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Technical advances that lead to the era of targeted
therapeutics demanded several milestones that were
reached in the second half of the previous century. Pro-
fessor Wactaw Szybalski was the first one to perform
a stable gene transfer in eukaryotic cells. To do so,
he used his own designed system consisting of HPRT-
deficient cells and HAT selective medium. Moreover,
the first-ever hybridoma cells were also constructed by
Wactaw Szybalski’'s team. These spectacular achieve-
ments made him not only a forerunner of gene therapy,
but also became a foundation for immunotherapy, as
hybridoma and their selection by the HPRT-HAT system
turned into a crucial technical step during production
of monoclonal antibodies (mAbs). Herein, we present
a story of anti-CD20 mAbs, one of the most successful
lines of anticancer drugs. When looking back into his-
tory, the prototypic mAb rituximab was considered the
biggest step forward in the therapy of B-cell malignan-
cies. Nowadays, the second and third generations of an-
ti-CD20 mAbs are approved in clinical use and numerous
breakthrough studies on immune effector mechanisms
were conducted with the aforementioned immunothera-
peutics as a model.
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ALL, acute lymphoblastic leukemia; B-ALL, B-cell acute lymphoblas-
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B-cell non-Hodgkin lymphoma; CDC, complement-dependent cy-
totoxicity; CHOP, cyclophosphamide, hydroxydaunorubicin, vincris-
tine/oncovin, and prednisone; HAMA, human anti-mouse antibod-
ies; HAT medium, medium containing hypoxanthine, aminopterin,
and thymidine; HPRT, Hypoxanthine-guanine phosphoribosyltrans-
ferase

INTRODUCTION

Antibodies are the major players within the humor-
al immune response. Their robustness stems from their
ability to bind a specific epitope that may cause direct
effects on the antigen-bearing cells, as well as from the
existence of the Fc domain which triggers effector mech-
anisms of innate immunity, such as the complement ac-
tivation, phagocytosis, or antibody-dependent cellular cy-
totoxicity (ADCC) (Winiarska ez al, 2011a; Okroj e/ al.,
2013a). Yet, being effective against numerous pathogens,
antibodies may be used against malignant cells as long as
they express tumor-specific antigens or differ from their

non-transformed counterparts by abnormal expression of
tumor-associated antigens (Murawski & Pfreundschuh,
2010). Proper choice of a molecular target for anticancer
antibodies impacts the efficacy and safety of immuno-
therapy. Therefore, one must use antibodies of defined
specificity to ensure on-target effects. Monoclonal anti-
bodies fulfill this demand best, as they are produced by a
hybridoma derived from a single clone of B cells, which
normally undertake allelic exclusion to ensure monospe-
cificity towards a unique epitope. Nowadays, monoclonal
antibodies are commonly used for medical, diagnostic,
or research purposes (Stasiloj¢ ez al, 2016; Tobinai et
al., 2017). However, obtaining them was not trivial fifty
years ago, which is underlined by the fact that the Nobel
prize in medicine and physiology was awarded in 1984
to Georges J. F. Kohler and César Milstein for “the
principle for production of monoclonal antibodies”. The
undoubted technical advance that led to the production
of antibodies of predefined specificity would not have
been made unless several other equally important, but
less appreciated milestones had been achieved, including
those performed by prof. Szybalski and his coworkers.

MILESTONES OF HYBRIDOMA TECHNOLOGY

The production of non-specific antibodies in hy-
bridoma cells, which are fusions of myeloma cells
and normal lymphocytes, was first described in 1973
(Schwaber & Cohen, 1973). An improved method for
the production of specific, monoclonal antibodies was
introduced two years later by Kohler and Milstein
(Kohler & Milstein, 1975). Importantly, this Nobel
prize-awarded success was preceded by a sequence
of discoveries that brought the understanding of im-
mune system organization, and processes leading to
antibody production by B cells, as well as inventions
of molecular tools and techniques. The third Nobel
prize winner from 1984, prof. Niels Jerne formulated
two breakthrough theories: the first one entitled “Naz
ural-Selection Theory of Antibody Formation *“ published in
1955 (Jerne, 1955), explaining that an organism has an
inborn capacity of creating wide diversity of antibod-
ies, but their selection for massive production depends
on actual needs, i.e. the antigen that invades and se-
lects the antibody of the best fit. The second theory,
from 1971, entitled “The somatic generation of im-
mune recognition”, came near to the idea of process-
es which are nowadays known as a positive selection
of thymocytes and affinity maturation (Jerne, 1971;
Forsdyke, 1995). The actual hybridoma technology is
based on the fusion of a B cell, providing a defined
specificity of antibodies, and a tumor cell, providing
an unlimited number of cell divisions in continuous in
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vitro culture. This essential concept in monoclonal an-
tibody manufacturing became reliable only after pre-
vious research on myeloma cells, a fusion-inducing
agent (Sendai virus), and the construction of a system
for the selection of cells that underwent hybridiza-
tion. Other method than natural generation of myelo-
ma cells was first described by Michael Potter in 1962,
who discovered that injection of adjuvants contain-
ing mineral oil and heat-inactivated bacteria into the
peritoneal cavity of BALB/c mice resulted in forma-
tion of neoplastic cells (Potter & Boyce, 1962). Later,
cell culture conditions for maintenance of myeloma
cells were set up in 1970 (Horibata & Harris, 1970).
The technique originally used to perform the fusion
of hybridoma partners by using the Sendai virus was
made possible by the ecarlier work of Yoshio Okada,
who demonstrated ability to induce a somatic cell fu-
sion by using this virus (Okada & Tadokoro, 1963).
In 1962 prof. Waclaw Szybalski and his wife Elizabeth
demonstrated the first-ever successful and stable gene
transfer in a cukaryotic cell that restored the missing
metabolic enzyme (Szybalska & Szybalski, 1962; Bigda
& Koszatka, 2013). Besides this achievement, Szybal-
ski provided a tool for selection of transformed cells,
i.e. the HAT-HPRT system. HPRT is an enzyme that
enables purine synthesis from hypoxanthine when de
novo synthesis is blocked. The HAT selective medi-
um is composed of hypoxanthine, thymidine (an al-
ternative source of pyrimidines), and aminopterin
— a blocker of the canonical pathway of nucleotide
synthesis. Only cells with functional HPRT are able
to continue growth in the HAT medium (Bigda &
Koszatka, 2013). The HAT-HPRT system was adopt-
ed into the process of monoclonal antibody produc-
tion, where HPRT-deficient myeloma cells are used as
partners for fusion with B cells, and the HAT medi-
um plays a role as a selection factor for hybrids made
of two heterotopic cell types.

THE RISE OF IMMUNOTHERAPY FOR
LYMPHOPROLIFERATIVE DISEASES

Since the concept of monoclonal antibody-based im-
munotherapeutics against tumor cells became popular,
numerous patents and trials appeared in the 80’s of the
previous century. However, only a few of them turned
out to be promising, mostly due to obstacles connected
to the delivery of the monoclonal antibody to the tu-
mor, poor induction of the host cytotoxic mechanisms,
evasion of the immune response by malignant cells,
and toxicity/side effects (reviewed in: Grossbard e al,
1992a). Additional emerging problems, some of which
were partially unknown in the age of radio- and che-
motherapy, involved the suboptimal pharmacokinetic
profile, a decoy of antibodies by shed tumor antigens,
modulation of target antigen on tumor cells, anti-idio-
typic antibodies, or immune response to the immuno-
therapeutic antibody. Eatly experimental immunothera-
pies against acute lymphoblastic leukemia (ALL), B-cell
non-Hodgkin lymphoma (B-NHL), B-cell chronic lym-
phocytic leukemia (B-CLL), and B-cell acute lympho-
blastic leukemia (B-ALL), based on mouse monoclo-
nal antibodies failed due to development of human
anti-mouse antibodies (HAMA) in patients, enhanced
clearance of the antibodies from their circulation or
formation of the antigen-antibody complexes that lead
to end organ damage (Grossbard ¢z al., 1992a). Conclu-
sions drawn from these failed attempts suggested min-

imization of mouse-derived components in candidate
antibodies on one hand, and selection of a proper mo-
lecular target on the other hand. The molecular target
used in the treatment of malignant lymphoproliferation
should ideally be absent on the hematopoietic stem and
progenitor cells, and ensure no cross-reactivity with
normal cells. One such potential target is a surface-an-
chored antibody that appears on malignant B cells
which typically originate from a single transformed cell,
and therefore implies monoclonality in the entire tumor
population (Levy ez al., 1977). This tumor-specific struc-
ture, called an idiotype, offers a possibility to raise an-
ti-idiotypic antibodies. Indeed, the early attempts of B
cell-specific immunotherapy used an anti-idiotypic ap-
proach and few clinical trials showed promising results
(Meeker ez al., 1985b). However, many attempts failed
due to a rapid clearance of antibodies by circulating
tumor antigens (Grossbard ef al, 1992a) or emergence
of idiotype-deficient clones or subpopulations with a
changed idiotype (Mecker ef al., 1985a). Application of
an immunotoxin was another therapeutic attempt that
gained attention in the last decades of the 20th century
(Pastan & FitzGerald, 1991). These compounds omit-
ted the problem of poor activation of the host’s effec-
tor mechanism by unconjugated monoclonal antibodies
as the immunotoxins brought their own one, i.e. a co-
valent antibody-toxin conjugate. Application of ricin,
diphtheria toxin and Pseudomonas exotoxin A was prac-
ticed in such setup and numerous immunotoxins were
tested in clinical trials (Vitetta ef al., 1991; Grossbard es
al., 1992a; Grossbard et al, 1992b). Apparently, effec-
tive delivery of the immunotoxin and their penetration
into bulky masses of the tumor cells (e.g. in non-Hod-
gkin’s lymphoma) remained a challenge. Moreover, the
toxicity profile and possibility of unwanted side effects
due to capillary leakage and damage of endothelial
lining became a limiting factor for this class of drugs
(Grossbard ez al., 1992a).

THE CD20 MOLECULE AND PROTOTYPIC ANTI-CD20
COMPOUNDS

The CD20 molecule is present on the surface of B
cells at most developmental stages, excluding the very
first ones and terminally differentiated plasma cells
(Winiarska ez a/, 2011b). Its exact role in the biology
of B cells remained elusive, as knockout mice lack-
ing CD20 did not show any major defects (O’Keefe ez
al., 1998; Uchida ez al., 2004). Based on a case report,
its role in the development of an immune response
to T-independent antigens was postulated (Kuijpers ef
al., 2010), and other studies suggested its role in calci-
um signaling (Uchida ez a/., 2004; Okroj e al., 2013a),
but the results of a recent study put this theory in
question and propose that it has an influence on ac-
tin polymerization, cell movement and response to
homeostatic chemokines (Kozlova ef al., 2020). Nev-
ertheless, even if CD20 does not fulfill the definition
of a tumor-specific antigen, it possesses a number of
advantages, such as a high level of expression, rela-
tively low internalization potential, and high per-
sistence on cell membrane (Okroj ef al., 2013a). Since
being discovered in 1980, it has become probably the
best so far described target for therapeutic antibodies
(Stashenko e al., 1980; Marshall ez al., 2017). The sto-
ry of therapeutic anti-CD20 antibodies began in 1997
when the Food and Drug Administration approved
the first-ever antitumor monoclonal antibody ritux-
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imab, a chimeric mouse-human specimen consisting
of a human IgG1 heavy chain and a mouse variable
region (Maloney ez al, 1997). Rituximab was tested
cither in a monotherapy or in combination with es-
tablished chemotherapy regimens, e.g. CHOP (cyclo-
phosphamide, hydroxydaunorubicin, vincristine/onco-
vin, and prednisone). After completion of a series of
clinical trials in the early years of the 21st century, in-
troduction of rituximab as a frontline drug was named
as the biggest step forward in the treatment of B cell
lymphomas undertaken in recent fifty years (Murawski
& Pfreundschuh, 2010). Indeed, 10-year follow-up of
diffuse large B-cell lymphoma patients treated with
CHOP, with or without rituximab, revealed signifi-
cant differences in progression-free survival (36.5%
vs. 20%) and overall survival (43.5 vs5. 27.6%), respec-
tively (Coiffier ez al, 2010). Still promising, but not
that spectacular results, were obtained for patients
with B-cell leukemias, which are characterized by low-
er expression of CD20 when compared to lymphoma
cells, and a higher level of endogenous complement
inhibitors (Okroj ef al., 2013b; Marshall ez al., 2017).
The suboptimal killing of certain types of malignant
B cells, as well as the number of patients refractory
to rituximab, pushed forward research on next gener-
ations of anti-CD20 antibodies and further studies on
their effector mechanisms.

NEW ANTIBODIES, NEW KNOWLEDGE

Despite possessing only two relatively small loops
as the only extracellular parts, CD20 became a mo-
lecular target for dozens of different monoclonal anti-
bodies that were developed. Intriguingly, antibodies of
the same class with partially overlapping epitopes ex-
erted different effector mechanisms. While appealing,
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e.g. NK cell

Formation of perforin
complex

Antibody dependent
cellular cytotoxicity
(ADCC)

Target cell /—\

these novel anti-CD20 specimens served as models
for studying the prerequisites necessary for efficient
engagement of the host’s immune responses, as well
as direct effects of CD20 ligation. The cytocidal activ-
ity of anticancer antibodies may stem from activation
of the host immune effector mechanisms, such as the
complement system, mononuclear phagocytes or anti-
body-dependent cellular cytotoxicity (ADCC) mostly
mediated by NK cells (Cragg & Glennie, 2004; Beers
et al., 2008), as illustrated in Fig. 1. Alternatively, an-
tibodies may exert direct effects on signaling path-
ways leading to induction of programmed cell death
(Pedersen ez al., 2002; Awasthi ez al, 2015). Aggrega-
tion of B cells by antibodies may also lead to reactive
oxygen species-induced cell death (Honeychurch ez al,
2012).

Engagement of certain effector mechanisms by a
given antibody became a basis for classification of
the anti-CD20 mAbs as type 1 and type II specimens
(Winiarska ez al., 2011b). Type I mAbs are strong ac-
tivators of the complement system and poor inducers
of direct cytocidal effects, in contrast to type II mAbs,
which predominantly interfere with cellular signaling
cascades. Properties of the antibody, such as the prox-
imity of the binding site to the cell membrane, ability
to cluster the target antigen into lipid rafts, off-rate val-
ues, and structural features determine the downstream
effects (Stasitoj¢ er al, 2016), and therefore type 1/
IT classification originally reserved for the anti-CD20
agents can be extended to many other anticancer
mAbs. Based on the abovementioned classification, rit-
uximab is an example of type I antibody. The next gen-
eration, fully human anti-CD20 antibody, ofatumumab,
which was approved for clinical use in 2009 (Marshall
et al., 2017), exhibits a more pronounced manifestation
of class I characteristics. Similar to rituximab, ofatu-
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Figure 1. Mechanisms of action of the anti-CD20 therapeutic antibodies: ADCC, CDC, and direct cytotoxicity.

The CD20 molecules are indicated as ginger spots on the surface of the target cell, antibodies are depicted as red tetrameric molecules
bound to CD20, C1q is a complement component initiating the classical complement activation pathway leading to the formation of
MAC complex in the target cell membrane, blue rods on the membrane of natural killer (NK) cells (example of ADCC effector cells) are

receptors for Fc fragments of antibodies.
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mumab contains human IgG1 Fc portion and relocates
antigen-antibody complexes into the lipid rafts, but it
binds an epitope localized more proximately to the
cell membrane (Winiarska ez a/, 2011b). On the other
hand, obinutuzumab, another IgGl-containing speci-
men, shows type II characteristics and exemplifies the
third generation of anti-CD20 antibodies that involves
engineering of the Fc part. Obinutuzumab was mod-
ified in a way that disables fucose attachment to side
polysaccharide chains. Such afucosylated antibody en-
sures stronger interactions with Fc receptors, thereby
enhancing ADCC and antibody-dependent phagocyto-
sis (Freeman & Schn, 2018). Moreover, obinutuzumab
exerts killing of the target cell by inducing homotyp-
ic adhesion and triggering caspase-independent, lyso-
some-dependent cell death (Alduaij ez al., 2011).

The increasing number of either type I or type II
antibodies anticipate the question of how to select the
optimal therapy for the individual patient and what
are the mechanisms of resistance. Effectors of the
host innate immunity are robust, but not infinite, and
as such prone to exhaustion, as exemplified by ecither
an in vitro model of lymphoma cells challenged by a
repeated dose of ofatumumab (Beurskens ez al., 2012),
or by a clinical observation that patients’ response to
rituximab was significantly improved when supple-
mented with fresh-frozen plasma or purified comple-
ment components (Kennedy ez al, 2004; Klepfish ez
al., 2009; Xu et al., 2011). Another reason for resis-
tance to type-I mAbs is endogenous inhibition of the
host effector mechanism by tumor cells (Jurianz ez al.,
1999). Overcoming these evading strategies by exces-
sive application of antibodies is not an optimal solu-
tion due to antibody-dependent loss of molecular tar-
get by internalization (Beers ¢/ al, 2010) or shedding
(Dahal et al., 2018). Importantly, selection of the tu-
mor cell population devoid of target antigen and then
resistant to therapy can be rescued by application of
two different therapeutics which recognize different
targets. This attempt was successively demonstrated
for the combination of ofatumumab (anti-CD20) and
alemtuzumab (anti-CD52) (Baig ef al, 2012, 2014), as
well as for the anti-CD5 and anti-CD20 specimens
(Klitgaard ez al, 2013). On the other hand, some of
the therapeutics may exhibit antagonistic effects, e.g.
inhibitors of SRC kinases and anti-CD20 mAbs, as
shown in (Winiarska ez a/., 2014). Nonetheless, the ex-
istence of several therapeutic options is beneficial and
offers the possibility to use them in synergistic tan-
dems with better efficacy than each agent administrat-
ed alone. Also, type II monoclonal antibodies, such
as obinutuzumab which supports a direct cytocidal
effect, become more popular as frontline drugs (To-
binai et al., 2017). We (Felberg ez al., 2020) and others
(Middleton ez al., 2015) demonstrated that a number
of patients with B-cell malignancies prescribed with
type I anti-CD20 antibodies cannot mount efficient
complement-dependent cytotoxicity due to primary or
secondary deficiencies, and therefore might gain more
benefit from application of type II immunotherapeu-
tics. Similarly, a personalized medical attempt should
take under consideration the tumor burden and poly-
morphisms in Fcy receptors as parameters critical
for optimal therapeutic schedule and composition
(Cartron et al., 2002; Boross et al., 2011; Beurskens ez
al., 2012).

CONCLUDING REMARKS

The long tale of therapeutic monoclonal antibodies
begun more than 50 years ago not only thanks to the
work of Nobel-prize winners Kibler and Milstein, but
also many other scientists, including prof. Wactaw Szy-
balski, who contributed to making this scientific and
medicinal opus real. Through the last decades, we have
witnessed a boom in antibody-based anticancer drugs,
with anti-CD20 as the first and probably the best-char-
acterized immunotherapeutics. We not only have spec-
imens capable of exerting different effector mecha-
nisms, but we also gained knowledge on how to engi-
neer them to promote certain types of response, which
may turn pivotal in personalized medicine. Apparently,
this is not the end of progress since new spectacular
findings were made recently, with anti-CD20 antibodies
as the model. The first Science paper from 2014 has re-
visited our view on type I/type 1I antibody’s requisites
(Diebolder ¢# al., 2014). The authors demonstrated that
introduction of mutations into the constant portion of
the heavy chain, inducing formation of non-covalent
hexamers, can enforce strong complement activation by
antibodies that were completely devoid of this feature
when unmodified. The second Science publication from
2020 demonstrated the structures of full-length CD20
in complex with rituximab, ofatumumab or obinutu-
zumab, and explained the details of the antigen-anti-
body binding that are critical for different downstream
effects of these antibodies (Kumar e al, 2020). As
this knowledge seems to be adaptable beyond the an-
ti-CD20 antibodies, the abovementioned studies will
help to rationally design new immunotherapeutics dedi-
cated to unmet medical needs.
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