
P
os

te
d

on
A

u
th

or
ea

23
J
u
n

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

44
55

70
.0

77
11

40
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Characterization of tumor response after administration of

rituximab in pediatric B-NHL

Maria Bethke1, Georg Varga2, Toni Weinhage2, Harshana Sabharwal1, Karin Mellgren3,
Gerrit Randau1, Meike Rolfing1, Helmut Wittkowski2, Dirk Foell2, Ulf Michgehl1, and
Birgit Burkhardt1

1Pediatric Hematology and Oncology, University Children’s Hospital Muenster
2Department of Pediatric Rheumatology and Immunology, University Hospital Muenster
3Sahlgrenska universitetssjukhuset

June 23, 2021

Abstract

Background Mature aggressive B-cell lymphoma are heterogenous malignancies that make up more than half of all diagnosed

Non-Hodgkin lymphoma in children and adolescents. The overall survival rate increased over the last decades to 80–90%, due

to fine tuning of polychemotherapy. However, new therapeutic implications are needed to further increase the overall survival.

Current clinical trials analyze the therapeutic effect of rituximab in pediatric patients, while the mechanism of action in vivo is

still not fully understood. Methods Effector molecules important for tumor defense were analyzed before and at day five after

rituximab treatment via flow cytometry. Serum rituximab levels were measured with an ELISA. Results We evaluated patient

parameters that may affect treatment response in relation to rituximab administration and serum rituximab levels. We indeed

found a reduction of FcγRII levels after rituximab treatment in monocyte subtypes, while FcγRI expression was significantly

increased, pointing to exhaustion of FcγRII mediated B cell depletion and compensation via FcγRI mediated trogocytosis.

Serum levels of proinflammatory marker proteins S100A8/A9 and S100A12 significantly decreased after treatment to normal

levels from an overall proinflammatory state before treatment. CD57, perforin and granzyme B expression decreased after

treatment, probably due to exhaustion of NK cells. Conclusion The highlighted effects of rituximab treatment on patient’s

immune response help understanding the biology behind tumor defense mechanisms and effector function. After subsequent

studies, these novel insights might be translated into patient care and could contribute to improve treatment of pediatric patients

with mature aggressive B-cell lymphoma.

1 Introduction

Mature aggressive B-cell lymphoma make up to 50 - 60% of all diagnosed Non-Hodgkin lymphoma (NHL) in
children and adolescents in Germany.1 The most common subtypes of mature aggressive B-cell lymphoma are
Burkitt lymphoma (BL), Burkitt leukemia (B-AL) and diffuse large B-cell lymphoma (DLBCL).2,3Sporadic
BL is less often associated with Epstein–Barr virus (EBV) infection compared to the endemic variant and is
the most common variant in North America and Europe.3 In Germany, it is most frequent in children aged 4-
14 and is primarily diagnosed in boys with a sex ratio of 4.5 to 1.4 With currently available polychemotherapy
an overall survival rate of 80–90% can be reached.5,6 However, relapse of patients, which commonly occurs
within six months after end of treatment, results in a very poor outcome and is fatal for most of the
patients.4,7

The addition of the monoclonal antibody rituximab targeting CD20 on B cells contributed to the increased
survival patients with advanced staged disease.5,6,8,9 Although rituximab and its biosimilars are frequently
applied in adults, there is still not much known about the mechanisms of action in vivo due to the lack of
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. an adequate animal model.8 Additionally, biomarkers to identify patients responding to rituximab therapy
are lacking.10 Therefore, better understanding of the malignancy and further development of therapeutic
strategies are urgently needed.

Here, we show that expression of proteins important for tumor defense is altered at day five after rituximab
treatment in patients suffering from B-NHL.

2 Material and Methods

2.1 Patient samples and serum preparation

All patients were recruited in the trial B-NHL 2013 (Eudra CT: 2013-003253-21) after informed consent
(Table 1). NHL-BFM risk group stratification was performed as published earlier. According to protocol,
treatment started with the rituximab window including one dose of rituximab 375 mg/m2 and one intrathecal
triple drug administration.9 Samples were collected by the NHL-BFM study center as part of the trial B-
NHL 2013 prior to the start of treatment and at day five of treatment, prior to steroid treatment. Serum
was generated using serum-separating tubes. To allow blood to clot, samples were left undisturbed at RT
for 20 min. To remove the clot, tubes were centrifuged for 10 min in a refrigerated centrifuge. The resulting
supernatant was frozen until further use.

2.2 Rituximab ELISA

The rituximab ELISA is based on the methodology of Hampson et al., 2010. Briefly, a 96-well plate was
coated with 100 μl/well of rat α-rituximab antibody (MB2A4, Bio-Rad, USA) and diluted 1:1000 in coating
buffer overnight at 4°C. After blocking for 2 h at RT with 200 μl/well of 1% BSA in PBS, plates were
washed three times with ELISA wash buffer. Samples were diluted 1:100000 in dilution buffer and Mabthera
standard was prepared in dilution buffer at the following concentrations: 60, 50, 40, 25, 20, 10, 5, 2.5,
1, 0 ng/ml. 100 μl/well of diluted sample or standard was then added to the plate and incubated for 60
min at RT. After washing the plate five times with ELISA wash buffer, HRP-conjugated goat α-human
IgG antibody (Merck, Germany) was diluted 1:60000 in blocking buffer and 100 μl/well was added to the
plate, followed by an incubation of 90 min at RT. The plate was washed again five times with ELISA wash
buffer and 100 μl/well of freshly prepared TMB HRP-substrate (BioLegend, USA) was added according to
manufacturer’s instructions. After incubation for 45 min in the dark, the reaction was terminated by 50
μl/well of 3 M sulphuric acid. Absorbance was measured at 450 nm minus 570 nm for wavelength correction
using a Synergy Mx Microplate Reader (Biotek, Germany). The standard curve was determined using a
non-linear 4 parameter logistic regression (4PL) calibration model.

2.3 Staining of cells and flow cytometry

Flow cytometry measurements were performed on a CytoFLEX S flow cytometer (Beckman Coulter, Ger-
many) and data were analyzed with the FlowJo software (version 10.0). For cell surface antigen staining,
5 μl of each human TruStain FcX and True-Stain Monocyte Blocker (Biolegend, Germany) were added to
100 μl of whole blood and incubated for 10 min at 4°C. Surface staining was performed for 30 min at 4°C
by directly adding fluorochrome-conjugated antibodies diluted 1:50 or 1:100 in PBS/1% BSA. For lysis of
the red blood cells, 2 ml of 1x 1-step Fix/Lyse-solution (Thermo Fisher Scientific, Germany) was added to
each tube and incubated for 40 min at RT. Subsequently, samples were washed with FACS buffer. 300 μl of
freshly prepared 1x Fix/Perm-buffer (Thermo Fisher Scientific, Germany) was then added to the cell pellet
and incubated for 30 min at RT. After washing with 1x Perm-buffer (Thermo Fisher Scientific, Germany),
intracellular staining was performed directly in the tube by adding 2 μl of each antibody. After incubation
for 30 min at RT, 500 μl 1x Perm-buffer was added and samples were washed and treated with FACS buffer
until measurement. The antibodies used for surface and intracellular staining are listed in Table S1.

2.4 S100A8/A9 and S100A12 ELISA

The S100A8/A9 ELISA was performed according to the manufacturers instructions (Bühlmann, Switzer-
land). For S100A12 serum level measurement, a 96-well plate was coated with 50 μl/well of rat α-S100A12

2
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. antibody (clone 11G7A1, Genescript biotech, USA) in coating buffer overnight at 4°C. After blocking for 1 h
at RT with 100 μl/well of blocking buffer, plates were washed three times with ELISA wash buffer. Samples
were diluted 1:4 in blocking buffer and S100A12 standard was prepared at the following concentrations: 16,
8, 4, 2, 1, 0.5, 0.25 and 0.125 ng/ml. 50 μl/well of diluted sample or standard was then added to the plate
and incubated for 2h at RT. After washing the plate three times with ELISA wash buffer, 50 μl/well of
biotinylated rat α-S100A12 (clone 3G1D5-bio, Genescript biotech, USA) was added to the plate, followed by
an incubation of 30 min at 37°C. The plate was washed again three times with ELISA wash buffer and 50
μl/well of Streptavidin-peroxidase (Thermo Fisher Scientific, Germany) was added. After incubation for 30
min at 37°C and washing the plate three times, TMB substrate (Seramun Diagnostica GmbH, Germany) was
added according to manufacturers instruction. After incubation for 10 min at RT in the dark, the reaction
was terminated by 50 μl/well of 2N H2SO4. Absorbance was measured at 450 nm using a Synergy Mx
Microplate Reader (Biotek, Germany). The standard curve was determined using a non-linear 4 parameter
logistic regression (4PL) calibration model.

2.5 Statistical analysis

Data are displayed in 10–90 percentile range with median. An unpaired two-tailed student’s t-test was
performed for independent sample comparisons using the GraphPad Prism software. For two-time point
analysis a paired two-tailed student’s t-test was performed.P -values [?]0.05 were considered significant with
p [?] 0.05 (*), p [?] 0.01 (**) and p [?] 0.001 (***).

3 Results

3.1 Patients with limited disease have higher serum rituximab levels

To date the inter-individual variability of response of lymphoma patients to rituximab is still not understood.
To better understand the turnover of rituximab, we monitored serum rituximab levels of 14 pediatric patients
at day five after one dose of rituximab. The levels showed high inter-individual variety. Interestingly, there
was a significant difference of the five-day rituximab levels between patients with limited disease compared
to patients with advanced disease (p = 0.0001, Fig. 1). While patients with limited disease (risk groups R1
and R2) had a median level of 250 μg/ml rituximab, patients with advanced disease (risk groups R3 and
R4) had a median five-day rituximab level of 40 μg/ml.

3.2 FcγRI and FcγRII expression on monocytes is altered upon rituximab treatment

Fcγ receptor (FcγR) mediated binding represents a relevant mechanism of action of rituximab induced B
cell depletion in B-NHL. As linkers between malignant B cells and effector cells, FcγRs promote B cell de-
pletion via antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent phagocytosis (ADP) or
trogocytosis.11 However, the importance of FcγR mediated B cell depletion in vivo is still unknown. There-
fore, FcγR expression was measured in monocyte subtypes of B-NHL cases (n = 10) before and at day five
after rituximab treatment. Monocyte subtypes can be distinguished by the expression of the glycoprotein
CD14 and FcγRIII/CD16 on their cell surface. Vessel wall patrolling cells are called non-classical monocytes
(CD14lowCD16+) and migrating cells are called classical monocytes (CD14+CD16-).12 A third subset with a
different expression profile was discovered later and is called intermediate monocytes (CD14+CD16+).13The
subtypes are not only distinct in expression patterns, but also in function.14 FcγRI expression was signif-
icantly increased after rituximab treatment in classical monocytes (p = 0.002). While FcγRIII expression
was not altered, FcγRII expression was significantly decreased in classical and intermediate monocytes at
day five after treatment (p = 0.006 and p = 0.023, Fig. 2). FcγR expression was not altered in neutrophils
(CD66b+) and NK cells (CD56+) (Supporting Information Fig. S1 and S2).

3.3 The expression of S100A9 and S100A12 in monocytes and neutrophils is increased after rituximab
treatment while serum levels decreased

S100A9 and S100A12 are small calcium-binding proteins with proinflammatory properties that can trigger
recruitment and activation of effector cells during early inflammatory events. They are highly expressed
in the cytosol of neutrophils and monocytes during inflammation.15,16 To study the effect of rituximab on

3
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. the early immune response and specifically on the activation of effector cells in B-NHL patients during
treatment, the expression of S100A9 and S100A12 in monocyte subtypes was monitored before and at
day five after rituximab treatment as shown by the flow cytometric analysis (n = 10, Fig.3 A). S100A9
expression was significantly increased in classical, intermediate and non-classical monocytes after rituximab
treatment (p = 0.005, p = 0.009 and p = 0.031, respectively). After rituximab exposure, S100A12 showed a
significantly higher expression in classical and intermediate monocytes (p = 0.037 andp = 0.024, respectively),
whereby non-classical monocytes showed a similar tendency, although not significant. In addition, S100A9
and S100A12 expression in neutrophils was significantly increased in neutrophils at day five after rituximab
treatment (p = 0.023 andp = 0.008, Supporting Information Fig. S3). Conversely, serum levels of S100A8/A9
and S100A12 significantly decreased after rituximab treatment (n = 10, Fig. 3B, p = 0.021 and p = 0.012).

3.4 NK cell expression of CD57, perforin and granzyme B is decreased after rituximab treatment

NK cells are important mediators of ADCC and ADP and thereby highly contribute to rituximab mediated
B cell depletion in patients suffering from B-NHL.17 However, their role during rituximab treatment in vivo
is not fully understood. Therefore, we analyzed proteins involved in apoptotic and cytotoxic processes.
The expression of CD57, perforin (PRF1) and Granzyme B (GrzB) was analyzed in NK cells before and
at day five after rituximab treatment (n = 12) in the B-NHL cohort. Surprisingly, CD57, PRF1 and GrzB
expression were significantly decreased after rituximab treatment in NK cells (p = 0.006;p = 0.045; p =
0.028, Fig. 4).

4 Discussion

The effectiveness of rituximab depends on several factors, including its activity and concentration in the
environment of the tumor. To maximize therapeutic efficacy and to optimize dosing, a reliable assay for
accurate measurement of rituximab levels in the bloodstream of patients is needed.18 Here, we show that
serum rituximab levels vary highly among patients, who received standard doses of rituximab. In different
studies, higher serum rituximab levels correlated with more favorable clinical response.19 In addition, initially
measured tumor burden was reported to inversely correlate with serum rituximab levels.20 We show here
that patients with limited disease (risk groups R1 and R2) have higher serum rituximab levels compared
to patients of advanced disease (risk groups R3 and R4) at day five after rituximab administration. This
correlates with previous findings of significantly better rituximab response in patients of risk group R3/R4.21

The advanced disease stage in R3/R4 patients translates into more available CD20 epitopes, where rituximab
can attach. Consequently, less unbound rituximab molecules can be measured in the R3/R4 patient’s serum.
This rituximab ELISA is a reliable method to measure serum rituximab levels on a routinely basis in the
future and can easily be implemented in daily routine.

ADCC, mediated by FcγRs of NK cells, is thought to be the main rituximab mechanism of action.22 FcγRI
expression on classical monocytes was shown to be increased at day five after rituximab treatment, while
FcγRII expression significantly decreased. FcyRII can consist of two isoforms, FcyRIIa and FcyRIIb.23 The
antibody binding to FcγRII used for these experiments binds against both isoforms, FcγRIIa and FcγRIIb.
However, both isoforms have different functions in B cell depletion, FcγRIIa being activatory on target
effector cells and FcγRIIb being inhibitory.23 It is tempting to speculate that monocytes expressing the
activatory FcγRIIa might be exhausted at day five after rituximab treatment. In DLBCL patients, low
FcγRIIa expression levels at diagnosis were described to lead to impaired rituximab-mediated cytotoxicity
of NK cells.24 Also, expression of inhibitory FcγRIIb might be reduced on the circulating effector cells
after treatment since this Fc receptor type was described to negatively influence rituximab-mediated B cell
depletion.23

FcγRI is the main receptor that mediates trogocytosis, describing the process where effector cells remove
rituximab-CD20 complexes, which can lead to rituximab resistance but also to target cell death.25 The
mechanism was described to be less effective in rituximab mediated B cell depletion but is initiated when
other mechanisms are exhausted.26 This supports the upregulated expression of FcγRI at day five after
treatment with downregulated FcγRII expression, due to exhaustion.
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. Although being the main receptor mediating ADCC, expression of FcγRIII remained unchanged in monocytes
and NK cells. This might indicate that FcγRIII mediated B cell depletion via ADCC or ADP is not exhausted
at day five after rituximab treatment and plays a role in an earlier time of the treatment. FcγR expression
of neutrophils did not change, probably because neutrophils are not the predominant effector cells at day 5
after treatment. In neutrophils, only FcγRIIIb is expressed on the surface, rather mediating phagocytosis
than ADCC.27

S100A9 and S100A12 belong to the S100 family and act via Toll-like receptors (TLRs) and receptors for
advanced glycation end products (RAGEs).28-30 Expression of S100A9 is highest in monocytes and neu-
trophils, while S100A12 is mainly expressed by neutrophils.31,32 High serum levels of S100A8, S100A9 and
S100A12 are associated with enhanced proinflammatory activity, predominantly found in patients with in-
flammatory or autoimmune diseases.33,34 Therefore, S100A9 and S100A12 can be used as valuable serum
inflammatory markers.33,34Furthermore, S100A9 could be used as a prognostic factor of survival in advanced
ENKL patients.35 Additionally, a combination of serum S100A8/A9 and S100A12 was shown to predict rit-
uximab treatment response in lupus nephritis.36 The expression of the proinflammatory proteins S100A9 and
S100A12 was found to be significantly increased in monocytes and neutrophils at day five after rituximab
treatment. Conversely, S100A8/A9 and S100A12 serum levels significantly decreased and therefore secretion
by effector cells is lower at day five after treatment. Serum S100A8/A9 and S100A12 levels are similar
to healthy individuals after rituximab treatment, concluding they are slightly increased before treatment
indicating signs of inflammation.37,38 Increase in intracellular expression is accompanied with decrease in
secretion of S100A9 and S100A12 by effector cells and vice versa, probably depicting the location of the
proteins at the measured timepoint.

Among others, S100 proteins may, directly or indirectly, lead to recruitment and activation of NK cells that
are the main effector cells that deplete B cells. It will be interesting to examine these mechanisms in future
studies to point to new possibilities of activation and inhibition.

CD57+ cells express more perforin (PRF1) and granzyme B (GrzB), which are crucial for lytic activity
of NK cells and are primed effectors for ADCC.39 Interestingly, expression of CD57, PRF1 and GrzB was
significantly decreased at day five after rituximab administration. In other studies, high expression of CD57,
PRF1 and GrzB correlated with highly active NK cells.39,40 Since GrzB and PRF1 both predominantly
contribute to ADCC and we identified a decrease in expression, it is tempting to speculate that ADCC by
NK cells might be the main mechanism of action in patients suffering from B-NHL.40 This could indicate
that the NK cell population with high B cell depletion activity might be exhausted at day five after rapid NK
cell recruitment in the first days after rituximab administration. By measuring the lytic activity of NK cells
from patient samples, this effect could be studied further. However, the predominant NK cell population
after rituximab treatment might be less mature since expression of GrzB and PRF1 directly correlates with
cellular maturity.41 Additionally, different mechanisms of action may play a role at various timepoints. In
future studies, it would be feasible to monitor the expression after administration of rituximab over time to
improve rituximab therapy and to identify new diagnostic markers.
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Legends

Figure 1: Patients with limited disease show higher serum rituximab levels. Serum rituximab
levels of the B-NHL cohort at day five after treatment. Rituximab levels (μg/ml) of patients, grouped after
the B-NHL stratification criteria in R1/R2 (n = 6) and R3/R4 (n = 8), were measured with an ELISA at
day five after treatment. Patients with limited disease (risk groups R1 and R2) presented with a significantly
higher median serum rituximab level of 250 μg/ml than patients with advanced disease (risk groups R3 and
R4) with 40 μg/ml (p = 0.0001). An unpaired two-tailed student’s t-test was performed.

Φιγυρε 2: Φλοω ςψτομετρις αναλψσις οφ ΦςγΡ εξπρεσσιον ιν μονοςψτε συβτψπες βε-

φορε (Α) ανδ ατ δαψ φιvε αφτερ (Β) ριτυξιμαβ τρεατμεντ. FcγR expression in classical (cl,
CD14+CD16-), intermediate (int, CD14+CD16+) and non-classical (non-cl, CD14lowCD16+) monocytes
was analyzed. FcγRI expression was significantly increased in classical monocytes (p = 0.002). FcγRII ex-
pression was significantly decreased in classical and intermediate monocytes, while FcγRIII expression was
not influenced by rituximab treatment (p = 0.023 and p = 0.006). Samples were measured in duplicates (n
= 10). Expression levels are displayed as median fluorescent intensity (MFI). A paired two-tailed student’s
t-test was performed.

Figure 3: S100A9 and S100A12 expression is increased in monocyte subtypes at day five
after rituximab treatment while serum levels are decreased. A S100A9 and S100A12 expression
was measured via flow cytometry before (A) and at day five after (B) rituximab treatment in classical (cl,
CD14+CD16-), intermediate (int, CD14+CD16+) and non-classical (non-cl, CD14lowCD16+) monocytes.
S100A9 expression significantly increased after rituximab treatment in all monocyte subtypes (p = 0.005, p
= 0.009 and p = 0.031). S100A12 expression significantly increased in classical and intermediate monocytes
after rituximab treatment (p= 0.037 and p = 0.024). Expression levels are displayed as median fluorescent
intensity (MFI). A paired two-tailed student’s t-test was performed (n = 10). B Serum S100A8/9 and
S100A12 levels were measured with an ELISA before (A) and at day five after (B) rituximab treatment.
Conversely to expression levels, serum S100A8/9 and S100A12 levels significantly decreased after treatment
(p = 0.021 andp = 0.012). Values are displayed in ng/ml. A paired two-tailed student’s t-test was performed
(n = 10).

Figure 4: CD57, PRF1 and GrzB expression is decreased in NK cells at day 5 after rituximab
treatment. CD57, perforin (PRF1) and granzyme B (GrzB) expression was measured via flow cytometry
before (A) and at day five after (B) rituximab treatment in NK cells. CD57 (p = 0.006), PRF1 (p = 0.045)
and GrzB (p = 0.028) expression were significantly decreased at day five after rituximab treatment in NK
cells. Expression levels are displayed as median fluorescent intensity (MFI) in CD56+ positive cells. A paired
two-tailed student’s t-test was performed (n = 12).

Table 1: Clinical characteristics of B-NHL patients.

Φιγυρε Σ1: Φλοω ςψτομετρις αναλψσις οφ ΦςγΡ εξπρεσσιον ιν νευτροπηιλς βεφορε

(Α) ανδ ατ δαψ φιvε αφτερ (Β) ριτυξιμαβ τρεατμεντ.FcγRI, FcγRII and FcγRIII expression were
not altered by rituximab treatment in neutrophils (n = 15). Expression levels are displayed as median
fluorescent intensity (MFI) in CD66b+ positive cells. A paired two-tailed student’s t-test was performed.

Φιγυρε Σ2: Φλοω ςψτομετρις αναλψσις οφ ΦςγΡΙΙΙ εξπρεσσιον ιν ΝΚ ςελλς βεφορε
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. (Α) ανδ ατ δαψ φιvε αφτερ (Β) ριτυξιμαβ τρεατμεντ. FcγRIII expression was not altered by
rituximab treatment in NK cells (n = 12). Expression levels are displayed as median fluorescent intensity
(MFI) in CD56+ positive cells. A paired two-tailed student’s t-test was performed.

Figure S3: S100A9 and S100A12 expression in neutrophils was increased after rituximab treat-
ment. Flow cytometric analysis showed an increase in expression of S100A9 and S100A12 in neutrophils
at day five after rituximab treatment (B) compared to the start of the treatment (A) (p = 0.023 and p =
0.008). Expression levels are displayed as median fluorescent intensity (MFI) in CD66b+positive cells. A
paired two-tailed student’s t-test was performed (n = 15).

Table S1: Fluorochrome-conjugated antibodies used for flow cytometry analyses.
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