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Rituximab is a pioneering anti-CD20 monoclonal antibody that became the first-line drug
used in immunotherapy of B-cell malignancies over the last twenty years. Rituximab
activates the complement system in vitro, but there is an ongoing debate on the exact role
of this effector mechanism in therapeutic effect. Results of both in vitro and in vivo studies
are model-dependent and preclude clear clinical conclusions. Additional confounding
factors like complement inhibition by tumor cells, loss of target antigen and complement
depletion due to excessively applied immunotherapeutics, intrapersonal variability in the
concentration of main complement components and differences in tumor burden all
suggest that a personalized approach is the best strategy for optimization of rituximab
dosage and therapeutic schedule. Herein we critically review the existing knowledge in
support of such concept and present original data on markers of complement activation,
complement consumption, and rituximab accumulation in plasma of patients with chronic
lymphocytic leukemia (CLL) and non-Hodgkin’s lymphomas (NHL). The increase of
markers such as C4d and terminal complement complex (TCC) suggest the strongest
complement activation after the first administration of rituximab, but not indicative of
clinical outcome in patients receiving rituximab in combination with chemotherapy. Both
ELISA and complement-dependent cytotoxicity (CDC) functional assay showed that a
substantial number of patients accumulate rituximab to the extent that consecutive
infusions do not improve the cytotoxic capacity of their sera. Our data suggest that
individual assessment of CDC activity and rituximab concentration in plasma may support
clinicians’ decisions on further drug infusions, or instead prescribing a therapy with anti-
CD20 antibodies like obinutuzumab that more efficiently activate effector mechanisms
other than complement.

Keywords: obinutuzumab (GA101), non-Hodgkin’s lymphoma, complement system, chronic lymphocytic
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INTRODUCTION

CD20, a surface molecule present on most developmental stages
of B lymphocytes, fulfills many conditions attributable to being a
promising target for immunotherapy (1–5). The first anti-CD20
immunotherapeutic rituximab was clinically approved in 1997
(6). It became the first-line drug (usually in combination with
chemotherapy), which significantly improved the survival of
patients suffering from B cell leukemias and lymphomas (7, 8).
Rituximab contains a human IgG1 Fc portion capable of
activating immune effector mechanisms in man and rodents,
including activation of the complement system and
complement-dependent cytotoxicity (CDC) next to antibody-
dependent cellular cytotoxicity (ADCC) and phagocytosis
mediated by either Fc—or complement receptors (2, 9). On the
other hand, immune escape and modulation of immune
response by tumor cells and supracellular factors like the
number of tumor cells and bioavailability of the drug influence
the effectiveness of cancer eradication. Accordingly, indications
that many patients are refractory to rituximab (10) reasoned the
studies on the pivotal effector and resistance mechanisms, which
often brought contradictory results. Our goal was to form
coherent conclusions in the light of published data, with an
emphasis on the role of the complement system. We also
supplement these conclusions with original data showing the
status of the complement system and the retention of the drug in
patients with B cell malignancies receiving rituximab. In our
opinion, monitoring of such parameters contributes to a
personalized therapeutic approach highly appreciated in
patients undergoing treatment with anti-CD20 antibodies.

An Interplay Between Effector
Mechanisms of Rituximab
Based on predominant effector mechanisms, anti-CD20 mAbs are
classified into type I and type II antibodies (1, 3). Type I specimens
are potent complement activators in contrast to type II, which
directly exert cell death upon binding to the target cell. There are
reports on limited rituximab-induced cell death in certain tumor B
cell lines (11), nonetheless, rituximab is more efficient in the
complement-mediated killing and categorized as a representative
of type I. Notably, both type I and type II anti-CD20 mAbs can
supportADCC inducedby thebindingof theFcportionofantibody
to Fc receptors localized on effector cells (predominantly NK cells).
ADCC and CDC mechanisms may compete with each other as
complement activation on the platform of cell-bound rituximab
imposes the occupation of its Fc portion and results in a steric
hindrance for the interaction with FcgRIII. This phenomenon was
proven for the first time in vitro by Wang et al., who noticed that
normal human serum or C5-depleted serum but not heat-
inactivated serum, C1- and C3-depleted serum blocks NK cell
Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; CDC
complement-dependent cytotoxicity; CLL, chronic lymphocytic leukemia; CR3
complement receptor 3; CVF, cobra venom factor; MAC, membrane attack
complex; NHL, non-Hodgkin’s lymphoma; NHP, normal human plasma; NHS
normal human serum; TCC, terminal complement complex; D NHS, heat
inactivated normal human serum.
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activation (12). Further experiments in a syngeneic murine
lymphoma model showed that complement depletion by
application of cobra venom factor (CVF) before mAb
administration resulted in longer survival than the application of
mAb alone, thus suggesting that the ADCC mechanism is pivotal
and complement activation is detrimental for the therapeutic effect
of type ImAbs (13).However, one limitationof this andmanyother
syngeneic mouse models is the usage of anti-CD20 other than
rituximab whereas even subtle differences in target epitope or Ig
structure outside of CDR regions may be critical for type I/II
characteristics (14). A few studies analyzed effector mechanisms
of type I anti-CD20 antibodies in transgenic mice expressing
human CD20 (15–17). Beers et al. reported a dispensable role of
the complement system in the eliminationofCD20-positive cells by
rituximab converted to mouse IgG2a isotype (equally efficient in
CDC as the original rituximab) (16). Results of Tipton and
colleagues suggest that antibody-mediated phagocytosis is the
crucial effector mechanism (17) whereas Gong et al. showed that
effective depletion of B cells may need different effectors depending
on their location. Complement was found crucial for the
elimination of B cells from the marginal zone in the spleen but
not important in other sites (15). The other limitation in the context
of the translational potential of in vivo studies in mouse models is
the fact that mouse complement is very weak compared to other
mammals (18, 19), and therefore experiments performed in the
mousemodel introduce the riskofunder-appreciationofCDCas an
effectormechanism.Nonetheless, there is a number of themouse in
vivo studies that either support (20–22) or question (16, 17, 23, 24)
the critical role of complement in the therapeutic effectof rituximab.
There is a lack of conclusive in vivo studies performed in animal
models with complement activity comparable to humans (e.g., rat,
guinea pig, and dog). A single study in nude rats with intracerebral
lymphoma xenograft successively treated with rituximab suggests
complement involvement (25). However, a separate and more
detailed investigation must ensure the extrapolation of
this conclusion.

Observations from clinics and ex vivo experiments in man also
bring ambiguous conclusions. ADCC reactions may play a role in
the therapeutic effect of rituximab as a low number of NK cells
correlated with poor clinical outcome (26). A higher response rate
to rituximab and higher progression-free survival of patients with
follicular lymphoma was shown in individuals with a
polymorphism in FcgRIIIa (CD16), which renders a high affinity
to IgG1 (27, 28) but these findings were not confirmed in a larger
clinical study (29). Additionally, clinical response and duration of
response to rituximab were correlated with polymorphism of the
C1qA gene that associates with low levels of C1q—the first
component of the classical complement pathway (30). Contrarily,
addition offresh frozen plasma toCLL patientsmarkedly improved
their clinical outcome, even when previous administrations of
rituximab were ineffective (31, 32). These data suggest that the
CDC/ADCC interplay depends either on model or supracellular
factors like the number of tumor cells and the expression of the
target antigen. Since the threshold necessary for effective ADCC is
lower than that for CDC (33), these two competitive effector
mechanisms may act cooperatively, i.e. in case of a heterogeneous
population of tumor cells, ADCC eliminates these of low CD20
November 2020 | Volume 11 | Article 584509
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expression whereas complement eradicates cells with high CD20
content. The numberof tumor cells is another parameter important
in the context of rituximab’s effector mechanisms. Boross et al.
showed that injection of rituximab to FcRg-deficient mice was
ineffective at a high load of tumor cells and that, in contrast to a
challenge with a low number of tumor cells, effective elimination
demands the cooperation of complement and ADCC and the
presence of functional complement receptor 3 (CR3) on blood
phagocytes (34). The role of receptors for complement-derived
opsonins is also underlined by Lee at al., who developed rituximab
RA801mutant non-bondable to human or mouse Fc receptors but
retaining complement activation potential (35). While PBMC and
PMN were not able to eliminate RA801-opsonized CD20-positive
cells ex vivo without the addition of serum depleted of the C9
component, there was no difference in human CD20-positive
Ramos cells’ eradication in in vivo nude mouse model between
original rituximab and RA801 mutant (35). Yet, eradication of
mouse EL4 lymphoma cells expressing humanCD20 by rituximab,
but not RA801, was impaired in mice additionally lacking all Fc
receptors. This can be explained by the higher CDC efficacy of
RA801 (4.5-fold lower CH50 value) compared to rituximab.
Nonetheless, such results underline two important issues: i)
extrapolation of conclusions obtained from the studies on one
mAb to the other, even closely related mAb, is not reliable, and ii)
the relative importance of rituximab’s effector mechanisms heavily
depends on the target cells. Therefore the seemingly contradictory
results showing successful depletion of B cells by rituximab-like
antibodies in mice with functional macrophages and Fcg receptor-
dependent pathways but lacking functional complement or ADCC
mechanism (16, 23, 36) should not be surprising.
Rituximab (Type I) or Type II Anti-CD20
Immunotherapeutics?
Since both type I and type II anti-CD20 antibodies are nowadays
available in clinics, a relevant dilemma is which of these two
types is superior for particular patients. Complicated interplay
between effector mechanisms and heterogeneity of targets in B
cell malignancies in conjunction with supracellular factors make
a unanimous answer problematic. Due to the same reason, the
role of the complement system in the therapeutic effect cannot be
generally ruled out or confirmed. However, assuming that under
certain circumstances patients may benefit from complement
activation by rituximab, parallel monitoring of the complement
system parameters enables selecting subjects with functional
impairment, saturation, or unresponsiveness of this effector
mechanism, who may benefit more from type II antibodies,
e.g., obinutuzumab that more efficiently activates effectors other
than complement (37). Another parameter deserving control in
case of usage of type I anti-CD20 antibodies is their retention in
blood. When excessively administered, they may lead to loss of
target antigen via internalization (3) and trogocytic removal (38,
39). Conversely, administering type II antibodies results in
higher stability of surface CD20 antigen (40). In experimental
models, the saturation of the CDC takes place much faster than
the saturation of C3b deposition on target cells, thus overdosing
Frontiers in Immunology | www.frontiersin.org 3
provokes exhaustion of the complement system (41, 42). Such
exhaustion affects mostly the initial components of the classical
pathway, namely, C1 and C2, which are present in serum at
much lower molar concentrations than C3 and act as a
bottleneck of the whole pathway. Since malignant B cells are
typically equipped with a set of complement inhibitors that affect
C3/C5 convertases (43, 44), their activity will also lead to the
consumption of downstream components C1 and C2. Therefore,
too high concentration of rituximab and potent intrinsic
complement inhibition by tumor cells may not only dampen
CDC at consecutive infusions of the drug but also lead to the
selection of tumor cells with low expression of CD20 antigen.
Transient loss of CD20 on tumor B cells following rituximab
infusion was observed in CLL patients and considered as one of
the causes of the limited efficacy of antitumor mAbs (42, 45).

Previously we proposed a calcein release assay on Raji cells as a
method for monitoring CDC potential of serum collected from
patients treated with type I anti-CD20 antibodies (46). There are
several advantages of this method over the routinely used CH50

assayperformedonsensitized sheep erythrocytes: i) usageofhuman
tumor cells bearing both molecular target (CD20) for dedicated
immunotherapeutics and human complement inhibitors (CD46,
CD55, CD59) (43) fully compatible with human complement, ii)
adequate sensitivity of target cells to complement-mediated lysis
and iii) lower inter-assay variability compared to CH50 assay (46).
Using this approach, we measured the CDC potential of serum
samples collected before and after each infusion of rituximab in 17
patientswithvariousBcellmalignancies. Inanother versionof these
experiments, we supplemented the analyzed sera with saturating
concentration of rituximab to evaluate whether putative post-
infusion complement depression overlapped with consecutive
infusions. In parallel, we measured rituximab concentrations in
each sample. The combined results of these experiments reveal the
net functional effect of rituximab retention and individual
competence of the complement system, which altogether may
support the clinician’s decision on modification of the therapeutic
schedule or switch into type II anti-CD20 antibodies.
METHODS

Patients and Treatment
All samples collected from patients and healthy volunteers were
obtained after written informed consent, in accordance with the
Declaration of Helsinki and with approval from The Local
Bioethical Committee at Medical University of Gdańsk (approval
number: NKBBN/500/2016). The cohort consisted of 17 patients
admitted to Dept. of Hematology and Transplantology of Medical
University of Gdańsk, 7 of which were diagnosed with CLL and 10
with different forms of NHL. All patients had no prior therapies.
Theywere administeredwith 375mg/m2 rituximabover the period
from 2 to 5 h in four-week intervals for 4 to 8 cycles. All but two
patients received concomitant chemotherapy. Detailed patients’
characteristics are given in Table 1. Response to treatment was
assessed according to iwCLL guidelines (47). Blood drawn
immediately before and after rituximab infusions was used for
November 2020 | Volume 11 | Article 584509
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serum preparation, as described in (48) and for preparation of
EDTA-plasma.

Sample Handling
After collection and preparation, which was accomplished in
approximately 30 min after blood collection, serum and plasma
samples were aliquoted and kept at −80°C until the time of the
experiment. Repetitive freezing and thawing were avoided, and the
same rule was applied to normal human serum (NHS) and normal
human plasma (NHP), which were prepared from the blood of
healthy volunteers and pooled. NHS was then used as a positive
control in the CDC assay. NHP was used as a milieu for the
preparation of the calibration curve in ELISA-based measurements
of C4d and TCC. Heat-inactivated normal human serum (D NHS)
was prepared fromNHS heated to 56°C for 30min and then cleared
by centrifugation at 3000 xG for 5min.DNHSwasused as anegative
control in CDC assays as heat-inactivation depletes complement
activity.Working dilutions of serum and plasma were prepared only
before experiments in chilled tubes or microplates kept on ice.

Cell Lines
Raji, Ramos, Namalwa, SU-DHL-4 cells were obtained from the
American Type Culture Collection. Cells were aliquoted and
cryopreserved after the first few passages. Cells used for experiments
were grown from such stock aliquots in RPMI 1640 medium with l-
glutamine (ATCC) supplemented with 10% fetal bovine serum
(ATCC) at 37 °C and humidified 5% CO2 atmosphere. Cells were
routinely checked for Mycoplasma contamination by DAPI staining
(49)whenculturedandneverkept in continuous culture formore than
10 passages. The primary culture of CLL cells was established from
Frontiers in Immunology | www.frontiersin.org 4
heparinized patients’ blood. Lymphocyte fraction was isolated using
Lymphoprep (Stemcell Technologies) according to themanufacturer’s
instruction and assessed as a homogenous population by flow
cytometry (>98% of gated objects) showing CD20 expression. Then
CLL cells were cultured in a 1:1 mixture of RPMI 1640: DMEM
(HyCult) medium supplemented with 10% FBS.

Assessment of Rituximab Concentrations
Rituximab concentration in samples collected just before and just
after each infusion was measured using an enzyme-linked
immunosorbent assay. 96-well ELISA MaxiSorp plates
(ThermoFisher Scientific) were coated with 1 µg/ml of anti-
rituximab (anti-idiotype) antibody RB01 (R&D Systems) and
blocked with washing buffer (50 mM Tris-HCl, 0.15 M NaCl, 0.1%
Tween, pH 7.5) supplemented with 3% fish skin gelatin (Sigma-
Aldrich). Patients’ serum was diluted to the final concentration of
0,125% in PBS with 0.02% Tween-20 and 0.02M EDTA. Rituximab
(Roche) serially diluted in NHS was used for the preparation of the
calibration curve. The horseradish peroxidase-conjugated goat anti-
mouse antibody (Dako, P0447)was used for detection. The assaywas
developed using 3,3′,5,5′-Tetramethylbenzidine (TMB) (Sigma-
Aldrich), and absorbance readout at 450 nm was measured using a
Synergy H1 microplate reader (Biotek).

CDC Assay
Complement-dependent cytotoxicity (CDC) functional assay
was performed as described in (46). Briefly, cells previously
loaded with calcein-AM (Sigma) were pelleted onto V-shape
microplate wells and overlaid with 50 ml of the indicated serum
with or without addition of rituximab. After 30 min of
TABLE 1 | Patients’ characteristics.

Patient # Diagnosis Combined
chemotherapy

Clinical response
(the way of assessment)

Lymphocyte count before infusions 1-4
(CLL patients only) [109/ml]

1st 2nd 3rd 4th

1 DLBCL CHOP mCR (PET)
6 HGL EPOCH PROG (PET)
8 PMBCL EPOCH mCR (PET)
9 DLBCL CHOP PROG (CT)
10 BL codox/ivac mCR (PET)
11 FL COP PR (CT)
12 MZL none mCR (PET)
17 CLL none PR (clinical) 91.44 42.79 15.03 9.44
18 CLL FC CR (clinical) 46.16 3.42 1.73 0.75
19 HGL CHOP PROG (CT)
20 MZL COP/bendamustine PR (CT)
21 CLL FC CR (clinical) 64.76 0.83 0.23 0.34
23 CLL FC CR (clinical) 128.0 4.37 2.58 0.85
26 CLL FC CR (clinical) 81.63 0.48 0.56 0.32
27 CLL FC PR (clinical) 90.96 2.29 2.63 0.93
31 FL COP CR (CT)
33 CLL FC CR (MRD -) 6.67 2.82 0.17 1.05
N
ovember 2020 | V
olume 11 | Article
Diagnosis: DLBCL, diffused large B cell lymphoma; HGL, high grade lymphoma; PMBCL, primary mediastinal B cell lymphoma; FL, follicular lymphoma; BL, Burkitt lymphoma; MZL,
marginal zone B cell lymphoma; CLL, chronic lymphocytic leukemia.
Chemotherapy: CHOP, cyclophosphamide + hydroxydaunorubicin + oncovin + prednisone; EPOCH, etoposide + prednisone + oncovin + cyclophosphamide + hydroxydaunorubicin;
COP, cyclophosphamide + oncovin + prednisone; FC, fludarbine + cyclophosphamide.
Clinical response: CR, complete response; mCR, metabolic clinical response; PR, partial response, PROG, progression; PET, positron emission tomography; CT, computed tomography;
MRD, minimal residual disease.
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incubation fluorescence of calcein released into the supernatant
was measured at 490 nm/520 nm excitation/emission wavelength
in Synergy H1 microplate reader (Biotek).

Measurement of Complement Activation
Markers
Measurements of the early activation marker of the classical
complement pathway, C4d, and the marker of terminal
complement pathway activation TCC were performed as
described in (50), with slight modifications regarding the TCC
sandwich ELISA assay. Instead of zymosan-activated serum,
serial dilutions of purified sC5b-9 complex (Complement
Technology) in 5% NHP solution in PBS with 0.02% Tween-20
and 0.02M EDTA were used for calibration curve. Detection was
achieved using polyclonal rabbit anti-human sC5b-9 neo
antibody (Complement Technology) followed by horseradish
peroxidase-conjugated goat anti-rabbit antibody (Dako).

Statistics
The grouped analyses of differences in CDC potential and
concentration of complement activation markers between pre-
and post-infusion serum samples collected at each infusion were
performed by multiple Sidak’s comparison tests. Calculations
were supported by GraphPad 6 software (Prism).
RESULTS

We analyzed the CDC activity of patients’ sera collected
immediately before and after each infusion of rituximab in two
different experimental settings: i)without the additionof a newdose
of rituximab and ii) with saturating concentration of rituximab
added topatients’ serum.Thefirstmeasurement aimed to assess the
cytotoxic activity of serumduring the treatment,which reflected the
retention of rituximab and the competence of the complement
system. The secondmeasurement was performed upon conditions,
which imposed complement activity but not rituximab
concentration, as a CDC-limiting factor. Thus, the latter assessed
the immediate post-infusion complement depletion and whether
such putative depletion overlapped with the next infusion. The
results obtained for CLL and NHL patients are shown in Figures 1
and 2, respectively.

Only one CLL patient (#18) showed spectacular, significantly
lower CDC of rituximab-supplemented post-infusion serum
sample compared to the analogical pre-infusion sample and such
CDCdepletionwas only observed at thefirst infusion (Figure 1 and
Supplementary Statistics File).Out of sevenCLLpatients included
in the study, four accumulated more than 100 mg/ml of rituximab
before infusion 3 (patient #27), infusion 4 (patients #18 and #33),
and infusion 6 (patient #26). Similarly, six out of ten patients with
NHL accumulated rituximab at the level of 100 mg/ml before
infusion 2 (patient #12), infusion 3 (#1, #8, and #11) infusion 5
(#9) and infusion 8 (#20), respectively (Figure 2). In both groups of
patients, there was a significant correlation between rituximab
concentration and CDC exerted on Raji cells, with the saturation
level ofCDCachieved at rituximab concentration around50mg/ml
Frontiers in Immunology | www.frontiersin.org 5
(inlets in Figures 1 and 2). We found one NHL patient (#19) who
presented depressed CDC throughout all infusions, even when
serum sampleswere supplementedwith extra rituximab (Figure 2).
Interestingly, this patient did not respond to the therapy. OneNHL
patient (#31) exhibited a low level of CDC in both pre- and post-
infusion serum samples, but all his samples regained functionality
when supplemented with extra rituximab. Nonetheless, patient #31
achieved a complete response to the treatment.

Previously we characterized Raji as a cell line moderately
sensitive to CDC exerted by anti-CD20 mAbs. Incubation of Raji
cells in 50% NHS supplemented with CDC-saturating
concentration of rituximab (50 µg/ml) yielded in c.a. 50% of
lysis (43). In the current experiments performed in 10% of patients’
sera (Figures 1 and 2), we observed the highest impact of rituximab
on the CDC in a concentration range from 10 to 100 µg/ml.
Therefore we attempted to assess the effect of the same
concentration range either at the different load of tumor cells or
on other CD20-positive tumor cells of different sensitivity to CDC
(Figure 3). Experiments performed in 50% NHS should
demonstrate the highest CDC effect theoretically attainable in
blood. Raji cells showed CDC increase from 35% to 53% at
100.000 cells and from 25 to 35% at 1M cells when rituximab
concentration increased from 10 to 100 µg/ml. Ramos cells showed
increasedCDC from44 to 61%offull lysis but there was no effect of
increased cell number. Similarly, a 10-fold increase of cell number
did not significantly affect the lysis of SU-DHL-4 cells, where the
CDCoscillated from65%at 10 µg/ml of rituximab to77%at100µg/
mlof rituximab.Rituximabwas ineffective in thekillingofNamalwa
cells and fresh culture of CLL cells, irrespectively on concentration
(Figure 3).

CLL patients possess tumor cells circulating in their
bloodstream, which are much better accessible for effector
mechanisms than tumor cells residing in bone marrow, lymph
nodes or other extravascular locations. We analysed appearance
of complement activation markers in plasma samples from the
CLL patients during the first four infusions (when available).
Significant increase of either C4d and TCC were observed (if
any) mainly after the first infusions (Figure 4), corresponding
with the high number of circulating tumor cells further
eliminated during the treatment (see Table 1). However,
patients #21 and #27 did not show signs of strong systemic
complement activation, despite the ability of their sera to exert
CDC in vitro (Figure 1). Importantly, levels of both C4d and
TCC markers do not correlate with CDC exerted on different
target cells (Supplementary Figure 1) and should be considered
as qualitative rather than quantitative measures of CDC in vivo.
DISCUSSION

There is no unanimous opinion on the role of complement in the
therapeutic effect of type I anti-CD20 antibodies. Results of in vivo
animal studies seem to be model-dependent (reviewed in (4)), and
thepredictive value of ex vivoCDCassays inuncertain.Bordonet al.
reported the vulnerability of isolated CD20-positive tumor cells to
the CDC as a predictor of clinical response to rituximab (51), but
November 2020 | Volume 11 | Article 584509
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FIGURE 2 | CDC potential and rituximab concentration in serum samples collected from NHL patients. CDC potential was assessed in calcein releas
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two other studies presented contradictory results (52, 53). A strong
argument for the complement role in CLL immunotherapy is the
observation that clinical response to rituximab improved after
supplementation with fresh-frozen plasma (31, 32). On the other
hand, up to 40% of CLL patientsmay have deficiencies or low levels
of circulating complement proteins (54). Therefore the first
question we asked in the current study is whether the CDC
activity of sera collected from the patients receiving rituximab is
sufficient to lyse a model CD20-positive Raji cells. The functional
assay we performed to answer this question is much more
informative than measurements of the main complement
components, whose physiological concentration range varies
substantially (e.g., 0.6–1.4 g/L for C3 and 0.1–0.33 g/L for C4)
(55).Notably, evenC3concentration as lowas 0.18 g/Lwas reported
sufficient to maintain a proper complement function (56).
Frontiers in Immunology | www.frontiersin.org 8
Raji cell line is characterized as a moderately sensitive to
rituximab compared to other B-cell lymphomas, thus enabling
observation of either depressed or higher than average
complement activity in CDC assays (43). Previously we
demonstrated the utility of this model for the mirroring of the
anti-CD20 antibody-driven complement consumption and
found superior sensitivity of the assay when 10% instead of
50% serum was used (46). Importantly, 10% serum is a surrogate
of the complement content in lymph or extravascular fluids, a
natural microenvironment of lymphoma (13, 57, 58). However,
an increase of NHS concentration from 10% to 50% did not
result in a significant increase of CDC in Raji cells, as
demonstrated in (43). In the current study, the readout of
CDC assay at 10% patients’ serum that contained saturating
concentration of rituximab (Figures 1 and 2) in most of the cases
A B

D

E

C

FIGURE 3 | CDC exerted in 50% normal human serum by rituximab at concentration range 10-100 µg/ml. CDC was examined on four CD20-positive cell lines: SU-
DHL-4 (A), Ramos (B), Namalwa (C), Raji (D) and fresh culture of CLL cells (E). Supernatant collected from calcein-labelled cells lysed with 30% DMSO diluted in
PBS served as the indicator of 100% (full) lysis. Readout obtained for heat-inactivated serum (D NHS) served as negative control, i.e. background lysis independent
on complement activation. Cells were tested at quantities 1, 2, 5, and 10 × 105 cells/50 µl, D 100 group represents heat-inactivated normal human serum
supplemented with 100 µg/ml of rituximab. Data were collected from three independent experiments, error bars indicate standard deviation.
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was not significantly different from the readout obtained at 50%
NHS (see Figure 3D, bar for the concentration of 50 µg/ml and
100 k cells). Nonetheless, there were few exceptions from this
rule. All post-infusion samples of patients #19 and #31 had low
CDC activity. Supplementation with additional 50 µg/ml of
rituximab markedly improved the CDC readout in patient #31.

We did not study the complement activity of serum over
several hours after infusion as others did (41, 59) but found only
one patient (#18) who showed signs of complement exhaustion
immediately after infusion. Importantly, such exhaustion did not
overlap with the next infusion indicating that a four-week
interval is enough for the restoration of the complement pool.
These results are in agreement with another study, which
analyzed the effect of ofatumumab, a stronger CDC-activating
anti-CD20 antibody (60), applied in a 2-week interval (46).

CDCpotential of pre-infusion serum samples (without addition
of rituximab) correlatedwith the amount of accumulated rituximab
inbothCLLandNHLpatients (inlets inFigures 1 and2). The study
by Berinstein et al. evaluated pharmacokinetics of rituximab in 137
non-Hodgkin’s lymphoma patients, who received the 375 mg/m2

dose once weekly for four injections (61). The median difference in
rituximab concentrationbetweenpost- andpre-infusion serumwas
approx. 250-270 µg/ml, whereas the median level of rituximab in
pre-infusion samples was 63 µg/ml, 124 µg/ml, and 186 µg/ml at
second, third, and fourth administration, respectively. Significantly
higher accumulation of rituximab was noticed in responders to the
therapy before the second and fourth infusion.Accumulation of the
drug may be explained by a decreased number of accessible tumor
cells in responders, but further studies also suggest the loss of target
antigen due to internalization and trogocytic removal as a possible
explanation (3, 62–64). In our cohort, the differences between post-
and pre-infusion levels of serum rituximab were from 25 to 246 µg/
ml inCLL patients and from30 to 279 µg/ml inNHLpatients. NHL
patients who gradually accumulated rituximab throughout all
infusions achieved complete response (#1, #8, and #12), partial
response (#11, #20) or progression (#9). Part of the NHL patients
with no gradual accumulation of rituximab had progressive disease
(#6, #19), but the other part (#10 and #31) showed complete
response, so there was no clear segregation into responders and
non-responders in terms of rituximab accumulation. These results,
opposite to the previous study, can be explained by a four-week
instead of one-week interval in rituximab dosing. However, our
results show that even at a four-week interval, there are patients (#1,
#8, #11, and #12), which accumulate the amounts rituximab
comparable to these delivered at the first infusion. Excessively
administrated rituximab provides a risk for the selection of a
CD20-low population of tumor cells (62). On the other hand, the
bioavailability of rituximab in lymphnodes and other extravascular
sites is lower than in serum (65). Such a high accumulation of
rituximab and concomitant saturation of CDC potential in pre-
infusion sera imposes a question if the additional dosing is
necessary or counterproductive. Thus, a biopsy of lymphoma
cells stained for either cell-bound rituximab or free antigenic
CD20 sites will give a valuable hint on whether the therapeutic
schedule should be modified or the therapy should be changed to
type-II anti-CD20 antibodies such as obinutuzumab, which is
Frontiers in Immunology | www.frontiersin.org 10
superior for the killing of tumor cells via ADCC and direct
mechanisms (37).

Circulating CD20-positive cells in CLL patients are much more
accessible for complement than NHL cells in extravascular
locations. Therefore, complement activation by rituximab on
circulating CLL cells should be immediately mirrored by the
appearance of complement activation markers such as C4d and
TCC. C4d is a marker of early stages of the classical complement
pathway activation, which leads to opsonization (and complement-
dependent phagocytosis) and anaphylaxis. Soluble TCC is formed
upon assembly of membrane attack complex (MAC) and indicates
CDC.Previouslywe validatedC4d andTCC assays on the cohort of
31CLLpatients and found that increase ofTCC in thepost-infusion
samples took placewhen an increase of C4dwas also observed (50).
Nonetheless, the formation of C4d and TCC must depend on the
expression level of either CD20 or complement inhibitors present
on tumor cells and in patients’ sera. We characterized numerous
CD20-positive cell lines (including these presented in
Supplementary Figure 1) and fresh CLL cultures for their
expression of CD20 and endogenous complement inhibitors (43).
As substantial differences were found in these cells, we assume
similar variability in patients. Therefore, the concentration of
detected markers cannot be directly associated with CDC
intensity, as shown in Supplementary Figure 1, and directly
compared between individuals. The appearance of C4d and TCC
markers indicates whether the complement activation took place
andwhether itproceededup to the terminal stages, respectively.The
highest increase of complement activation markers should be
expected after the first infusion when a high number of CD20-
positive tumor cells is present. Indeed, most CLL patients had
increased levels of C4d and TCC after the first infusion with a
tendency to flatten the differences at consecutive infusions. Except
for patient #17,who received rituximab asmonotherapy and except
for patient #33, the drop in absolute lymphocyte count after thefirst
rituximab infusion inCLL patients was greater than 90% (Table 1).
Patient #17 achieved a partial response and showed neither gradual
accumulation of rituximab nor saturation of CDC serum activity in
any of the pre-infusion samples (Figure 2). Two CLL patients
showed a marginal (#21) or no increase (#27) in C4d. Accordingly,
both patients showed no increase in TCC (Figure 4). Notably,
patient #21 achieved a complete response, unlike patient #27, who
responded partially and showed accumulated rituximab
throughout all infusions and saturated serum CDC potential
already before the second infusion (Figure 1).

Our analyses of the complement system competence
accompanied by the measurements of rituximab concentration in
serum during consecutive infusions performed in the group of 17
patients with heterologous B-cell malignancies are not sufficient to
answer thequestionabout the roleof complement in the therapeutic
effect of rituximab. However, there are two important observations
from our study. Irrespectively of serum and drug concentration,
rituximab could not exert CDC in freshly isolated CLL cultures
(Figure 3E) and in Namalwa cells (Figure 3C), which express the
relative levels of CD20 and complement inhibitors comparable to
these observed in CLL cultures (33, 40, 43). These results are in line
with our previous publication showing the inability of rituximab to
November 2020 | Volume 11 | Article 584509
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lyseCLLcells isolated fromsixpatients (43).Weconclude thatCDC
cannot be a sole killing mechanism of CLL cells in vivo when
rituximab is applied as amonotherapy (as in patient #17), however,
concomitant chemotherapy may additionally sensitize tumor cells
for CDC, and complement receptor-driven phagocytosis cannot be
ruledout.The second issueworthunderlining is the fact that even in
such a small group of heterologous patients treated with a standard
rituximab dose, there were examples of individuals, who deserved a
personalized approach. These examples were patient #27 who
accumulated a high concentration of rituximab in serum and had
fully functional complement but presented no increase of
complement activation markers, patients #19 and #31 who had
depressed or non-functional complement, and patients #1, #8, #11,
and #12 who showed substantial accumulation of rituximab and
additionally (#11 and #12) saturated CDC potential of their sera.
Monitoringof the complement status and concentration of cell-free
rituximabmay suggest to clinicians that the ongoing therapy should
be continued with type II anti-CD20 antibodies, impose the re-
evaluation of a molecular target for the drug, or a delay of further
infusions, respectively.
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