), can be considered a pre-
stage of MM.

RELEVANCE OF CD20
EXPRESSION IN MALIGNANCIES
FOR TREATMENT

The prognostic role of CD20 expression in
ALL is still cause for debate, as in child-
hood-precursor B-ALL, CD20 expression is
associated with increased survival, in con-
trast to adult B-ALL where this is not the
case [56-58]. The discovery that the addition
of prednisone to the treatment regimen re-
sulted in the upregulation of CD20 expres-
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sion in pediatric B-ALL might offer at least
a partial explanation for this difference
[59]. The addition of RTX to the hyperCVAD
chemotherapeutic regimen (alternating
cyclophosphamide, vincristine, doxorubicin
plus dexamethasone with methotrexate and
cytarabine) for previously untreated B-ALL
patients, stratified for CD20 expression
(cut off > 20% CD20* cells), impacted the
overall survival (0OS) for younger (age < 60
years; 0S 75% vs 47%), but not older (age >
60 years; 0S 64% vs 65%) patients [60]. This
suggests that inclusion of CD20-directed
antibodies to the therapeutic regimen of
B-ALL patients may improve therapeutic
outcome of at least a proportion of the
patients. However, it should be noted

that the observed difference could also

be based on patient selection, as it has
been reported that CD20 expression was
absent in the high risk patient group with
translocation t(4;11) [56]. In standard-risk
patients, CD20 expression was associat-
ed with poor survival [61]. As previously
described, CD20 expression in CLL (both in
percentage of cells expressing CD20 and in
number of CD20 molecules expressed per
cell) was lower compared to other B-cell
lymphomas and normal peripheral B cells
[36,38,40,41]. When taking into account that
CD20 expression on B cells from lympho-
ma patients correlates both with response
rate and overall survival when applying
RTX-containing therapy [62], this would

not bode well for CD20-directed immu-
notherapies. Nevertheless, a clear benefit
of including CD20-targeting antibodies to
the treatment paradigm of patients with
CLL has been observed in various studies.
In previously untreated CLL patients, the
addition of CD20 antibodies to chlorambu-
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cil treatment resulted in a greater efficacy
for all tested CD20 antibodies compared
to chlorambucil alone [63,641. This was also
found for relapsed/refractory CLL, where
OFA + fludarabine (F) + chlorambucil (C)
(O-FC) and RTX-FC (R-FC) both improved
outcome compared to patients treated with
FC alone [65,66].

In DLBCL, high CD20 expression was a
prognostic for better overall survival inde-
pendent of treatment (cyclophosphamide,
doxorubicin, vincristine plus prednisone
(CHOP) or R-CHOP) [671. Inclusion of RTX

to the CHOP treatment regimen further
increased the overall survival compared to
CHOP alone, although this was dependent
on CD20 expression and heterogeneity
thereof [67-70].

The prognostic significance of CD20 ex-
pression in Hodgkin’'s lymphoma was found
only when present on the B cells [71], but
not when expressed on Reed Sternberg cells
(the large multi-nuclear cells of B-cell origin
that are a hallmark of Hodgkin’s lymphoma
and are used for diagnosis [72]), perhaps
due to the fact that CD20 expression on the
latter cells was much lower compared to
that on morphologically normal B lympho-
cytes [73]. Besides the possible prognostic
role of CD20 expression on malignant cells,
the presence of circulating CD20 (cCD20)

in the sera of NHL patients was shown to
negatively correlate with progression-free
survival [74,75]. Since the general consensus
is that CD20 cannot be shed, this cCD20
likely reflects the remainder of killed CD20*
cells, a fact underscored by the association
of cCD20 with tumor burden in CLL [76].
Although the role of CD20 expression (often
determined by flow cytometry on samples

CD20 review

from previously untreated patients) as

a prognostic marker for outcome is well
documented, the role of CD20 expression
should not be over interpreted as many
CD20-directed immune therapies require
CD20 positivity, determined by immuno-
histochemistry (IHC) as one of the inclusion
criteria.

TWO TYPES OF CD20-SPECIFIC
MONOCLONAL ANTIBODIES

Soon after the discovery of CD20, a dichot-
omy in the effector activity of CD20 mAbs
was observed. Golay et al. described that
two CD20 mAbs, 1F5 and B1, both inhibited
immunoglobulin (Ig) production of activated
B cells. However, only 1F5 was capable of
activating resting B cells [17]1. Deans et al.
showed that some CD20 mAbs can induce
translocation of CD20 into lipid rafts [31], an
activity which appeared to be independent
of the epitope recognized [16]. Cragg and
Glennie proposed a functional classification
of CD20 antibodies into categories based
on their in vivo Killing capacity. The type

| antibodies RTX and 1F5 were shown to
use complement activation to eradicate
lymphoma xenografts, whereas the type

Il antibody B1 did not use complement to
eradicate the lymphoma xenografts [771.
The type I/Il classification of CD20 antibod-
ies provides insight into the mechanism

of action employed. Type | CD20 antibod-
ies translocate CD20 in raft domains and
induce complement-dependent cytotoxicity
(CDQ), whereas type Il CD20 antibodies

do not, but cause homotypic aggregation
(HA), followed by programmed cell death
(PCD) to elicit cell death. The ability to
recruit effector cells for antibody-depen-
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dent cell-mediated cytotoxicity (ADCC) or
antibody-dependent cell-mediated phago-
cytosis (ADCP) is shared by both classes of
CD20 antibodies. A molecular characteris-
tic, which may explain the difference was
identified by Niederfellner and colleagues,
by comparing crystal structures of RTX and
obinutuzumab (OBZ, GA101) in complex
with CD20-derived peptides [11,78]. They
observed a ~70° difference in orientation of
Fab fragments of RTX and OBZ binding to a
CD20 peptide due to their differential inter-
action with asparagine residues at positions
171 and 176. It is thought that the angle at
which the antibody binds the CD20 strong-
ly impacts its pharmacodynamic activity.

CD20 ANTIBODIES FOR THE
TREATMENT OF NHL

In 1997, RTX became the first CD20 anti-
body approved for clinical use. RTX rep-
resents a chimerized variant of the murine
anti-human CD20 mAb 2B8 (C2B8) [791.
Since then, RTX has continued to transform
the therapeutic landscape of lymphoma
and B-cell malignancies, with various large
studies showing the undeniable benefit

of adding RTX to chemotherapeutic stan-
dards of care [80-83]. Originally approved
for relapsed, refractory indolent NHL, RTX
is currently approved for NHL (R-CHOP
(aggressive NHL such as DLBCL) or R-CVP
(low grade NHL)), and CLL (R-FC). RTX, as

a B cell-depleting agent, displays efficacy
beyond lymphoma with approval in the
autoimmune diseases rheumatoid arthritis
(RA) (in combination with methotrexate)
and granulomatosis (in combination with
glucocorticoids) (summarized in Table 1).
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RTX has a first-line approval for many of
these indications.

As many patients eventually relapsed

or became refractory to RTX treatment,
novel CD20-targeting antibodies have been
developed. New antibodies were often
selected based on superior efficacy in vitro
compared to RTX. In Table 1 the approved
CD20 antibodies are listed, whereas in
Table 2 and Table 3 clinical studies with
CD20-directed molecules in the US and
Europe, respectively, are listed.

OFA, a next generation fully human CD20
antibody targeting a different epitope than
RTX, was selected based on its superior
CDC induction and efficacy at lower antigen
density compared to RTX [12,84,85]. OBZ,

a humanized antibody, was generated
from one of the earliest CD20 mAbs (Bly-
1), and enhanced in its ability to induce
programmed cell death (PCD) and NK cell-
mediated lysis by protein engineering and
glyco-engineering, respectively [86]. Both
mADbs are now FDA- and EMA-approved for
the treatment of CLL. Interestingly, despite
these completely different in vitro modes
of action in destroying CD20+* cells, their
therapeutic efficacy was quite compara-
ble. In previously untreated CLL patients,
treatment with OBZ plus chlorambucil (G-C)
resulted in a median progression free sur-
vival (PFS) of 26.7 months [63], whereas in
a similar study OFA plus chlorambucil (0-C)
the median PFS was 22.4 months [64]. The
similarity in clinical outcome of CLL treat-
ment with either OFA or OBZ also questions
the specific contribution of distinct in vitro
mechanisms of action to in vivo efficacy.
Various CD20-targeting antibodies, either
novel or altered, have been preclinical-
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ly investigated to unravel the respective
roles of PCD, ADCC, ADCP and CDC. Table 4
summarizes the antibody based mole-
cules derived of selected CD20 antibodies
together with their reported mechanisms of
action, a number of these antibodies have
been evaluated in clinical settings (Figure 1,
Table 2, Table 3).

Interesting novel concepts, such as type I/
type Il intermediates which combine the
mechanisms of action of both type | and
type 1l CD20 antibodies, such as CDC and
PCD, were found to be very effective in
vitro and in vivo, even demonstrating supe-
rior B cell depletion in the lymph nodes of
cynomolgus monkeys compared to RTX. So
far, these molecules have not entered clini-
cal studies [87,88]. Other studies were aimed
at enhancing specific attributes of antibody
functions. Enhancing the affinity (reduced
off-rate) [89], ADCC activity (de-fucosylation
[90,91], or unknown method) [92], CDC [93,94]
or all of them [95,96] resulted in superior

in vitro efficacy compared to RTX. Of these
compounds PRO131921 [97], ocaratuzu-
mab [98] and veltuzumab [91] made it into
early clinical development, although none
of them have been investigated beyond a
phase 1/2 study. This is also the case for
CD20 small modular immune-pharmaceuti-
cals (SMIP). SMIPs are 1gG1-like molecules
that contain a single-chain variable frag-
ment (scFv) as binding region instead of a
Fab fragment. 2LM20-4 [99] and TRU-015
[100], both showed superior efficacy in in
vitro ADCC and CDC compared to RTX. TRU-
015 was studied in a phase 1/2 trial, but
this trial was terminated before completion.
Ublituximab (LFB-R603, TG1101) [101] is

a glyco-enhanced type |1 CD20 antibody
that showed promising results in a phase 3

CD20 review

study where ublituximab plus ibrutinib was
compared with ibrutinib alone in high-risk
CLL patients. The combination resulted in a
78% overall response rate (ORR), compared
to an ORR of 45% for ibrutinib alone. No
head-to-head comparison with other CD20
antibodies has been done, but it is expected
that the FDA will approve this combination
for high-risk patients soon, so clinical stud-
ies are likely to expand [102]. Ocrelizumab
(PRO-70769), another CD20 targeting anti-
body based on 2H7, was also tested in lym-
phoma [91], where activity was observed in
patients with relapsed/refractory FL after
prior RTX therapy, but this therapeutic area
was abandoned to pursue multiple sclerosis
(MS) and other autoimmune indications.
Additional CD20-targeting antibodies,
which display distinct activities in vitro and
some of which bind to novel epitopes, have
been described: 8E4 [103], 55 [104], OUBM
[105], 1K1791 [106] and 7D8, 11B8 and 2C6
[12,84,85]. It will be interesting to see how
these will compare in vivo to the currently
approved antibodies. Expiry of the patent
protecting RTX has led to a widespread
development of RTX biosimilars, some of
which have already obtained approval in
the EU (Table 1) or are under review by the
FDA.

CD20 ANTIBODIES USED FOR
TARGETED DELIVERY

Conjugation of CD20 antibodies with cyto-
toxic payloads has been applied as a means
of generating more potent anti-CD20 mol-
ecules. Conjugated CD20 antibodies can be
divided into three groups. The first group
consists of radio-immunoconjugates, aimed
at killing tumors by delivery of a radio-
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active payload. Antibody-drug conjugates
represent a second group, aimed at killing
of the tumor cells via intracellular deliv-
ery of cytotoxic, chemotherapy-like drugs.
These molecules require internalization and
processing in lysosomes for the toxic agent
to be released. The third group comprises
antibody molecules labeled with an agent
that is designed to enhance therapeutic
efficacy without being cytotoxic, e.g. a
cytokine.

RADIOLABELED CD20 ANTIBODIES

90Y-ibritumomab tiuxetan and 131|-tositu-
mumab are radio-labeled CD20 antibodies
and used as part of the FDA-approved radio
immunotherapy of respectively Zevalin®
and Bexxar® (Table 1) [1071. Zevalin, ap-
proved in 2002, was the first radiolabeled
anti-CD20 therapy. The therapeutic regi-
men of Zevalin contains two steps: step 1
includes a first infusion of RTX preceding
111|n-ibritumomab tiuxetan to determine
bio distribution; step 2 (7-9 days later)
consists of a second infusion of RTX fol-
lowed by 20Y-Zevalin. This was changed in
2011 to two infusions of RTX followed by
90Y-ibritumomab tiuxetan, when the FDA
approved the removal of the 111In-ibritu-
momab tiuxetan imaging step, because the
contribution to patient safety was found to
be negligible [108]. In a head-to-head com-
parison between 20Y-ibritumomab tiuxetan
and RTX, the former showed a significantly
higher ORR than RTX alone (80% vs 56%);
the secondary endpoints, duration of re-
sponse and time to progression, were not
significantly different between both arms
[109]. However, in a single-arm study of 30
patients who relapsed after, or were refrac-
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tory to RTX therapy, treatment with Zevalin
resulted in a 67% ORR with an 11.8%
median duration of response (DR). This led
to the approval of Zevalin for patients with
relapsed or refractory low grade follicular
or transformed B cell non-Hodgkin's lym-
phoma. Studies in CLL found unacceptable
hematologic toxicity [110]. The therapeutic
efficacy of Zevalin can be mostly attributed
to the radiolabel [111]. After all, ibritumom-
ab represents the mouse antibody parent
(2B8) of RTX and the studies above there-
fore highlight the increase in potency that
may result from radiolabeling.

The second approved radiolabeled an-
ti-CD20 therapy was Bexxar. This thera-
peutic regimen consists of a combination of
tositumomab and 131|-tositumomab, which
are applied in a dual administration with a
dosimetric and a therapeutic part. Davies
wrote a comprehensive review on the
clinical experience with Bexxar [112]. The
Bexxar regimen showed excellent clinical
responses, especially in the first-line setting
[113], but was also effective in patients who
had received prior RTX treatment [114]. As
suggested above for Zevalin, the efficacy
of Bexxar was also mainly driven by the
radiolabeled component [115]. Re-treatment
with Bexxar resulted in low efficacy, likely
due to the relative high level of human
anti-mouse antibodies (HAMA), because of
immunogenicity of the mouse antibody in
humans [116]. Myelodysplastic syndrome
(MDS) has also been reported as adverse
event. However, in several studies no cor-
relation was observed between the radiola-
bel and onset of MDS. The development of
MDS in NHL patients was similar for regi-
mens with or without a radiolabel [117]. The
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strong potential of Bexxar was highlighted
in a follow-up study of a head-to-head com-
parison of Bexxar and RTX in FL [118]. The
addition of Bexxar to the CHOP regimen
(CHOP-RIT) resulted in a significantly better
10-year PFS compared to R-CHOP (56% vs
42%). OS was not significantly different be-
tween the two treatment arms, neither was
the incidence of secondary malignancies

or MDS. Bexxar was withdrawn from the
market in February 2014, due to the low
number of patients being treated.

Some radio-immunotherapy (RIT)-relat-

ed studies in the pre-clinical setting have
been performed with the aim of validating
new radiolabels [119,120] and/or novel
CD20-specific antibodies for use as carriers
[121-123], Radiolabeled antibodies have also
been employed in mechanistic studies to in-
vestigate bio distribution and tumor pene-
tration of CD20 antibodies [120-122,124,125],
Radio-conjugates represent useful tools to
study tumor penetration in vivo and might
even be used to determine the tumor bur-
den of patients in the more indolent setting,
in the near future. Considering the wide
acceptance of unlabeled CD20 antibodies
combined with the negative perception of
RIT by physicians [126], it seems unlikely,
however, that new therapeutic radioactive-
ly labeled anti-CD20 antibodies will enter
the clinic, despite their strong therapeutic
potential.

CD20-SPECIFIC ANTIBODY-DRUG
CONJUGATES (ADC)

Although CD20 internalization occurs, this

is a relatively slow process, which is depen-
dent on several other antigens. Internal-
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ization has been described to be driven by
BCR clustering and I1g8G Fc receptor (FcyR)
expression, predominantly through the
interaction of type | CD20 antibodies with
FcyRIlb [127,128]. Nevertheless, this has
been an area of controversy, as Vervoordel-
donk et al. [129] demonstrated that the type
| CD20 antibody 1F4 did not internalize,
irrespective of the isotype tested (1gG1,
1gG2a, 1gG2b and 1gM), whereas the control
target CD19 did show antibody-induced
internalization. Press et al. [130] demon-
strated that the type Il antibody B1 did not
internalize. Despite contradictory studies
described in literature, it is now accepted
that CD20 internalization occurs, but at a
relatively slow rate. Michel and Mattes [123]
demonstrated that 11tIn-labeled anti-CD74
or anti-MHC class Il was internalized at

a rate of 107 antibody molecules per 24
hours, but that 111In-labeled anti-CD20
only reached ~4x106 intracellular mole-
cules per 48 hours. The fact that CD20 is

a relatively slow internalizing target was
further demonstrated in a study where
CD20 immunotoxin (IT) (CD20 antibody
conjugated to the plant toxin saporin S6)
was compared to CD22 IT [131]. Even with
the higher drug-to-antibody ratio (DAR,

i.e. the number of drugs attached to the
molecule) for the CD20 IT, the CD22 IT was
much more potent as a result of the more
efficient internalization.

The use of CD20 as a target for anti-
body-drug conjugates may seem somewhat
counterintuitive regarding its poor ability
to internalize. However, because of the
highly and selective expression pattern of
CD20 and the notion that long-term incu-
bation may still lead to sufficient antibody
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payload internalization to induce effec-
tive killing, various type | CD20 targeting
antibodies, such as 1F5, RTX and OFA were
conjugated using a variety of payloads and
tested for their ability to induce cell Kill. In
vitro and in vivo efficacy of OFA-vcMMAE
(the tubulin disrupting agent monomethyl
auristatin E (MMAE) linked with a cleavable
valine-citruline (vc) linker to OFA) was in-
vestigated by Li et al. [132] and demonstrat-
ed good tumor depletion in vivo. Similar re-
sults were observed for RTX-vcMMAE [133],
although here the drug-linker facilitated
internalization, since unlabeled RTX did not
accumulate in the cell to the same extent as
RTX-VCcMMAE or RTX-vcDOX (doxirubicin).
This observation was in agreement with a
study that compared various B-cell targets
for suitability for an ADC approach [134].
Here the choice of linker influenced in vivo
efficacy, as only CD20-SPP-DM1 was able
to delay tumor outgrowth of Granta-519
and CD20-MCC-DM1 was not. This was
found to be the case for multiple, but not
all, B cell targets. Another study, using a
different drug, EPI (@ N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer-epi-
rubicin conjugate)), demonstrated in vivo
efficacy that was dependent on the amount
of RTX-bound drug [135].

Taken together, there is evidence support-
ing the in vivo suitability of CD20 as an ADC
target, albeit dependent on the drug/linker
combination. However, due to CD20’s slow
internalization rate, the number of the pay-
load molecules attached to the CD20 mAb
(DAR) needs to be high.
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BISPECIFIC ANTIBODIES
TARGETING CD20

Bispecific antibodies (bsAbs) combine the
specificities of two antibodies in one mol-
ecule. A wide variety of bispecific formats
exists [136], from bivalent molecules, that
bind each target antigen monovalently, to
tri- or tetravalent molecules, with an ability
for multivalent binding of one or both of
the target antigens. BsAbs represent a
promising strategy to increase antibody
function, as discussed in [137] and depicted
in Figure 3.

BsAbs binding to two different epitopes

on CD20 potentially have the advantage

of combining the MoA of both parental
antibodies in one molecule. For instance,
combining a type | and type Il antibody
could lead to a type I/Il antibody with su-
perior efficacy by being able to apply more
effector mechanisms (higher maximum
response) compared to the combination of
both parental antibodies or superior po-
tency (lower ECso/ICs) as both antibodies
combined. This also applies to targeting two
antigens on one cell with a bsAb molecule.
Targeting two antigens potentially allows
increased specificity, by only targeting
cells that express both antigens, or target a
more heterogeneous population of cells, by
binding to cells expressing one antigen as
well as binding to other cells expressing the
other antigen. If sufficient binding to one
target antigen is obtained via monovalent
binding, the other arm can be used for oth-
er purposes, such as delivery of a cytotoxic
compound or recruitment of effector cells.
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Many bsAb formats have been described,
ranging from fragment-based bsAbs, (genet-
ically fused antibody-binding domains (e.g.
domain antibodies or VHH antibodies (also
termed nanobodies; Ablynx); bsAb lacking
an Fc domain)), to 1gG molecules which

can be either tetravalent (e.g. Fab,-1gG) or
molecules with a regular IgG architecture
(reviewed in [136,138-140]). Applicability

of the specific bsAb format will mainly be
driven by the desired effector functions of
the compound and choice of half-life. Many
of the current bispecific formats in clinical
evaluation for CD20 targeting are aimed at
recruiting T cells. Here, extension of half-
life can be achieved by selection of an 1g8G-
based format that retains/has FcRn binding,
such as knob-into-hole [141], DuoBody [142],
XmADb [143] and Fc/Fc* (based on differential
protein A affinity) [144] . Other platforms
circumvent short half-life by continuous
infusion, like BiTe [145] or fusion to albumin
[146]. IgG-based formats have the potential
to recruit Fc-mediated effector components
such as complement and FcyR-express-

ing cells of the innate immune system.
Where Fc-mediated effector mechanisms
are claimed as part of the potency of the
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FIGURE 3 Diverse of applications of bsAb
against CD20.

BsAb targeting CD20 currently under
investigation aim to target two epitopes on
CD20 or two different antigens to target
two antigens either on the same cell (to
increase specificity) or on different cells
(to address heterogeneity) (1), or to recruit
effecter cells such as NK cells, T cells,
macrophages and CAR-Effector (CAR-E)
cells (3). Bispecific binding two antigens or
two epitopes are also employed to increase
specific payload delivery (2).

trifunctional bsAb FBTAO5 (Lymphomun,
bi20), many other formats, such as Fc/Fc”*,

T cell dependent bispecific antibody (TBD),
T cell specific antibodies (TCB), Xmab and
DuoBody® can be engineered to selectively
render the Fc inert for Fc-driven effector
functions, while leaving FcRn binding intact.

TARGETING OF TWO RECEPTORS

Li et al. [147], produced a tetravalent
CD20-targeting molecule, TetraM-
CcAb-4-scFv, containing the binding regions
of both C2B8 (RTX) and 2F2 (OFA) with the
intention to increase the binding avidi-

ty compared to the parental antibodies.
Interestingly, it was observed that the
ability of this molecule to induce PCD was
increased compared to that of the parental
antibodies, both of which are type | CD20
antibodies that induce minimal PCD. When
including a type Il CD20 antibody, that
have higher capacity to induce PCD, in the
construct (11B8/2F2 dual TetraMcAB) the
activity could not be further increased, as
shown in in vitro and in vivo assays [148].
The concern of modest therapeutic effi-
cacy of mADbs, due to heterogeneity of
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the tumor and possible antigen-negative
relapses, stimulated the research for so
called T1xT2 bispecific molecules. HLA-DR
and CD20 have been previously linked, as
they display similar cell aggregation and
antigenic clustering under specific condi-
tions [149]1 and when administered together
showed synergistic anti-lymphoma activity
[150]. A bispecific dual-variable domain
immunoglobulin (DVD-Ig; a tetravalent
18G1 molecule containing a second variable
domain attached to each of the Fab re-
gions) molecule targeting CD20 and HLA-DR
induced increased HA, actin rearrangement
and apoptotic cell death. Using confocal
and light microscopy, it was demonstrated
that HA induced by this bispecific molecule
resulted in increased cell-cell contact. The
DVD-lg molecule also showed superior cell
depletion capacity in a whole blood assay,
where it was able to deplete more Raji cells
than the parental antibodies alone or a
combination thereof [151].

Additional dual-antigen targeting bsAbs
have been evaluated in the CD20 space,
such as targeting CD20 in combination with
CD22. The F(ab’), fragment of RTX chem-
ically crosslinked to the F(ab’), fragment
of HB22.7 (Bs20x22) displayed similar
binding properties as the parental antibod-
ies alone, but showed a greater potency

in inducing apoptosis compared to the
parental antibodies alone or a combination
thereof [152]. Bs20x22 was able to bind
simultaneously to both targets, even when
expressed on different cells. Due to the
absence of an Fc region, Bs20x22 was not
capable of inducing CDC, ADCC and ADCP.
In vivo, the bispecific compound inhibited
tumor outgrowth in a Raji xenograft model
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only slightly better than the combination
of 1gG1 antibodies. To increase the poten-
cy of the Bs20x22, a hexavalent molecule
with 2 CD20 targeting arms and 4 CD22
targeting arms or vice versa, also including
a functional Fc-region was generated. The
addition of an Fc region led to an increase
in PCD in vitro, but only a modest increase
in in vivo efficacy, which was shown to
depend on the presence of NK cells and/or
neutrophils [153,154]. The in vivo activity, as
measured by survival of xenograft mice, of
a bispecific molecule targeting both CD20
and CD95 was superior to that of an Fc-en-
hanced CD20 antibody, which in turn was
more effective than a chimeric CD20 mAb
(all molecules were based on 2H7) [155].
This was even more impressive considering
the fact that the bispecific molecule had a
shorter in vivo half-life than the chimeric
and Fc-enhanced molecules (less than 2
hours for the bispecific and 4 hours for the
other antibodies, respectively). The shorter
half-life was due to the size of the molecule
(both binding arms combined in one Fab-
arm) and the absence of an FcRn binding
site.

DELIVERY OF CYTOTOXIC
PAYLOADS USING CD20
BISPECIFIC ANTIBODIES

A second potential application of bsAb is
the use as a vehicle to deliver a payload.
This was for example achieved by the de-
sign of a bsAb molecule containing a CD20
targeting arm (2H7) in combination with an
arm targeting a radiolabel (2H7-Fc-C825).
This bispecific molecule showed superior
in vivo bio distribution to the tumor (as
detected by analysis of residual radioactiv-
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ity in tumor samples and normal organs)
compared to a CD20-targeting antibody
that recruits a radioactive compound via

a streptavidin/biotin linker (1F5-SA) [156].
Furthermore, it showed significantly better
tumor-free survival in mice. Although it
would have been more accurate to compare
2H7-Fc-C825 with 2H7-SA, this study does
show the feasibility of the concept.

Another method to combine an active
compound with a bispecific molecule was
shown by using the dock-and-lock method,
where IFN-alpha (IFNo) was linked to a
CD20xHLA-DR bispecific antibody. Derived
from the antibodies veltuzumab (CD20) and
L243 (HLA-DR), this molecule was termed
20-C2-2b. In vitro efficacy of this molecule
was shown to be more potent than the
parental antibodies or the combination

of both parental antibodies. Moreover
20-C2-2b was able to deplete CD20-ex-
pressing Daudi cells spiked in whole blood,
while sparing other cells such as T cells

and endogenous B cells [157]. Whether it is
clinically feasible to combine both the CD20
binding arm and an IFNo. in one molecule
will have to be determined, but CD20 and
IFNa is a potent combination [158-160].

RECRUITMENT OF EFFECTOR
CELLS

The final and by far the most applied
approach for CD20-directed bsAb is the
generation of bispecific molecules that can
recruit effector cells and direct the tumor
antigens for tumor cell killing. The addi-
tion of a CD16 targeting Fab fragment to
two CD20 targeting scFv fragments (7D8)
and an Fc fragment was investigated with
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a tribody (a Fab fragment and two scFv
molecules fused via a CH1 domain) [161].
This molecule showed enhanced ADCC

in vitro compared to the parental CD20
antibody 7D8 and RTX. This was shown to
be mediated by an enhanced interaction
with NK cells. Other recruitment strategies
mainly focused on neutrophils and macro-
phages, either by targeting CD89 [162,163]
or CD47 [164,165]. Fc receptor binding was
diminished in these formats/strategies by
introducing an N297A mutation in the Fc
domain [162] or by using chemically cross-
linked F(ab’); molecules [163]. Stockmeyer
et al. showed that the concept of recruiting
CD89-positive leucocytes worked in vitro
and even outperformed Fc-receptor tar-
geting bispecific molecules [163]. Li further
demonstrated the potential of the bispecific
molecule in an in vivo setting. Since mice do
not express CD89 either human PMNs were
added, or CD89 transgenic mice were used.
In both models the bispecific molecule
showed anti-tumor efficacy however did
not outperform RTX.

T cell-recruiting bsAbs artificially link

T cells with CD20 molecules expressed on
tumor cells and activate T cells upon this
cross-linking, to kill the CD20-expressing
cells. The bsAb r2820 targets CD28 ex-
pression on T cells to induce T cell activa-
tion and tumor cell killing [166]. This scFv
molecule induces kill of CD20-positive cells
by PBMCs. Interestingly, this compound
was more effective when combined with

a CD3xCD20 bispecific antibody [1671. Tar-
geting CD3, by binding to CD3¢ (alone or in
combination with CD39), is the most widely
used method to recruit T cells to the tumor
antigen in a bsAb. This has been shown to
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induce cytotoxic synapse formation and
target cell kill, independent of peptide
presentation by MHC on the target cell and
TCR specificity of the recruited T cells [168].
Redirecting T cell activity towards tumor
antigens can induce dramatic regression of
advanced stage malignancy, as was shown
for the CD3xCD19 bispecific blinatumomab
in heavily pretreated NHL and ALL patients
[169].

Various CD3xCD20 bsAb molecules such

as an anti-CD20 x anti-CD3 diabody [170],
anti-CD20-LHD-scFC anti-CD3 [171], 20-3S
[172], BIS20x3 [173] and halfbody CD3xCD20
[174] were mainly designed for concept,
platform or clone validation. While these
studies were informative from a plat-

form perspective, the majority of data on
validity of CD3xCD20 bsAbs comes from
the clinical setting. CD3xCD20 bsAbs have
been in clinical investigation since 2005.
The first to be administered to patients was
CD20bi (a heteroconjugate of the CD3 mAb
OKT3 and RTX). In a phase 1 study togeth-
er with ex vivo anti-CD3 activated T cells
(ATC) and autologous stem cell transplanta-
tion (SCT), 9 out of 15 patients were in CR
after 90 days, with a median survival of
20.9 months [175]. The role of the bispe-
cific molecule in this study is difficult to
assess, due to complexity of the treatment.
However, considering that these patients
were refractory NHL patients in the high
risk group, the results are impressive. The
next CD3xCD20 to be investigated in a
clinical setting was FBTAO5 (Lymphomun,
Bi20; a mouse-rat chimeric bsAb created
with hybridoma fusion technology) [176].
In a small, dose-escalation study with six
patients (three with p53-mutated CLL and
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three with high-grade NHL), only modest
responses of CD20bi in combination with
donor lymphocyte infusions (DLI) were ob-
served, with stable disease for four months
as best response [1771. In another study
with FBTAOS5 in pediatric patients, 9 out

of 10 patients achieved a clinical response
with five CRs with a maximum duration

of 1424 days [178]. This was especially
impressive regarding the heavy pre-treat-
ment, including RTX-based regimens for 5
out of 10 patients. These first generation
CD3xCD20 bsAbs contained immunogenic
murine sequences, but HAMAS were only
sparsely reported. In addition, both have
active Fc regions that are expected to
induce non-specific T cell activation and
are therefore undesired. Next generation
CD3xCD20 bsAbs therefore were designed
to contain an inert Fc tail (with respect to
effector function) or they completely lack
an Fc-region. REGN1979, a bsAb containing
novel CD3 and CD20 antibodies generat-
ed in VelocImmune mice contains an 1gG4
Fc-region to minimize Fc effector functions
[144], Clinical investigation of REGN1979
started in a phase 1 dose escalation study
in NHL. In 2016, 25 patients have been
enrolled of whom it was reported that 16
patients discontinued treatment, most for
PD [179]. The low initial efficacy is likely
due to the starting dose, as the dose ranged
from 0.03-3.0 mg flat dose. In 2017, with
dose levels at 5-7 mg flat REGN1979 dose,
the ORR was reported to have increased

to 45% [1801. Novel CD3xCD20 bsAbs are in
development, such as XmAb-13676 [181],
RG7828 [141] (both are in phase 1/2 studies
with no data reported), RG6026 [182] and
GEN3013 (expected to enter clinical studies
in 2018). It will be interesting to see wheth-
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er the differences in platforms on which
these bispecific antibodies are based, will
result in differences in clinical efficacy.

CAR EFFECTOR CELLS

An alternative approach to redirect effec-
tor cells to the tumor is by gene therapy,

in which (patient’s) T cells are transfected
with a chimeric antigen receptor (CAR).
CARs represent scFvs fused to one or
multiple co-stimulatory molecules that

are expressed on the surface of immune
effector cells such as T cells. Evolution

of CD20 CARs, like for CD19 CARs, was
mainly driven by the signaling domains.

In the first generation CARs, the activation
was mainly driven by only one signaling
domain (CD3T). In the second generation
CARs, the signaling domain was extended
to also include that of CD28 [183], and even
including the signaling domain of CD137 in
the third generation CARs [184,185]. This en-
hanced activation of the CAR-T cells by the
inclusion of these co-stimulatory signaling
domains in addition to that of CD3 signaling
domain enhanced the in vitro efficacy of the
CARs and led to a better clinical response as
described below.

In a clinical phase 1 study performed at the
Fred Hutchinson Cancer Research Center
(NCT00621452), four patients were treat-
ed with cyclophosphamide (to achieve
lymphocyte depletion) followed by three
infusions (2 to 5 days apart) of autologous
CD20-specific CAR-T cells and SC IL-2. CAR-T
cells were detectable in circulation, lymph
nodes and bone marrow, and a measurable
clinical response was obtained. However,
both could not be definitively attributed
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to the activity of the CAR-T cells, partially
due to low CAR expression as a result of in-
efficient gene transfer [185]. Some of these
issues have now been resolved with an op-
timized vector and it will be interesting to
see what the clinical results [186]. In another
clinical study, a phase 2 trial was conducted
evaluating CAR-T-20 in 11 patients with
lymphoma (NCT01735604). Here, 11 out of
11 patients obtained a PFS with more than
50% achieving a six-month or longer PFS
and one patient had a 27-month continuous
CR [187,188]. Besides being very promising,
these clinical studies also revealed draw-
backs. It became clear that immune-privi-
leged sites such as the testis, are refractory
to CAR-T treatment [187], but also other
sites, such as lung and liver, showed out-
growth of CD20* cells, despite the presence
of T cells [188]. Sufficient target expression
is crucial, even though efficacy was ob-
served in vitro on cell lines expressing low
numbers of CD20, or on CLL cells (notorious
for low CD20 expression) [189]. In patients
treated with CAR-T cells, unexpectedly,
peripheral B cells were untouched by the
CAR-T cells, most likely due to their rela-
tively low CD20 expression level compared
to that on lymphoma cells [185].

The occurrence of delayed adverse events,
such a cytokine release syndrome, which
may be observed 3-9 weeks after T-cell
infusion [188] are also cause of concern.
Although often manageable, new strategies
to increase safety of CAR-T cell therapy

are investigated. One strategy that is being
explored is by inclusion of suicide switches,
such as caspase 9, which upon activation
result in the self-destruction of CAR-ex-
pressing cells [190]. Another strategy em-
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ployed is by generation of a generic CAR-T
construct (a scFv targeting PNE) that is only
active in the presence of a Fab fragment
targeting CD20, containing a PNE motive
[191]. Here, the half-life of the Fab fragment
determines the efficacy and safety of the
CAR-T cell therapy. CD20 itself may also

be used as a suicide system for CAR-T cell
treatment. As T cells do not express CD20
naturally, the forced expression of CD20
could provide a way to eliminate CAR-T
cells via RTX treatment [192].

Another point of concern is the possible
relapse of the lymphoma, due to outgrowth
of CD20-negative lymphoma cells. One pos-
sible solution is dual targeting with CAR-T
cells, such as with bispecific CAR-T cells
[193-195], which showed in vivo efficacy

to kill tumor cells expressing either target
alone or both targets together. Another
option is combined or sequential treat-
ment with two or more different CAR-T
cell therapies for which several clinical
studies are now recruiting (NCT03207178,
NCT03125577, and NCT02737085).

Last but not least, manufacturing issues of
CAR-T cell treatment are being addressed
[196,197]. During the manufacturing pro-
cess steps such as e.g. T cell isolation, gene
transduction, and expansion need to be
performed under sterile conditions and

as fast as possible to avoid the loss of the
patient before start of treatment.

In addition to CAR-T cells, also CAR-NK cells
are under (early) pre-clinical investigation
[198,199], but so far only in vitro analyses
are available.
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CD20 TARGETING AND
IMMUNOMODULATION

The concept of immunomodulation for
CD20 antibodies encompasses the re-
cruitment of immune effector cells as
mechanism of action, such as NK cells for
ADCC and macrophages for ADCP. Also
complement plays a role, as C3a and C5a
represent chemo-attractants for immune
cells. Pre-clinical and clinical studies further
investigated this route to improve the effi-
cacy of CD20 antibodies. The first evidence
for immunomodulation beyond a direct
interaction of effector cells with RTX was
provided by Hilchey and colleagues [2001.
They demonstrated that inclusion of RTX
resulted in a T cell-directed anti-lymphoma
response. Later it was discovered that in
mice given anti-CD20 therapy, regulatory T
cell (Treg) expansion was reduced and Th1
expanse increased [201]. This was in con-
trast to the previously reported effect on

T cell-dependent immunity [202]. However,
currently there is no clear understanding of
the role that CD20 mAbs in play in the gen-
eration of an adaptive memory response.
The administration of ex vivo expanded
immune cells, such as NK cells and T cells,
has also been studied. Although, especially
for NK cells, some increase in therapeutic
activity was found, these were eventually
abandoned in favor of the pursuit of CD20
CAR-T and CD20 CAR-NK cells. Although the
concept of CAR-T cells targeting CD20 has
been around for over a decade, the general
excitement and status of CD19 CAR-T cells
has not been achieved. While the initial
anti-tumor efficacy was promising, there
are still many hurdles to take. Hurdles
recently observed for CD19 CAR-T cells,
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where massive endogenous T cell prolifer-
ation was observed after administration of
CAR-T cells [203], also need to be taken for
CD20 CAR-T cells. In addition, the longevity
of persistence of CAR-T cells in the pa-
tients’ needs to be addressed as continuous
repression of CD20* cells may raise new is-
sues. As 10 new phase 1 studies with CD20
CAR-T therapies were initiated in 2017,
some of these hurdles will be addressed. It
is expected that the inclusion of T cell ac-
tivity into the treatment of lymphomas will
be the direction CD20-based therapies are
going, whether this will be with CAR-T cells
or bispecifics remains to be seen.

OVERALL CONCLUSION

The road traveled for CD20-targeted immu-
notherapy has been long, but very fruitful.
Strong clinical efficacy of CD20-specific
antibodies, together with the lack of serious
safety issues associated with depletion of
CD20-expressing cells makes CD20 an ideal
target, despite the relapses or resistance
that occur almost inevitably in any cancer
treatment. First, there is a benchmark in
place with RTX. Second, as depletion of
CD20* cells is safe, any flags raised during
testing of novel compounds can be at-
tributed to the compound/format and is not
directly target-related.

In the past decades, many lessons have
been learned with mAbs targeting CD20 in
lymphoma and leukemias. Initially the focus
was on mAbs and radiolabeled antibodies.
Pre-clinical data suggested that enhanc-

ing singled-out effector functions of these
mAbs would result in enhanced therapeutic
efficacy. OFA and OBZ showed us that in
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vitro studies do not readily predict thera-
peutic gain as both were different in MOA
employed but obtained comparable clinical
outcome in a similar patient population and
treatment modality. Furthermore, head-to-
head clinical comparison of naked and ra-
diolabeled mAbs showed results in favor of
the radiolabeled mAbs. However, concerns
of MDS, secondary malignancies and com-
plexities with respect to the supply-chain
and administration ultimately led to the
demise of radiolabeled antibodies.

Currently, many of the RTX bio-similars are
approved and it will be interesting to see
whether this will make treatment cheaper
and more accessible for RTX responders.
Furthermore, the applicability of CD20 tar-
geting antibodies beyond the treatment of
cancer will be an exciting development, as
it might teach us more on the role of B cells
in immunomodulation, something the vacci-
nation-like effects of RTX have hinted at.

It is expected that patients that have
relapsed or are refractory to CD20 mAb
therapy will have new CD20-targeting
treatment paradigms to their exposure.
CAR-T cells, CD3 bsAbs with or without

the combination of checkpoint inhibitors
and/ or small molecules will be an exciting
field to watch. CAR-T cells are expected to
have potential in the future, but still many
hurdles to take. It will be intriguing to see
whether the field is equipped with the tech-
nical challenges associated with CAR-T cells,
seeing the lost confidence in radiolabeled
mADbs was mostly associated with technical
challenges. The near future will be domi-
nated by the CD3 as they have the promise
of high therapeutic potential with manage-
able safety and, in contrast to CAR-T cell
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technology, are much easier to produce and
control. All in all, current development in
CD20 immunotherapy sparks the hope for
turning B cell malignancies in a controllable
disease.
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