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Abstract

Purpose Therapeutic antibodies have heterogeneities in their structures, although its

structural alteration in the body is unclear. Here, we analyzed the change of amino acid

modifications and carbohydrate chains of rituximab after administration to patients.

Methods Twenty B-cell non-Hodgkin’s lymphoma patients who were treated with rituximab

for the first time or after more than one year’s abstinence were recruited. Structural analysis

of rituximab was carried out at 1 hour after administration and at the trough by using liquid

chromatography/time-of-flight-mass spectrometry. Plasma rituximab concentration and

pharmacodynamic markers were also determined.

Results  Of recruited twenty, 3 patients exhibited rapid rituximab clearance. Nine types of

carbohydrate chains were detected in rituximab isolated from the blood. The composition

ratios in some glycoforms were significantly different between at 1 hour after administration

and at the trough, although consisted amino acids remained unchanged. The patients with

high clearance showed extensive alterations of glycoform composition ratios. However,

pharmacodynamics makers were not different.



Conclusion Inter-individual variations in plasma concentrations of rituximab were

found in some B-NHL patients. We could analyze a change in glycoforms of rituximab in

the patients, and this finding may affect the pharmacokinetics of rituximab.
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Abbreviations

ADCC, antibody dependent cellular cytotoxicity; B-NHL, B-cell non-Hodgkin’s lymphoma;

CHOP, Cyclophosphamide, doxorubicin, vincristine and prednisone; DLBCL, diffuse large

B-cell lymphoma; ELISA, enzyme-linked immunosorbent assay; Fab, Fragment antigen-

binding; Fc, Fragment crystallizable; FL, follicular lymphoma; LC/TOF-MS, liquid

chromatograph time-of-flight mass spectrometer; mAb, monoclonal antibody; NK cell,

natural killer cell; nSMOL, nano-Surface and Molecular-Orientation Limited; PBMC,

Peripheral blood mononuclear cell; R-CHOP, CHOP chemotherapy in combination with

rituximab; R-CVP, Cyclophosphamide, vincristine and prednisone chemotherapy in

combination with rituximab; sIL-2R, soluble Interleukin-2 receptor.

Introduction

Therapeutic monoclonal antibodies have facilitated a breakthrough in the treatment

of many disease, such as cancer, autoimmune diseases, and asthma [1-3]. More than 80

therapeutic monoclonal antibodies are currently in clinical use all over the world. They have

heterogeneities in their structures.  This structural complexity is mainly caused by post-



translational modifications. Multiple studies have reported that the variety of post-

translational modification could affect the pharmacokinetic profiles and pharmacological

effects of therapeutic antibodies. For instance, it is well known that afucosylation of

carbohydrate chains largely increases antibody-dependent cellular cytotoxicity (ADCC)

activity owing to higher affinity to Fragment crystallizable (Fc) y receptor [4-6], which

resulted in better clinical outcomes [7, 8]. In addition, removal of the galactose reduces

complement-dependent cytotoxicity activity without effecting ADCC [9]. A high-mannose

type glycan in the Fc region increases the IgG clearance rate in humans due to cellular uptake

via the mannose receptor [10, 11]. We have previously developed a method to analyze the

overall structure of therapeutic antibodies using a liquid chromatograph/time-of-flight-mass

spectrometer (LC/TOF-MS), and have reported that carbohydrate chains of therapeutic

antibodies are altered after administration in rats [12]. However, the inter-individual

difference in the structural alteration of therapeutic antibodies in human remains still unclear.

The first approved monoclonal antibody for cancer treatment, rituximab, has been

used in a standard treatment for patients with B-cell non-Hodgkin’s lymphoma (B-NHL). It

is a murine-human chimeric immunoglobulin G1 antibody against CD20. One of the

primary mechanisms of rituximab effect is ADCC, whereby natural killer (NK) cells bearing



an Fc receptor (CD16) bind to the antibody-targeted tumor cell to eventually mediate tumor

cell lysis.  Cyclophosphamide, doxorubicin, vincristine and prednisone (CHOP)

chemotherapy in combination with rituximab (R-CHOP) has dramatically improved the

clinical outcomes of B-NHL compared with CHOP only [13, 14]. Most patients treated with

rituximab as a first-line therapy have indicated useful clinical response for B-NHL [15-17].

However, it has also been reported that some patients who had indicated useful clinical

responses with rituximab-containing chemotherapy will relapse within a few years even after

remission and develop tolerance to rituximab treatment [18, 19]. The influence of

pharmacokinetic differences, especially in structural alteration, on the efficacy and safety of

the treatment is a matter of clinical interest.

As such, we examined plasma concentrations and structural changes of rituximab in

20 patients with B-NHL, and analyzed the relationship between pharmacokinetics and

glycoforms. To our knowledge, this is the first report to have documented changes in the

ratio of glycoforms after rituximab administration in humans.

Methods and Methods



Study designs

B-NHL patients who were treated with rituximab for the first time or after more

than one year’s abstinence were recruited between May 2015 and August 2016 at Kyoto

University Hospital.  All patients received chemotherapy containing rituximab in line with

standard clinical practice, as shown in Table 1. Blood samples were collected before and 1

hour after the initial administration of rituximab and on day 7 ( 2), 14 (£ 2) and at trough.

The primary endpoint of this study was to assess structural alteration of rituximab and its

inter-individual variations.  This study protocol, which was approved by the Ethics

Committee of Kyoto University Graduate School and Faculty of Medicine and Kyoto

University Hospital (E2472), was described in accordance with the precepts established in the

Declaration of Helsinki promulgated in 1964. Al patients, who were eligible for

participation, provided written informed consent before registration/participation.  This trial

was registered at the University Hospital Medical Information Network-Clinical Trial

Registry System (UMINO000016713).

Determinations of rituximab concentration and anti-rituximab antibody levels in plasma



Rituximab concentration was determined by LCMS-8040 (SHIMADZU, Kyoto,

Japan), as previously reported with some modifications [20, 21]. Briefly, to obtain specific

peptide for rituximab from its Fab region, plasma was pretreated using nSMOL™ Antibody

BA kit (SHIMADZU, Kyoto, Japan) according to the provided protocol. We chose

ASGYTFTSYNMHWVK peptide as the rituximab signature peptide. The detection limit

was 1 ug/mL. Target-Mediated Drug Disposition model can be appropriate to calculate the

pharmacokinetic parameters of rituximab [22]. However, the number of samplings was

small especially in the initial phase, and the parameters could not be properly obtained.

Instead, two-compartmental analysis with WinNonlin® version 6.0 (Pharsight, Sunnyvale,

CA, USA) was used in this study.

Anti-rituximab antibody was determined by using Anti-Infliximab, ELISA Kit

(Somru BioScience Inc., Prince Edward Island, Canada).

Analysis of rituximab structure in the plasma of patients

Structural analysis of rituximab was carried out as previously reported with

modifications [12]. In brief, rituximab was isolated from 1-2 mL of plasma using anti-

rituximab antibody (MB2A4) (Gene Tex, California, USA). Activated papain was added to



the rituximab solution at a final concentration of 15% (w/w) before being incubated for 8

hours at 37°C. The digested rituximab was analyzed by Agilent 6530 Accurate-Mass Q-

TOF LC/MS system (Agilent Technologies, California, USA). Data were analyzed using

MassHunter Workstation Software Qualitative Analysis B. 06. 00 (Agilent Technologies,

California, USA).

Antibodies for flow cytometry

The following monoclonal antibodies to human antigens were used for staining of

human Peripheral blood mononuclear cells (PBMCs): APC-conjugated anti-CD56 (clone:

HCD56), Alexa Fluor 700-conjugated anti-CD38 (clone: HIT2), BV650-conjugated anti-

CD19 (clone: HIB19), FITC conjugated CD3 (clone: UCHT1) (Bio Legend, Inc., California,

USA) and BV650-conjugated anti-CD3 (clone: UCHT1) (BD Biosciences, California, USA).

Anti-FcR Blocking Reagent (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) was used

to block Fc receptors. Dead cells were detected using the LIVE/DEAD® Fixable Aqua Dead

Cell Stain Kit (Thermo Fisher Science, Massachusetts, USA).

Flow cytometry
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PBMCs isolated from the blood by density gradient separation using Ficoll-Paque

Plus (GE Healthcare UK Ltd., Little Chalfont, UK) were stored in liquid nitrogen in 10%

dimethyl sulfoxide, 40% FBS and 50% RPMI1640. Cryopreserved PBMCs were thawed at

37°C and washed with PBS and Benzonase® Nuclease (Merck, Darmstadt, Germany). They

were stained with appropriate antibodies in FACS buffer (BD Biosciences, California, USA)

for 30 minutes, and subsequently analyzed with BD FACS Arialll (BD Biosciences,

California, USA). Compensation controls were generated using OneComp eBeads (Thermo

Fisher Scientific, Massachusetts, USA). Data were analyzed by using FlowJo software

(Tree Star Inc, Oregon, USA). The gating approach for B cells and NK cells was showed in

Supplemental Figs. 1 and 2, respectively.

Statistical analysis

Statistical analysis was performed using the paired t-test for two-group

comparisons and the one-way repeated measures Analysis of Variance (ANOVA) with

Dunnett’s multiple comparisons test for multiple-group by using GraphPad Prism 5.0

(GraphPad Software Inc.), and differences where P< 0.05 were considered as statistically
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significant. The Smirnov-Grubbs’ test was used for evaluating the outlier with GraphPad

Prism 5.0, and differences where P < 0.1 were considered as statistically significant.

Results

Patient characteristics

A total 20 patients participated in this clinical research. The characteristics of

patients are summarized in Table 1. Types of B-NHL in this study included 9 cases with

follicular lymphoma (FL), 7 cases with diffuse large B-cell lymphoma (DLBCL), 2 cases with

FL/DLBCL, and others (n=2). The therapy regimens used for these patients were mainly R-

CHOP (n=10) and R-CVP, Cyclophosphamide, vincristine and prednisone chemotherapy in

combination with rituximab, (n=7). High levels (> 1000 U/mL) of soluble IL-2 receptor

(sIL-2R), which can be used as a marker of lymphoma, were observed in 14 patients.

Patient RTX1 (Table 1) had severe renal failure and protein urine.  Clinical response to the

treatment was assessed after 6 to 8 courses of the treatment with rituximab, and 19 of 20

patients exhibited complete response. The remaining one patient was diagnosed as having

partial response.  Anti-rituximab antibody was not detected in any of the patients.
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Plasma concentration profile of rituximab in B-NHL patients

Plasma concentrations of rituximab were determined by LC-MS/MS with nano-

Surface and Molecular-Orientation Limited (nSMOL) bioanalysis. Three of twenty patients

(RTX1, RTX2 and RTX3) showed rapid clearance of rituximab (Fig. 1): their trough

concentrations were very low (ca. 1 pg/mL) at around 21 days after administration, while the

other patients exhibited sufficiently high concentrations (>10 pg/mL). Pharmacokinetic

parameters are shown in Table 2.  Patients showing rapid rituximab clearance exhibited

about 4-fold higher clearance compared with others. In addition, the average half-life value

in elimination phase was only 2.6 days in the high-clearance group. To confirm these

results, we further employed a different analytical method, enzyme-linked immunosorbent

assay (ELISA), to determine plasma rituximab concentrations (Supplemental Fig. 3).

Assessment of alteration of rituximab glycoforms in B-NHL patients

We determined the structural alteration of rituximab in the B-NHL patients. The

deconvoluted masses of fragment antigen-binding (Fab) fragments were not significantly

different between the isolated samples collected at 1 hour after administration and at the

13



trough (Fig. 2A). Moreover, when we assessed the carbohydrate chains attached to the Fc

region of rituximab at 1 hour after administration and at the trough concentrations using LC-

TOF/MS, 9 types of carbohydrate chains were detected (Figs. 2B and 2C), corresponding to

the previous study with a formulation of rituximab [12]. The composition ratios of

glycoform II, 111, IV, VI and IX in plasma rituximab were significantly different (p<0.05)

between at 1 hour after administration and at the trough (Fig. 3). The composition ratios of

glycoform I at the trough were much lower in the high-clearance patients (RTX1, RTX2 and

RTX3) than the other patients. In addition, when the rates of change in carbohydrate chains

were assessed in each patient (Fig. 4), the composition ratios of glycoforms V, VI and IX

were remarkably increased in RTX3 (p<0.1). The rate changes in glycoform IX in RTX2

and glycoform VIII in RTX9 were also significant.

CD3CD19" B cells depletion after rituximab treatment

We assessed the ratios of CD3"CD19" B cells by flow cytometry comparing with

specimens before and after treatment, since rituximab tends to bind to normal B cells (CD3"

CD19%) as well as lymphoma cells.  In rituximab-treated patients, CD3"CD19" B cells were

almost completely depleted, and content ratios of these cells after treatment were <4 % (Fig.

14



5); ratios of CD3"CD19" B cells decreased after rituximab treatment in 18 of 20 patients.

The remaining 2 patients (RTX6 and RTX20) showed slight increases in their ratios,

exhibiting 0.62% and 1.43% at the trough and <1% even before treatment, respectively.

This depletion was also observed in the 3 patients who showed rapid clearance of rituximab

as follows: the ratios of CD3'CD19" B cells varied in patient RTX1 (11.4 to 0.48%), RTX2

(6.47 to 0.18%), and RTX3 (7.85 to 3.74%), respectively.

Rituximab induced CD38 up-regulation on human NK cells

We next investigated if rituximab administration would induce up-regulation of

CD38, which is known as an activation marker of NK cells [23]. Mean fluorescence

intensities (MFIs) of CD38 significantly (p<0.05) increased after rituximab treatment

compared with pre-treatment values (Fig. 6A). The 3 patients who showed rapid clearance

also exhibited an analogous trend (Fig. 6B): their relative MFIs of CD38 at trough did not

exhibit any significant difference compared with those of the normal group (Fig. 6C).

Discussion
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Therapeutic monoclonal antibodies have heterogeneities in their structure, while

their structural alterations in the body remain unclear. Recently, we have developed a new

method to isolate rituximab from plasma (since endogenous IgGs interfere in the analysis of

rituximab), and successfully established an analytical approach to determine the structural

alteration of rituximab derivatives using LC/TOF-MS [12]. The plasma concentration of

rituximab in clinical trials is measured by ELISA using anti-rituximab antibody (MB2A4),

which was used to isolate rituximab from plasma in this study [24, 25]. The use of the

present analytical method in combination with ELISA makes it possible to clarify and reveal

pharmacokinetic information of therapeutic antibodies in the body. In this study, we

monitored the alteration of carbohydrate chains and their inter-individual differences.

Although alteration of the composition ratio was observed in some carbohydrate chains, the

degree of the alteration was lower than that observed in our previous rat experiment [12]. In

this study, inter-individual differences of plasma concentrations were observed in 3 of 20

patients who exhibited higher rituximab clearance. Intriguingly, 3 patients (RTX1, RTX2

and RTX3) with a high rituximab clearance indicated lower ratios of glycoform I at trough.

In addition, patient RTX2 and RTX3 exhibited higher ratios in glycoform IX. RTX3 exhibited

a high rate of change in several glycoforms. It has also been demonstrated that a high-
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mannose type glycan in the Fc region increases the 1gG clearance rate in humans due to

cellular uptake via the mannose receptor [10, 11], although none with a high-mannose type

related to rituximab were detected in the present study. Based on these findings, it appears

that carbohydrate chains could affect the binding of antibodies to Fc receptors (including

FcRn) regulating the recycling of antibodies from lysosomes [26, 27]. In addition, it was

reported that batch-to-batch variability in the glycoforms of rituximab was small, but

significantly observed [28]. Therefore, we suggest that detailed relationships between the

clearance of therapeutic antibodies and the alteration of their carbohydrate chains as well as

batch-to-batch variability should be analyzed in drug development to provide a better

understanding of the inter-individual variations of therapeutic antibodies.

Several factors may induce increasing clearance of therapeutic antibodies.

Counsilman et al. [29] have reported that rituximab is rapidly excreted into the urine in

patients with severe nephrosis. In the present study, since patient RTX1 had severe

proteinuria, rituximab would have been excreted into the urine. However, as the other 2

patients (RTX2, RTX3), who exhibited high-clearance rituximab in our study, had no renal

failure, other factors might have induced the high rituximab clearance. The volume of target

cells (antigens) [30, 31], production of anti-drug antibodies [32], and downregulation or loss

17



of FcRn function [33], could have affected the pharmacokinetics of therapeutic antibodies.

In these 3 patients, large volumes of lymphoma cells (revealed by PET imaging and sIL-2R

levels) or anti-rituximab antibodies were not observed. It was reported that carboxylate

chains could affect the binding affinity to Fc receptors [34]. In tandem with FCRn

expression, which is regulated by inflammatory cytokines (such as tumor necrosis factor-

alpha) [35, 36], the factor of glycoforms (and other factors) may have influence the rituximab

pharmacokinetics. Conversely, control of sugar chain would enable pharmacokinetics

control of therapeutic antibodies.

On the contrary, patients with low plasma concentrations of rituximab did not show

any significant differences in pharmacological biomarkers of rituximab compared with other

patients, such as the deletion of B cells or the activation of CD38 on NK cells. These results

suggest that rituximab concentration in plasma is not critical to elicit the pharmacological

effects. In previous phase | trials, a dose-dependency of rituximab in relation to drug

efficacy was not observed at doses of >100 mg/m? [37, 38].  As such, we speculated that 375

mg/m? of rituximab (standard dosage) was an overdose in those studies, and it could be

possible to reduce the dosage of rituximab. However, recent studies correlated with baseline

metabolic tumor volume and gender have also suggested that the plasma concentrations of

18



therapeutic antibodies could be related to overall survival or progression-free survival rates

[39-41]. Further studies are warranted to clarify the relationships between pharmacokinetics

and efficacy in therapies using rituximab.

Conclusion

Inter-individual variations in plasma concentrations of rituximab were found in B-

NHL patients. We could analyze a change in glycoforms of rituximab in the patients, and

this finding may affect its pharmacokinetics. The batch-to-batch variability in the

glycoforms is also interesting. Not only plasma concentrations with conventional methods,

but overall structural analysis of therapeutic antibodies with new technologies will provide

useful personalized medical treatment using novel therapeutic antibodies.
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Figure Legends

Figure 1

Plasma concentration profiles of rituximab in each patient. The concentration was

determined by LC-MS/MS. Each connected line shows each patient. Red circle,

blue triangle and green square indicate RTX1, RTX2 and RTX3 patients who showed

rapid clearance of rituximab, respectively. The detection limit was 1 pg/mL.

Figure 2

LC/TOF-MS analysis of isolated rituximab from the plasma. Typical deconvoluted

mass spectra of Fab (A) and Fc/2 (B) fragments of rituximab in RTX18 patient. Lines

indicated the mass spectra of rituximab isolated from the samples at 1 hour after

administration and at the trough. The number and pattern diagram above each peak

indicate observed molecular weight and predicted structure of attached carbohydrate

chains, respectively. (C) Detected glycoforms in rituximab and the predictive

carbohydrate chains. The carbohydrate chains were named according to the proglycan
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system (www.proglycan.com). Theoretical Fc/2 molecular weights indicate the

molecular weights of Fc/2 fragments digested by papain.

Figure 3

Intra- and inter-individual variations of composition ratios in each glycoform.

Composition ratios of each glycoform were compared between at the time points of 1

hour and at the trough. Red circle, blue triangle and green square indicate RTX1,

RTX2 and RTX3 patients who exhibited rapid rituximab clearance, respectively. n.s.,

not significantly different, *P<0.05, significantly different by the paired t-test.

Figure 4

Inter-individual variations of rate of change in each glycoform. The rate of change of

each glycoform were compared between at the time points of 1 hour and at the trough.

Red, blue and green bars indicate RTX1, RTX2 and RTX3 patients. ~ Significant

differences where *P<0.1, **P<0.05, ***P<0.01 were verified by the Smirnov-Grubbs’

test.
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Figure 5

The ratios of CD3"CD19" B cells in PBMC were analyzed by flow cytometry before the

initial rituximab administration and at the trough in 20 patients. (A) The

representative Contour Plots (RTX4 patient) was shown. (B) The ratios of CD3"

CD19" B cells were compared with the time points of pre-administration and at the

trough. Red circle, blue triangle and green square represent RTX1, RTX2 and RTX3

patients, respectively. **P<0.01, significantly different by the paired t-test.

Figure 6

The expression of CD38 on NK cells were analyzed by flow cytometry at the time

points of before the initial administration of rituximab (Pre) and on day 7 + 2 (1 w), day

14 + 2 (2 w) and at the rough in 17 patients excluding RTX1, RTX16 and RTX20

patients whose samples could not be obtained at every point (A). Each column

represents the mean + SD. *P<0.01, **P<0.001, significantly different from Pre by the

one-way repeated measures ANOVA with Dunnett’s multiple comparisons test. (B)
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The patients were divided into two groups: High clearance (RTX1, RTX2 and RTX3

patients) and Normal (the others, N=17). Relative mean fluorescence intensity (MFI),

compared with those at pre-administration, was shown. Each column represents the

mean £ SD. They were not significantly different. (C) The histograms indicating

CD38 expression on NK cells in RTX1, RTX2 and RTX3 patients after the

administration of rituximab were shown.
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Table 1.

Characteristics of the patients

ID Gender | Age | Histology Regimens | Ann Arbor stage (S’LIJI7mZS (>y¥OBgfL) erJ(;{Qien Angr-liiigug((j;n ab Clinical response
RTX1 M 60 FL BR Stage IV 3160 6.24 ++ - CR
RTX2 M 61 FL R-CVP Stage IV 2390 7.59 - - CR
RTX3 F 68 MCL R-CVP Stage IVA 1960 6.73 - - CR
RTX4 F 65 FL R-CVP Stage III 3500 6.82 - - CR
RTX5 F 75 DLBCL R-CHOP Stage Il 16500 9.66 - - CR
RTX6 M 68 FL BR Stage IVB 4060 5.74 - - CR
RTX7 M 46 FL R-CHOP Stage A 2020 4.10 - - CR
RTX8 F 42 DLBCL R-CHOP Stage IV 1490 4.19 - - CR
RTX9 F 63 FL R-CVP Stage ITA 1540 8.97 - - CR
RTX10 M 53 DLBCL R-CVP Stage ITA - 3.99 - - CR
RTX11 F 67 FL R-CVP Stage IVA 442 3.88 - - CR
RTX12 F 25 DLBCL R-CHOP Stage II 264 6.31 - - CR
RTX13 F 68 FL R-CVP Stage 1A 1030 5.39 - - CR
RTX14 F 70 | DLBCL, FL R-CHOP Stage III 264 6.65 - - PR
RTX15 M 70 DLBCL R-CHOP Stage 1B 3960 3.63 - - CR
RTX16 M 48 DLBCL R-CHOP Stage II 248 7.00 - - CR
RTX17 M 48 FL BR Stage A 10700 12.2 - - CR
RTX18 F 58 | DLBCL, FL R-CHOP Stage IVA 1070 7.13 - - CR
RTX19 M 51 DLBCL R-CHOP Stage II 1460 9.87 - - CR
RTX20 M 67 IVLBL R-CHOP - 511 3.10 - - CR

M, Male; F, Female; FL, Follicular lymphoma; DLBCL, Diffuse large B-cell lymphoma; MCL, Mantle cell Lymphoma; IVLBL, intravascular large B cell

lymphoma; BR, Bendamustine and rituximab; R-CVP, Rituximab, cyclophosphamide, vincristine and prednisone; R-CHOP, Rituximab, cyclophosphamide,

doxorubicin, vincristine and prednisone; sIL-2R, soluble interleukin-2 receptor; WBC, White blood cell; CR, Complete response; PR, Partial response.




Table 2. Pharmacokinetic parameters of rituximab calculated by 2-compartmental analysis.

Co T AUCins CLtotal MRTint Vss
(Mg/mL) (day) (day*pg/mL) (mL/day) (day) (mL)
Normal 194.7 +39.2 155+ 6.7 2435.2 + 715.6 276.7 + 83.5 19.2+95 | 4703.6 + 1495.1
High Clearance 150.7 + 28.0 2.6+0.2 623.4 +125.9 1092.0 + 324.3 24+05 2514.2 + 440.9

Co, Initial concentration; T1, Half-life in elimination phase; AUCint, Area under the curve; CLiotal, Total clearance; MRTins, Mean residence time, Vss, Volume

of distribution. Mean + SEM.
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