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ABSTRACT
The intrinsic complexity and heterogeneity of therapeutic monoclonal antibodies is built into the
biosimilarity paradigm where critical quality attributes are controlled in exhaustive comparability studies
with the reference medicinal product. The long-term success of biosimilars will depend on reassuring
healthcare professionals and patients of consistent product quality, safety and efficacy. With this aim, the
World Health Organization has endorsed the need for public bioactivity standards for therapeutic
monoclonal antibodies in support of current controls. We have developed a candidate international
potency standard for rituximab that was evaluated in a multi-center collaborative study using participants’
own qualified Fc-effector function and cell-based binding bioassays. Dose-response curve model
parameters were shown to reflect similar behavior amongst rituximab preparations, albeit with some
differences in potency. In the absence of a common reference standard, potency estimates were in poor
agreement amongst laboratories, but the use of the candidate preparation significantly reduced this
variability. Our results suggest that the candidate rituximab standard can support bioassay performance
and improve data harmonization, which when implemented will promote consistency of rituximab
products over their life-cycles. This data provides the first scientific evidence that a classical
standardization exercise allowing traceability of bioassay data to an international standard is also
applicable to rituximab. However, we submit that this new type of international standard needs to be
used appropriately and its role not to be mistaken with that of the reference medicinal product.

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; CDC, complement-dependent cytotoxicity;
CPP, critical process parameters; CQA, critical quality attributes; FcgR, Fcɣ receptors; GCV, geometric coefficient of
variation; GM, geometric mean; HSA, human serum albumin; IgG, immunoglobulin G; IS, International Standard; IU,
International Units; MAA, marketing authorization application; mAb, monoclonal antibody; NFAT-RE, Nuclear factor
of activated T cells response element; NK, natural killer cells; PBMCs, peripheral blood mononuclear cells; RMP, ref-
erence medicinal product; WHO, World Health Organization
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Introduction

Biotherapeutic monoclonal antibodies (mAbs) have had a
major impact on healthcare, primarily in the fields of oncology
and inflammation.1,2 Their success and the patent expiry of
some of the earliest products has stimulated the interest of bio-
similar drug developers, and to date six biosimilar mAbs are
already approved in Europe. Remsima� and Flixabi� are
approved biosimilar products to the infliximab innovator prod-
uct Remicade�; Amgevita� and Imraldi� are biosimilars to the
adalimumab innovator product Humira�; and Truxima� and
Rixathon� are approved rituximab biosimilars for Mabthera�/
Rituxan�. In addition, a number of applications are currently
under assessment,3 and there are reports of at least 140 biosimi-
lar mAb development programs of which greater than 40 are of

rituximab.4,5 With many of these at the later stages of develop-
ment, it is expected that the increased availability of biosimilars
will further increase market competition and translate into
improved accessibility of these medicines to patients.

Biosimilarity is demonstrated through extensive compara-
bility studies that form part of both the non-clinical and clinical
modules of the marketing authorization application (MAA)
dossier. The biosimilar should conform to the reference medici-
nal product (RMP) quality target profile, which defines the tol-
erance level associated with its proven safe and efficacious
clinical record.6 Therefore, understanding the significance of
any product micro-heterogeneity is critical to the biosimilarity
concept.7 This micro-heterogeneity is scrutinized during the
process using orthogonal methods and contributes to what is
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known from the regulatory review as the “totality of evidence”
regarding biosimilarity.8 Once the biosimilar is approved, it
becomes an independent product with its own life-cycle. Post-
marketing changes in the manufacturing process for both
innovator and biosimilar products are common place and are
approved by the regulatory authorities.9,10 Careful control of
the product critical quality attributes (CQA) and critical pro-
cess parameters (CPP) are key, but potential drift, evolution
and divergence over a product’s life is acknowledged as a conse-
quence of the complexity of mAbs and their production in bio-
logical systems.11,12 So far, the extent and effects of product
drift within the growing number of approved biosimilars
remains a concern that as yet cannot be quantified.

The assessment of the biological properties of a mAb is an
essential component of the comparability exercise, and proprie-
tary “in house” reference standards are used by manufacturers
throughout the product’s life. MAb products are typically mar-
keted and dosed in mass units, with their biological activity
defined relative to the “in house” proprietary reference standard.
To date they are approved in the absence of public standards;
however, this represents a challenge for biosimilar manufacturers
because no reagents are available to calibrate bioassays and man-
ufacturer’s standard preparations. While the biosimilar regulatory
pathway is rigorous,13–17 the success of the biosimilarity regula-
tory process is dependent on establishing and sustaining confi-
dence in the quality of biosimilar products.

The World Health Organization (WHO) has recognized the
need for global standardization of biotechnology products,
including mAbs, to ensure their safety, quality and efficacy.18–20

Therapeutic mAbs are bioengineered products with no naturally
occurring equivalent, so crucially they represent a new class of
WHO international standard (IS) with as yet no precedence.
WHO IS for mAbs would be publically available stable lyophi-
lized preparations with the sole application in the control and
calibration of potency bioassays and “in house” reference stand-
ards by different stakeholders. They would define international
units (IU) of bioactivity, and hence facilitate the assessment and
management of mAbs across different manufacturers and juris-
dictions. In doing so, these ISs would support both innovator
and biosimilar manufacturers at various stages of product devel-
opment, as well as post-approval (i.e., upon manufacture process
change, product surveillance) when bioassays play a pivotal part
in ensuring the consistency, safety and efficacy of mAbs prod-
ucts. The use of a common bioactivity IS to which manufacturers
can calibrate their “in house” reference standards presents a
unique opportunity to understand any potential drift in bioactiv-
ity in a complex multi-product marketplace.

The existence of these ISs, however, would not infer changes in
the current dosage in mass units, and neither would these ISs be a
substitute for the regulatory role of the RMP in defining biosimilar-
ity or specific product activity (IU/mg), which are the explicit role
of the RMP and the remit of the competent authorities.14,17 Specifi-
cally, the IS should not bear any additional burden on the current
requirement for an extensive comparability exercise with the RMP,
but provide the necessary additional reassurance in bioassay and
local standards performance by allowing traceability to IU over-
time. In other words, the quality characteristics of the WHO IS
preparation, such as purity or specific activity, would not be used
to define the acceptable specific activity or purity of a biosimilar

product. Nevertheless, if adopted, bioactivity measurements
expressed in units traceable to the IS would assist in harmonizing
global product data, which could in principle support regulatory
decision-making. The distinct characteristics and roles of the RMP
and the IS are summarized in Table 1 and Fig. 1.

Rituximab is on the WHO list of essential medicines for a
basic healthcare system.21 It is a chimeric mAb that is used as a
monotherapy or in combination with chemotherapy regimens
for the treatment of CD20C B cell lymphoproliferative malig-
nancies, transplant rejection and autoimmune disorders.22-24

Current therapeutic indications include non-Hodgkin’s lym-
phoma, chronic lymphocytic leukemia, rheumatoid arthritis,
granulomatosis with polyangiitis and microscopic polyangii-
tis,25,26 and there is growing interest in its use for the treatment
of autoimmune diseases.27 With a molecular weight of approxi-
mately 144,544 Da, rituximab is composed of 1328 amino acids
and consists of a human kappa constant region, a human
immunoglobulin G1 (IgG1) Fc portion and murine variable
regions. It has a conserved N-glycosylation site at Asn297 of
both heavy chains to which biantennary glycan structures are
attached.28 The exact mechanism of action in vivo remains
unclear, but it is assumed that it exerts its effects by binding to
CD20C B lymphocytes with the concomitant induction of apo-
ptosis, either directly or by engagement of the Fc region with
immune effectors. Rituximab promotes B cell lysis through
complement-dependent cytotoxicity (CDC) and antibody-
dependent cell-mediated cytotoxicity (ADCC) upon binding to
Fcg receptors (FcgR) on effector cells that include natural killer
cells (NK), granulocyte and macrophages.29-31

Following WHO endorsement,32 we developed a candidate IS
for the biological activities of rituximab, and, for the first time, data
is available illustrating the potential benefits of using these new
class of reagents. Here, we report results of an international collabo-
rative study designed to assess the suitability of a lyophilized candi-
date antibody preparation to serve as an IS for rituximab
bioactivity with associated arbitrary IU. The results are discussed
and highlight the value of using ISs for the bioactivity of mAbs.
Using rituximab as a case study, we argue that this new class of bio-
logical standard could assist in managing product consistency over
time and consequently promotemarket assurance.

Results

International collaborative study data analysis

A multi-center international collaborative study was organized to
evaluate the suitability of a lyophilized candidate preparation as an
IS for the bioactivities of rituximab. Additionally, the study also
provides valuable information on other rituximab preparations, as
well as bioassay systems currently used to test rituximab products.
Sixteen laboratories performed bioassays for this study using their
own “in house” qualified methods and reference standards when
available. The CDC assay is the current batch release assay for rit-
uximab, but the studywas extended to include other relevant bioac-
tivities that are typically assessed during product development. Of
the participants, 16 performed CDC assays, 11 laboratories per-
formed ADCC assays, 5 laboratories performed cell-based binding
assays and 1 participant performed a direct apoptosis assay. A sum-
mary of the bioassays that contributed to the study is shown in
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Table 2. The complete data set was reviewed and included in an
independent statistical analysis performed for the purposes of this
study. In the first instance, we addressed whether different rituxi-
mab preparations were comparable in the various bioassays prior
to calculating the relative potency estimates of the study
preparations.

Qualitative comparison between rituximab preparations
bioassay responses

Rituximab products have inherent micro-heterogeneities
and the different laboratories in the study used different

methodologies to characterize the various biological activities
of rituximab. Thus, it is important to evaluate whether different
rituximab preparations have a comparable biological behavior
across this setting, and therefore whether a standardization
exercise for rituximab is plausible. Typically, this is the case for
other biological medicines of similar complexity to mAbs, such
as the tumor necrosis factor receptor II Fc fusion protein eta-
nercept,33 or coagulation factors such as Factor VIII,34 where
product bioactivities are traceable to the established WHO IS.
Three rituximab study preparations, including a coded dupli-
cate of the candidate (samples A and B) and a lyophilized
Mabthera� batch (sample C), as well as the participants’ “in
house” reference standard preparations when available, were
compared. “In house” reference standards were typically
innovator batches or manufacturers’ biosimilar preparations.
No single defined statistical method to compare bioassay dose-
response curve data is available in the current European and
United States Pharmacopoeias. To assess comparability
between the rituximab preparations, we used an “equivalence
testing” approach where curve similarity was demonstrated
using pre-defined acceptable ranges for the differences in model
parameters. For this, equivalence bounds were based on the
data for the coded duplicate samples tested in each assay, as
model parameters (upper asymptote, asymptote difference and
slope factor) are expected to be equivalent for these samples.
The equivalence bounds were calculated using the complete
data set, and they were intended for use only in the analysis of
the data from this study. The choice of equivalence bounds and
the effect on the qualitative similarity of the preparations (what

Figure 1. The roles of the WHO international standards (IS) and the reference
medicinal product (RMP) in relation to the bioassay. The WHO IS supports bioassay
performance and calibration. Bioassays are used as part of the comparability stud-
ies to demonstrate biosimilarity between the biosimilar product and the RMP.

Table 1. A comparison of the characteristics and roles of the reference medicinal product with that of a WHO international standard for mAb biological activity.

Considerations Reference Medicinal Product WHO International Standard

Approval process Approved by the competent authorities for defined
indications

Established by Expert Committee for Biological Standardization
(ECBS, in WHO) after an international collaborative study

Clinical use Clinical product for human use Not for human use
Safety and efficacy clinical records

Quality attributes (Physico-chemical
& Biological characteristics)

Defined product-specific physico-chemical and
biological characteristics as per licence specifications

Fit for purposea

Unitage of Bioactivity Manufacturer’s proprietary Units/mL§ acceptance
limit

Arbitrary IU per ampouleb

Specific bioactivity U/mg N/Ac

Labelling Labelled and dosed in mass International Units (IU)

Formulation Product-specific Product specific as per optimized process for long-term storage
and global distribution (often contains carrier protein or
sugars, i.e HSA or trehalose to stabilize preparation)d

Presentation Presentation is liquid or powder for reconstitution Typically glass sealed ampoules of lyophilized material under
dry nitrogene

Expiry date »2 years Usually decades

Stability Stable within expiration date and stored as per
manufacturer’s recommendation

As per stated in “Instructions for use”. (Long-term bioactivity
predicted by accelerated degradation studies).

Regulatory role Defines target product profile in biosimilarity
assessment

Nonef

Role in calibration and standardization None . Highest metrological order reference material
. Publically available
. Supports performance, calibration and validation of
both bioassays and manufacturers reference
standards

Data harmonization None Facilitates comparability of bioassay data between stakeholders
at pre- and post-marketing stages

aAs per WHO guidelines;36 bReplacement IS are calibrated against the 1st WHO IS; cNon applicable; it has no stated mass, thus has no defined specific activity; dFormula-
tion often interferes with physico-chemical methods which avoids unintended use of the International Standard. eSuitable for global distribution typically at room tem-
perature. fNo formal regulatory role per se but bioactivity measurements expressed in units traceable to the IS could support regulatory decisions.
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defines and is also referred to here as assay validity) for each
independent assay type is shown in the supplementary data
(Figures S1, S2, S3 and Tables S1-S5).

Non-parallelism of the dose-response curves as per defined
equivalence criteria was found in 0 to 78% of the bioassays when
individual laboratory data was assessed and the preparations com-
pared to the candidate (sample A). When the study preparations
were compared to the “in house” reference standards, non-parallel-
ism was found in 0 to 100% of the bioassays as per individual labo-
ratory. For the CDC assay, laboratories 2, 10 and 12 showed a high
percentage of invalid assays; however, these were observed across
various sample comparisons, including coded duplicates, and
therefore likely attributable to individual laboratory assay perfor-
mance. For these laboratories, individual assay data was variable,
which contributed to the differences in model parameters that
were outside the pre-defined acceptable range. Although limited
data is available to stratify the ADCC assay by type (5 reporter
assays, 3 NK cell line killing assays and 3 primary cell-based killing
assays) and assay validity is also dependent on individual labora-
tory performance, we noted that, in general, the NK cell line killing
assays seemed to show greater comparability between preparations
(lower number of invalid assays). The reporter assays trended

towards showing more pronounced differences between the candi-
date preparation and the “in house” references. Extreme values
(defined as the maximum of the upper 90% confidence limit and
reciprocal of the lower 90% confidence limit) for the ratio of
parameter estimates between the sample preparations for each
individual assay, laboratory and bioassay type can be found as sup-
plementary data (Figures S4-S6). All of the laboratories in the
study, with the exception of one laboratory that did not return any
valid CDC assay data when comparing sample C to their “in house”
reference standard, produced assays where preparations were qual-
itatively comparable, and thus acceptable under the set criteria.
These assays were used to calculate the sample relative potency esti-
mates (supplementary data Table S5).

Preliminary assays were performed by each laboratory to
establish suitable dilution ranges for the study preparations
using their qualified bioassays. Laboratory 11 reported failed
system suitability criteria for their peripheral blood mononu-
clear cells (PBMC)-killing ADCC assay when their “in house”
rituximab reference standard was used at the concentration
optimized for the study preparations, and only returned data
for samples A, B and C. It was noted that single gene reporter
ADCC assays showed a decrease in bioactivity at the higher

Table 2. Summary of the bioassays that contributed to the study.

Laboratory
code Bioactivity

Target cell
line

Source of
Complement

Ratio
E:Ta

Assay
Type

Assay duration
(h)b

In house reference
standard

Assay read out
(reagent)

1 CDCc WIL2-S Human N/Ad Viability 18 Yes Fluorescence (Alamar Blue)
ADCCe WIL2-S N/A 6 Reporter gene 6 Yes Luminescence (Luciferase)

2 CDC WIL2-S Human N/A Viability 18 – Fluorescence (Alamar Blue)
3 CDC WIL2-S Human N/A Viability 20 § 4 Yes Fluorescence (Alamar Blue)
4 CDC WIL2-S Human N/A Viability 18 – Fluorescence (Alamar Blue)
5 CDC WIL2-S Rabbit N/A Viability 18 § 2 Yes Fluorescence (Alamar Blue)
6 CDC Raji Rabbit N/A Viability 2 Yes Luminescence (Cell-titre Glo)

ADCC Raji N/A 19 NK cell line Killing 1 Yes Fluorescence (Calcein AM release)
Binding Raji N/A N/A Competition

binding
»1 Yes Fluorescence (FACs)

Apoptosis Z-138 N/A N/A Apoptosis 24 § 1 Yes Fluorescence (Annexin-V by FACS)
7 CDC WIL2-S Human N/A Viability 6 Yes Colorimetric (MTS)

ADCC WIL2-S N/A 7.6 Reporter gene 19 Yes Luminescence (Luciferase)
8 CDC Raji Human N/A Viability 7 Yes Colorimetric (CCK-8)

ADCC WIL2-S N/A 5 Reporter gene 6 Yes Luminescence (Luciferase)
Binding Raji N/A N/A Binding 0.5 Yes Fluorescence (2ry Ab detection by

FACS)
9 CDC Raji Human N/A Toxicity 5 Yes Colorimetric (LDH)
10 CDC WIL2-S Human N/A Viability 4–4.5 Yes Colorimetric (CCK-8)

ADCC Raji N/A 1 NK cell line Killing 2.5 Yes Colorimetric (LDH)
Binding WIL2-S N/A N/A Binding 1–1.5 Yes Colorimetric (2ry Ab detection)

11 CDC WIL2-S Rabbit N/A Viability 2 Yes Fluorescence (Alamar Blue)
ADCC WIL2-S N/A 5:1 PBMC based Killing 4 – Fluorescence (Cyto-tox reagent)

12 CDC Daudi Human N/A Toxicity 2 Yes Luminescence (Cell-titre Glo)
ADCC Daudi N/A 5 Reporter gene 4 Yes Luminescence (Luciferase)
Binding Daudi N/A N/A Binding 0.5 Yes Fluorescence (2ry Ab detection by

FACS)
13 CDC WIL2-S Rabbit N/A Toxicity 1 Yes Fluorescence (Calcein AM release)

ADCC WIL2-S N/A 25 NK cell line Killing 1 Yes Fluorescence (Calcein AM release)
14 CDC Jeko Rabbit N/A Viability 2 – Luminescence (Cell-titre Glo)

ADCC Jeko N/A 8 Primary NK cell
Killingb

18–22 – Luminescence (Cyto-tox Glo)

15 CDC WIL2-S Human N/A Viability 2 Yes Colorimetric (CCK-8)
ADCC Raji N/A 16 PBMC based Killingb 4 Yes Fluorescence (Calcein AM release)

16 CDC WIL2-S Human N/A Viability 18 Yes Fluorescence (Alamar Blue)
ADCC WIL2-S N/A 8 Dual-reporter gene 18 – Luminescence (Firefly & Renilla

Luciferase)
Binding WIL2-S N/A N/A Binding 1 Yes Fluorescence (2ry Ab detection by

FACS)

aE:T- effector: target cell ratio; b(h) hours; cCDC: Complement-dependent cytotoxicity; dN/A: non-applicable; eADCC: Antibody-dependent cell-mediated cytotoxicity.
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antibody concentration(s) and one or two doses were excluded
in the analysis (laboratories 1, 7, 8, 10 and 12). Furthermore,
laboratory 15 also reported reduced activity for the study prep-
arations at the highest concentration using their validated
ADCC reporter assay, whilst this effect was not observed when
using their “in house” reference standard. However the labora-
tory successfully performed an end-point killing assay using
PBMC with both the study preparations and their “in house”
reference standard, and returned data that was included in the
analysis contributing to the potency results.

The data showed that, in general, all of the rituximab prepa-
rations had a comparable behavior other than some differences
in potency. Invalid assays were mostly related to poor relative
laboratory bioassay performance and were subsequently removed
for the calculation of relative potencies. This data demonstrates
that the candidate reference standard closely resembles other rit-
uximab preparations in the bioassay systems used to test them.
Therefore, the results reflect that the applicability of the bioassay
IS concept can be extended to rituximab mAb products.

Estimates of relative potency to “in house” reference
standards

Manufacturers develop “in house” reference standards to charac-
terize their products during development, and to calibrate their
bioassay (system suitability standards). From preliminary stand-
ards to primary and working standards, these reagents adapt to
the different stages of the product life accommodating different
applications, such as managing process changes, scale up of pro-
duction and product stability. Reference standards used in late
development and in analytical assessment of biosimilarity are val-
idated and undergo extensive characterization. In addition, strate-
gies for periodical re-evaluation and replacement of primary and
working standards are essential in product regulatory submission
dossiers. Potency estimates for the study preparations (samples
A, B and C) were calculated for each laboratory and bioactivity
using “in house” reference standards when available (Tables 3–6).
“In house” reference standards used in the study are assumed to

be those routinely supporting product development, system suit-
ability or non-clinical/clinical studies by the participating manu-
facturers. Where an “in house” reference preparation was
unavailable, some laboratories used a clinical batch of the innova-
tor product.

The CDC activity potency estimates (geometric mean (GM)
value) for the individual laboratories for samples A and C relative
to the “in house” reference standard ranged from 0.95 to 1.48 and
0.93 to 1.47, respectively (Table 3). The intra-laboratory variabil-
ity of these estimates ranged from 3% to 13%. For ADCC activity,
potency estimates ranged from 0.44 to 2.17 and 0.64 to 2.42 for
sample A and C, respectively, with intra-laboratory variability
(geometric coefficient of variation (GCV)) ranging from 7% to
36% (Table 4). The GM potency values for cell-binding range
between 0.57 and 1.09 and from 0.57 to 1.04 for samples A and C,
respectively with GCV between 7% and 17% (Table 5). The apo-
ptosis assay was performed by only one laboratory that estimated
a relative potency of 1.09 for sample A and 1.01 for sample C with
a GCV of 13% and 11%, respectively (Table 6).

The combined potency estimates for each bioactivity, associ-
ated GCV and confidence limits are shown in Table 7. The high
GCV values represent a measure of the large inter-laboratory
variability reflecting the wide distribution of bioactivity potency
values found for the individual laboratories. For CDC bioactiv-
ity, the GCV values of the combined GM potency estimates for
samples A and C were 16% and 14%, respectively. For ADCC
activity, the GCVs were 62% and 51%, and for cell binding
assays, the GCVs were 33% and 29% for samples A and C,
respectively. In all cases the high variability associated with the
combined estimate potency values demonstrated poor agree-
ment between laboratories when potency was calculated rela-
tive to “in house” reference standards (Fig. 2).

Estimates of relative potency to the candidate preparation

A rituximab potency IS will be used to define IU of bioactivity
for rituximab, and it will become the highest order public stan-

Table 3. Individual laboratory relative potency estimates (geometric mean) for CDC assays.

Versus IH Refa Versus candidate (Sample A)

Candidate (Sample A) Sample C Coded duplicate (Sample B) Sample C

Lab GM %GCV n GM %GCV n GM %GCV n GM %GCV n

1 1.01 10 9 0.98 12 8 0.99 16 8 0.99 17 8
2 Not available 1.03 11 3 0.95 19 3
3 1.00 7 9 0.98 8 9 1.00 5 9 0.98 5 9
4 Not available 1.03 10 9 0.97 7 9
5 1.15 7 9 1.12 9 9 0.96 7 9 0.98 10 9
6 1.01 n/a 2 1.07 7 4 0.95 n/a 2 1.02 2 3
7 1.08 12 14 1.01 7 8 0.99 6 7 0.92 13 7
8 0.99 9 8 0.93 9 8 0.98 9 8 0.95 9 7
9 1.26 4 8 1.22 8 8 0.99 4 9 0.96 8 9
10 1.48 n/a 2 n/a n/a 0 1.05 6 5 1.16 n/a 2
11 1.11 12 9 1.13 13 8 1.02 10 8 1.03 10 8
12 1.42 n/a 2 1.47 n/a 1 1.00 5 4 0.97 6 3
13 0.96 7 9 0.95 4 9 1.00 9 9 0.99 6 9
14 Not available 0.98 4 8 0.98 6 7
15 0.99 4 9 0.99 3 9 1.00 3 9 1.00 3 9
16 0.95 6 8 0.94 7 8 1.00 7 7 0.99 4 8

a“In house” reference standard.
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dard for rituximab bioassays. The participants used their “in
house” qualified methodologies to assess the bioactivity of two
rituximab preparations, sample B (coded duplicate) and sample
C, using the candidate preparation as reference standard.
Potency estimates for the individual laboratories and bioassays
are summarized in Tables 3–6.

The GM potency estimates for CDC activity were in good
agreement between the 16 laboratories ranging from 0.95 to
1.05 and 0.92 to 1.16 for sample B and sample C, respectively
(Table 3). Intra-laboratory GCV values ranged from 2% to 19%,
similarly to the GCV associated with the potency estimates
when expressed relative to “in house” references as shown
before. For ADCC assays, intra-laboratory variability ranged
from 7% to 35% for the individual laboratories, also comparable
to the GCV values for potency estimates calculated relative to
“in house” references (Table 4). The GM potency estimates for
ADCC ranged from 0.86 to 1.03 and from 1.06 to 1.60 for sam-
ples B and C, respectively, values that were much less dispersed
than those calculated relative to “in house” reference standards.

The potency estimates for sample C skewed towards values
above 1.0, which suggest a higher ADCC bioactivity relative to
the candidate preparation. The calculated GM relative potencies
for cell-binding assays ranged from 0.95 to 1.02 and 0.88 to
1.02 for sample B and C, respectively, with an intra-laboratory
variability (GCV values between 1% and 19%) also comparable
to that calculated with “in house” reference standards (Table 5).
The apoptosis assay performed by one laboratory showed a GM
potency of 1.00 and 0.89 for samples B and C, respectively and
an intra-laboratory GCV of 12% for both estimates (Table 6).

The combined potency data relative to the candidate for
each bioactivity, associated GCV and confidence limits are
shown in Table 8. In general, the inter-laboratory variability
was low with close agreement between GM relative potency val-
ues. For CDC, the GCV was 3% and 5% and the combined
potency estimates were 1.00 and 0.99 for sample B and C,
respectively. These GCVs were considerably lower than those
calculated relative to “in house” reference standards. The inter-
laboratory GCVs for the combined ADCC potency data was

Table 4. Individual laboratory relative potency estimates (geometric mean) for ADCC assays.

Versus IH Refb Versus candidate (Sample A)

Candidate (Sample A) Sample C Coded duplicate (Sample B) Sample C

Methoda Lab GM %GCV n GM %GCV n GM %GCV n GM %GCV n

ADCC-R 1 0.85 26 5 0.95 25 6 0.96 30 9 1.06 23 7
ADCC-NK 6 1.28 21 6 1.39 20 7 1.00 13 8 1.11 15 7
ADCC-R 7 1.46 27 15 1.73 16 7 0.99 17 9 1.32 29 6
ADCC-R 8 0.94 7 5 1.17 7 9 1.01 7 9 1.25 7 9
ADCC-NK 10 0.44 21 9 0.64 15 9 0.91 18 9 1.44 25 9
ADCC-P 11 Not available 1.03 33 7 1.60 21 7
ADCC-R 12 2.17 n/a 2 2.42 13 6 1.00 20 6 1.06 22 5
ADCC-NK 13 0.75 10 9 1.13 14 9 0.99 10 9 1.50 8 9
ADCC-P 14 Not available 0.92 25 3 1.48 13 4
ADCC-P 15 0.78 32 8 0.92 36 8 0.86 20 7 1.17 35 7
ADCC-DR 16 Not available 0.93 12 7 1.26 15 6

aADCC-R and ADCC-DR indicate labs using a single or dual gene reporter assay, respectively and end-point killing based assays are shown as ADCC-NK and ADCC-P for
assays using NK cell lines or primary cells, respectively; b“In house” reference standard.

Table 5. Individual laboratory relative potency estimates (geometric mean) for cell-binding assays.

Versus IH Refa Versus candidate (Sample A)

Candidate (Sample A) Sample C Coded duplicate (Sample B) Sample C

Lab GM %GCV n GM %GCV n GM %GCV n GM %GCV n

6 1.09 7 7 1.04 8 6 0.99 7 9 0.93 11 8
8 0.91 17 3 0.92 11 3 1.02 19 3 1.01 11 3
10 0.57 12 5 0.57 9 6 0.96 16 5 1.01 5 4
12 Not available 0.99 10 3 1.02 n/a 1
16 0.97 9 3 0.86 8 3 0.95 4 3 0.88 1 3

a“In house” reference standard.

Table 6. Individual laboratory relative potency estimates (geometric mean) for apoptosis assays.

Versus IH Refa Versus candidate (Sample A)

Candidate (Sample A) Sample C Coded duplicate (Sample B) Sample C

Lab GM %GCV n GM %GCV n GM %GCV n GM %GCV n

6 1.09 13 9 1.01 11 7 1.00 12 7 0.89 12 7

a“In house” reference standard.
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6% and 16% for samples B and C, respectively, values that were
also significantly lower than those found when the “in house”
reference was used as a standard. The combined GM value of
1.28 for sample C suggests a higher ADCC bioactivity relative
to the candidate. Similarly, a reduced inter-laboratory variabil-
ity for cell-binding assays with GCVs of 3% and 7% for sample
B and C, respectively, was observed. The use of the candidate
rituximab preparation as reference standard clearly showed
increased harmonization of the bioactivity data amongst the
participant laboratories (Fig. 2).

Accelerated degradation studies

Accelerated degradation studies were performed to predict
the long-term stability of the candidate preparation and cal-
culate expected annual bioactivity loss. The relative

bioactivities of accelerated thermal degradation samples can
be used to fit an Arrhenius equation relating degradation
rate to absolute temperature assuming first-order decay,35

and hence predict the degradation rates when stored at
¡20 �C. At the time we analyzed the data, only one data
point at 10 months was available, and no detectable loss of
CDC or ADCC bioactivity was found even at the higher
temperatures (Table 9). Stability over an extended period of
time is a pre-requisite for an IS. Both stability prediction
and monitoring studies are currently ongoing.

Proposed assignment of international units of bioactivity
for the candidate preparation

Prior to our work, no rituximab IS or reference method to test
the bioactivity of the rituximab candidate existed. Thus,

Table 7. Potency summary data relative to “in house” reference standards (IH Ref).

Versus IH Ref

Candidate (Sample A) Sample C

Method GM LCL UCL % GCV n GM LCL UCL % GCV n

CDC 1.10 1.00 1.20 16 13 1.06 0.97 1.15 14 12
ADCC 0.98 0.65 1.47 62 8 1.20 0.85 1.69 51 8
Binding 0.86 0.55 1.36 33 4 0.83 0.55 1.25 29 4
Apoptosis 1.09 n/a n/a n/a 1 1.01 n/a n/a n/a 1

Standard
Sample

Method

Sample AIH Ref
Sample CSample BSample CSample A

BindingADCCCDCBindingADCCCDCBindingADCCCDCBindingADCCCDC

3

2

1.5

1.25

1

0.8

0.66

0.5

0.33

G
M

Figure 2. Summary bioassay data of geometric mean (GM) relative potency estimates using “in house” reference (IH Ref) or the candidate (sample A) as a standard. Boxes
represent the interquartile range and the line shows the median. The bars represent the range and � shows outliers defined as 1.5 times the interquartile range.
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typically a variety of methods have been used to assign an arbi-
trary value to the IS, and the definition of an IU is therefore not
dependent on a specific method of determination.36 In line with
its role to support bioassay performance, calibration and valida-
tion, and the various biological activities of rituximab, arbitrary
IU for the 4 independent bioactivities assessed are proposed.
Each ampoule of the candidate rituximab preparation (National
Institute for Biological Standards and Control (NIBSC) code
14/210) will be proposed for assignment of 1,000 IU of CDC
activity, 1,000 IU of ADCC activity, 1,000 IU of cell-binding
activity and 1,000 IU of apoptotic activity. It is important to
emphasize that the content of rituximab per ampoule is nomi-
nal and no declared mass content for the proposed preparation
will be given. As such, the proposed unitage will not define a
specific activity for the preparation (that is U/mg) and will not
be intended for any use that derives or infers specific activity for
regulatory purposes (Table 1).

Discussion

In this study, the criteria describing comparable bioassay
behavior between rituximab preparations, hence assay validity,
was based on data from coded duplicate preparations where
differences can only be attributed to assay performance. In gen-
eral, only a low and a similar percentage of assays in the study
revealed differences in the qualitative behavior of any two given
preparations regardless of the rituximab samples compared
(i.e., coded duplicate, sample C or “in house” reference). This

data suggests that the rituximab preparations were comparable
in the individual bioassay types, despite the differences in
potency observed. Between 70–85% of the bioassays were valid,
and all of the 16 laboratories reported data that contributed to
the overall potency estimates. It is important to note that an
invalidity rate of at least 10% is to be expected due to the statis-
tical methods applied to determine equivalence criteria. This
data provides the first scientific evidence to suggest that the
applicability of a classical standardization exercise that allows
traceability of bioassay potency data to the IS is also possible
for rituximab. Therefore, this work presents the first candidate
standard for the biological activities of a mAb with no natural
equivalent, representing the introduction of a new class of IS.
In general, data for the CDC, ADCC and cell-based binding
activities showed very poor agreement between laboratories
when the potency estimates of the study preparations (sample
A, B and C) were expressed relative to the “in house” reference
standards. These results presumably reflect the differences
between the “in house” reference standards and highlight a gen-
eral lack of harmonization. The greatest variability between lab-
oratories was observed for the ADCC assay (GCV of 62% and
51% for sample A and C, respectively). This may be explained
by the intrinsic complexity of the ADCC assay, the different
assay platforms used or the differences in the individual labora-
tory’s assay sensitivity. The later may relate to potential varia-
tions in some quality attributes of the “in house” reference
standards that may be significant for ADCC, but may not have
such an effect on other rituximab bioactivities, i.e., different
glycosylation profile may affect ADCC activity as described
before,37,38 but may be less likely to affect CDC activity or target
cell binding.39,40 The higher intra-laboratory variability
(7–36%) for ADCC compared to CDC, cell-based binding or
apoptosis assays (3–17%) may also reflect specific challenges of
the ADCC bioassay. However, no association with individual
ADCC assay platforms or intra-laboratory assay variability was
found. Neither could the inter-laboratory variability in ADCC
activity be linked to the assay platform suggesting that the
reported differences mainly reflect the differences between the
“in house” reference standards. Moreover, when calculating rel-
ative bioactivity ratios for the “in house” references (i.e., CDC/
ADCC), different values are observed, further suggesting prod-
uct heterogeneity that translates into different relative func-
tional effects.

The inhibition of ADCC bioactivity in the reporter assays at
the highest concentrations of the study preparations is an interest-
ing observation. Direct effects on the surrogate effector cells and
direct cytotoxicity or steric hindrance as the total protein concen-
tration increases could be a contributing factor. In addition, the

Table 8. Potency summary data relative to the candidate preparation.

Versus candidate (Sample A)

Coded duplicate (Sample B) Sample C

Method GM LCL UCL % GCV n GM LCL UCL % GCV n

CDC 1.00 0.98 1.01 3 16 0.99 0.96 1.01 5 16
ADCC 0.96 0.93 1.00 6 11 1.28 1.16 1.41 16 11
Binding 0.98 0.95 1.02 3 5 0.97 0.90 1.05 7 5
Apoptosis 1.00 n/a n/a n/a 1 0.89 n/a n/a n/a 1

Table 9. Accelerated degradation studies: Potency estimates for the candidate
preparation stored at elevated temperatures for 10 months relative to ampoules
stored at baseline temperature of ¡70 �C. The 95% upper and lower confidence
limits are also shown.

Using ¡70 �C as reference

Bioactivitya Storage Temperature Relative potency 95% LCL 95% UCL

CDC 56 �C 0.90 0.87 0.93
45 �C 0.95 0.92 0.99
37 �C 1.00 0.93 1.06
20 �C 1.00 0.92 1.08
4 �C 0.97 0.92 1.02

¡20 �C 0.95 0.91 1.00
ADCC 37 �C 0.93 0.87 1.00

¡20 �C 1.01 0.94 1.08

aOne assay with two independent plates per temperature and two independent
dilution series was performed to test CDC bioactivity loss. To assess potential
ADCC activity changes the activity upon reconstitution of ampoules stored at
37 �C and ¡20 �C as compared with the baseline temperature (¡70 �C) was
tested in one plate. The studies were performed at NIBSC using WIL2-S cells as
target cells and human serum complement for CDC assay and a reporter effector
cell line for ADCC assay (Promega, UK)38.
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lyophilized preparations contain 1% human serum albumin
(HSA, with � 95% albumin) for stabilization purposes during the
freeze-drying process, which represents approximately 100 times
higher HSA protein content in mass than rituximab itself. Thus,
we speculate that potential traces of IgG in the HSA at high con-
centrations may interfere with the reporter assay by competing
for the FcR on the surrogate effector cells or affecting the nuclear
factor of activated T-cells response element (NFAT-RE) signaling
pathway, thus reducing the reporter signal. Excess endogenous
human IgG in serum has previously been shown to inhibit thera-
peutic antibody ADCC activity.41,42 The use of low concentration
(i.e., 4% v/v) of low IgG-containing serum is typically recom-
mended in ADCC reporter assays to avoid IgG interference
(Promega, ADCC reporter bioassay “instructions for use”).
Although inhibitory effects due to competition for CD16 binding
could also be expected on ADCC killing assays, media is often
supplemented with higher sera concentrations (i.e., 10% v/v fetal
bovine serum).43 Also, for primary cell-based killing assays, the
higher expression of CD16 receptors compared to reporter cells
has been shown to have a positive impact on rituximab ADCC
activity.44 In addition, for PBMC assays, other cell types such as
monocytes may also mediate ADCC activity in the co-culture
environment.43 This could provide an explanation for laboratory
15 finding their ADCC reporter assay unsuitable at high concen-
trations, whilst successfully performing a PBMC end-point killing
assay. No inhibitory effects were reported for one laboratory per-
forming a dual reporter assay, suggesting that the potential effects
on effector cells may be normalized or the dual reporter cell line
used was more resilient to the effects of high HSA concentrations.
However, it should be mentioned that, although some of these
may be contributing factors, the antibody concentration range
used by each laboratory is different, and therefore these effects
may depend on the method or may have remained undetected for
some labs at the concentration range tested.

The most relevant finding of this study was the excellent
agreement in rituximab potency estimates when the candidate
preparation was used as a standard despite different methodol-
ogies being used by participating laboratories. The results from
the study substantiate the conclusion for CDC and ADCC
activities, and, although the data is limited, cell-binding results
further support these findings. The results suggest that the can-
didate preparation 14/210 is able to harmonize potency assay
data between laboratories, which is in line with its intended
role. We also note that the CDC potency for sample C was sim-
ilar to that of the candidate standard, but the ADCC potency
estimate of sample C was significantly greater (GM 1.28) and
had a higher associated variability (GCV 16%). This variability
was also greater than that observed for the coded duplicate
(sample B) (GCV 6%) and was unrelated to the ADCC assay
platform used. We hypothesize that this reflects differences
between the two rituximab preparations (samples A and C)
that were identified by individual labs in their ADCC assays to
different extents. Differences between the ADCC potency and
efficacy of trastuzumab45 and an anti-CD20 mAb43 were
reported when different effector cells, primary PBMC or pri-
mary NK cells, engineered NK cell lines or engineered reporter
cell lines, were used. These differences were attributed to differ-
ences in the biological properties and expression profiles of
activating or inhibitory receptors in the effector cells used, i.e.,

number of CD16 (FcɣIII receptors), receptor polymorphisms,
molecular interactions between the Fc domain of the mAb and
the FcɣIII receptor, the involvement of specific FcɣIII receptor
subunits and transduction signals. Additionally, ADCC activity
using primary cells may be affected by cryopreservation and
overnight resting of PBMCs prior to performing the assay,
which can have an effect on CD16 expression and NK activa-
tion.46 Method-dependent differences in ADCC activity have
also been reported between an infliximab biosimilar and the
innovator product.7,47 These results draw attention to the com-
plexity of in vitro ADCC assays and suggest that a deeper
understanding of these critical in vitro biological assays and
correlation with clinical studies may be needed.

The ‘similar-but-not-identical’ concept applies to the RMP itself
as much as to the biosimilar and is central to the regulatory pro-
cess.7,48 A well-documented example is the approved change in the
glycosylation profile of Rituxan�/Mabthera� batches. This change
was associated with a manufacturing process change which corre-
lated with increased ADCC activity,37 but with no apparent clinical
effects to date. Recently, drifts in ADCC-related quality attributes
of Herceptin� have also been described.40 Although product
changes are recognized,11,12 in a global and rapidly developing bio-
similars landscape,49 there is no clear understanding of what the
effects, if any, might be on the safety and efficacy of a given mAb
over time.50 For illustration, a hypothetical situation where 4
approved mAb products may drift in different directions overtime
has been simulated in Fig. 3. The figure shows how the IS would
allow traceability of products through their life-time to IU of bioac-
tivity, aligning potency data from different manufacturers and
therefore allowing the detection and better understanding of poten-
tial changes in products’ quality attributes. We argue that the avail-
ability of bioassay data calibrated to an IS would have a positive
impact on the ability of regulators to interpret product heterogene-
ity of bothmarketed products and biosimilar products under devel-
opment. This is of no relevance in a single innovator product
situation, but as the RMP undergoes changes with time and the
number of approved and investigational biosimilar products
increase, the need for ISs becomes increasingly evident. WHO ISs
have supported potency harmonization of biological medicines
across the globe, both for natural and recombinant products, for
more than a century.51 However, their long history and success has
not paved the way for IS for mAbs as their role is received with
skepticism across some sectors. Primary amongst these concerns
are fears of retrospective effects for marketed products imposing
new regulatory demands or of the IS being inappropriately used.52

This opposition may have been due to the lack of data to support
their role so that stakeholders can appreciate the benefits in assur-
ing confidence in biosimilar products pre- and post- marketing.
Based on the results of the multi-center collaborative study pre-
sented here, we propose the suitability of the rituximab candidate
preparation NIBSC Code 14/210 as an IS for the in vitro biological
activities of rituximab. The assignment of 1,000 IU of bioactivity
per ampoule for each of the 4 independent bioactivities assessed
(CDC, ADCC, cell-binding and apoptosis) will be proposed with
the proviso that this unitage infers no regulatory role in defining
biosimilarity, labelling or dosing requirements. These regulatory
roles are fulfilled exclusively by the RMP under the scope of the
competent authorities. Caveats of this work are: 1) only a limited
amount of data were gathered for cell-binding, and 2) only one
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laboratory performed apoptosis assays. However, the assignment of
4 independent bioactivities would be needed as different rituximab
preparations might differ in their relative ratio of individual bioac-
tivities. The data suggests that the use of IS for rituximabmay assist
stakeholders in the calibration and validation of bioactivity assays
and help with harmonizing potency values between laboratories.
Using this study as an example, it is anticipated that IS for mAbs
may assure confidence in a rapidly expanding biosimilar market.
Furthermore, improving the understanding of mAb structure-
function relationship is critical, and ISs for mAbs may become a
vital tool in the identification of bioactivity changes during the life-
cycle of both innovator and biosimilar products. As an indepen-
dent reference standard, the IS could also assist in any investigation
of adverse events by Official Medicine Control Laboratories
(OMCL), as well as support Centrally Authorised Product (CAP)
testing.

In conclusion, we developed a lyophilized candidate WHO IS
for bioassays relevant to the mechanisms of action of rituximab
and demonstrated its suitability through an international collabo-
rative study. In view of the ability of the candidate preparation to
harmonize potency data between laboratories, NIBSC 14/210 will
be proposed to serve as IS for rituximab bioactivities with an inde-
pendent assignment of 1,000 IU per individual bioactivity (CDC,
ADCC, cell-binding and apoptosis). In addition, the study revealed
differences in the potency of rituximab “in house” reference stand-
ards, substantiating the need for a publically available common ref-
erence standard that supports bioassay performance, facilitating
calibration of local standards that are traceable to IU. This role is
without exception distinct from the regulatory role of the RMP,
which has the exclusive purpose of defining biosimilarity. This
study reports the first candidate standard for the biological activi-
ties of a mAb for which there is no naturally occurring protein of
equivalent bioactivity, and therefore represents the introduction of
a new class of IS. Upon adoption, the WHO IS is expected to have
a significant positive impact on new and existing rituximab prod-
ucts throughout their life-cycle, and in doing so will enhance confi-
dence in the use of biosimilars so they can realize their full
potential benefit for patients.

Materials and methods

Materials, study preparations processing and
characterization

A preparation of recombinant chimeric rituximab was kindly
donated to WHO for the purpose of this study (see acknowledge-
ments). A suitable certificate of analysis and safety data sheet was
also provided. The material was formulated, freeze-dried, and the
CDC activity of trial fills was compared with that of the bulk mate-
rial. A clinical batch of Mabthera� (Roche) was purchased from
ADAllen Pharma Ltd, formulated and filled as per conditions opti-
mized for the candidate. Details of the preparations used in the col-
laborative study are shown in Table 10. The rituximab standard
candidate production fill was prepared and lyophilized under con-
trolled conditions following standardized procedures for the prepa-
ration of International Biological Standards.36 Buffers and
excipients were prepared using water for irrigation (Baxter, Swit-
zerland) and filtered using sterile non-pyrogenic 0.22 mm filters

Figure 3. Simulation of the potential impact of product drifting onmAb bioactivity over
time. The Figures Show a hypothetical situation for 4 approved mAb products namely
the innovator, a biosimilar 1 (BS-1), a biosimilar 2 (BS-2) and a biosimilar 3 (BS-3), in blue,
green, red and purple respectively, with various post-approval changes and effects on
mAb bioactivity. The x-axis represents time in years relative to the approval of the innova-
tor product. The colored boxes represent the bioactivity range for the products for a
given biological activity at the time of approval (darker shade) and post various
manufacturing process changes (lighter shaded bars). Product specification at the time
of approval is set in relation to the target product profile and is also noted in figures A-D
and indicated by the dotted lines. The colored dotted rectangles in figures A and E indi-
cate the biological activity range of the innovator product batches available and used as
RMP during the comparability exercise for the three color-matching biosimilars.
Figures A, B, C and D show biological activity relative to the proprietary “in house” refer-
ence standards (IH reference innovator, IH reference BS-1, IH reference BS-2 and IH refer-
ence BS-3) and figure E shows the bioactivity relative to the WHO IS. The innovator
product batches used at the time of the biosimilarity assessment for different biosimilars
have an impact on the target product profile and thus the characteristics of the approved
biosimilar. Further, product drifting may occur for the 4 approved independent products
upon post-marketing process changes. Currently in the absence of public higher order
standards, those changes can only be characterized based on the comparison of a small
number of available product batches post-change, available pre-change product batches,
the proprietary “in house” reference standard and defined bioactivity specifications at
the time of approval. Relative bioactivity changes between different approved products
cannot be characterized in the absence of a common reference standard. The use of a
WHO IS for the bioactivity of mAbs allows data harmonization and therefore a better
understanding of potential product drift and evolution.
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(Nalgene�, Nalge Nunc International). Briefly, 1 mL of rituximab
solution containing approximately 100 mg rituximab protein in
formulation buffer (1% (v/v) clinical grade HSA (BPL Zenalb 20,
Bio Products Laboratory Limited), 25 mM tri-sodium citrate dehy-
drate, 150 mM sodium chloride, pH 6.5) was filled using an auto-
mated filling line (Bausch & Stroebel, Ilshofen, Germany) with
constant stirring of the material at 2–8 �C. The filled ampoules
were freeze-dried using a Serail CS100 freeze-dryer (Le Coudray St
Germer, France). The process was initiated on the day of filling and
the product was frozen over 120 minutes to ¡50 �C and held for
6 hours before applying vacuum. Primary drying was at ¡30 �C
shelf temperature and 100 mbar vacuum for 40 hours, followed by
a 15 hour ramp toC30 �C and a secondary drying at the same tem-
perature and 30 mbar vacuum for a further 20 hours. The glass
ampoules were sealed under dry nitrogen by heat fusion, coded as
14/210 and stored at¡20 �C in the dark at NIBSC until shipment.
The nominal content of rituximab per ampoule was calculated
from the dilution of the bulk material and assumed protein mass
content as per manufacturer’s data. The characteristics of the
lyophilized preparations comply with approved specifications suit-
able for WHO reference materials and are described in Table 11.
Residual moisture was measured by the coulometric Karl-Fischer
method (Mitsubishi CA100) and the headspace oxygen content
was determined by frequency modulated spectroscopy using a
Lighthouse FMS-760 Instrument (Lighthouse Instruments, LLC).
No evidence of microbial contamination was found by total viable
count method. For the collaborative study, coded duplicates from
the candidate preparation were labelled as samples A and B and
the lyophilized and re-formulated Mabthera� preparation was
labelled as sample C.

Participants in the collaborative study, study design and
bioassay methods

A total of sixteen participants from nine different countries kindly
contributed to the bioassay data used in the study (Table 12).
Amongst the participants 9 were manufacturers, 5 were control
laboratories, 1 was a Pharmacopoeia and 1 was a contract research
organization. The laboratories are identified with a number, from 1
to 16, that has no relation to the order in the listing. The bioassays
performed by each laboratory are summarized in Table 2. The par-
ticipants received a collaborative study protocol that included

bioassay methods and layouts as examples only, instructions for
use, template sheets to record data and methodologies. The prepa-
rations were shipped at room temperature and participants were
instructed to store the samples at ¡20 �C upon arrival. The
ampoules were reconstituted with 1 mL of sterile distilled/deion-
ized water on the day of the assay as per instructions provided. The
laboratories were encouraged to use their qualified bioassay meth-
ods, including routine controls and qualified “in house” reference
standards where possible. Data was requested from three indepen-
dent assay runs performed on three different days using fresh prep-
arations. Enough ampoules were provided to perform the three
assay runs, conduct preliminary assays to establish a suitable work-
ing dilution range for the test materials and in case of accidental
loss. Typically participants returned data from a total of 9 assays
accommodating the three study preparations, the “in house” refer-
ence when available and two independent dilution series per sam-
ple with some randomization. Table 2 summarizes the bioassays
that contributed to the study.

Statistical analysis

An independent statistical analysis of all bioassay data was per-
formed at NIBSC. Analysis of dose-response curve data was
performed using a four-parameter logistic model:

yDα¡ fδ 6 ½1C 10.β � .log10x¡ log10γ//�g

where y denotes the assay response, x is the concentration, a is
the upper asymptote, d is the difference between upper and
lower asymptotes, b is the slope factor and g is the EC50 (50%
effective concentration). Models were fitted using the R package
‘drc’. Parallelism (similarity) for a pair of dose-response curves
was concluded by demonstrating equivalence of the parameters
a, b and d independently for each of the 3 bioassays (CDC,
ADCC and cell binding). For this approach, ratios of these
parameters for the two samples under consideration were cal-
culated and log transformed. Approximate 90% confidence lim-
its for these values were determined using the delta method.
Extreme values (defined as the maximum of the upper 90%
confidence limit and the reciprocal of the lower 90% confidence
limit) were calculated and equivalence (assay validity) con-
cluded in cases where these were below the pre-defined upper

Table 10. Preparations used in the collaborative study.

Study Code NIBSC Ampoule code Fill date No of ampoules in stock Excipients Rituximab nominal weight per ampoulea

Samples A & B 14/210 31/10/2014 »5,000 1% (v/v) HSAb 100 mg
Sample C SS-573 15/01/2016 »300 1% (v/v) HSA 100 mg

aNote that the rituximab ampoule content in mg is nominal and has no status as a declared mass content
bHSA: Human serum albumin.

Table 11. Fill production details of the preparations used in the collaborative study.

NIBSC Ampoule
Code

Mean Fill weight
(n)a

CV fill weight
(%)b

% Mean residual moistureb

(n)a
CV residual moisture

(%)b
% Mean headspace oxygenb

(n)a
CV headspace oxygen

(%)b

14/210 1.0079 (187) 0.24 0.73 (12) 22.86 0.18 (12) 55.6
SS-573 1.0108 (3) 0.02 0.23 (3) 6.68 0.40 (3) 26.6

aNumber of fills measured.
bPercentage (%) w/w.
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equivalence bounds for all three model parameters. Upper
equivalence bounds were set as the 90th percentile of observed
extreme values for the candidate preparation and its coded
duplicate (samples A & B). The calculated upper equivalence
bound values and how the percentage of invalid assays changes
for each sample with different bounds depicting the rationale
for determining them is shown as supplementary data
(Table S1 and Figures S1-S3). The validity of the apoptosis
assays, performed by one laboratory only, was concluded when
no significant non-parallelism was found by analysis of vari-
ance. Relative potency estimates were calculated as the ratio of
EC50 estimates in assays where acceptable parallelism was con-
cluded. All relative potency estimates were combined to gener-
ate unweighted geometric mean (GM) potencies for each
laboratory and these laboratory means were used to calculate
overall unweighted geometric mean potencies. Variability
between assays and laboratories was expressed using geometric
coefficients of variation (GCV D {10s-1} £ 100% where s is the
standard deviation of the log10 transformed potencies).

Stability studies

Ampoules of the lyophilized candidate preparation (NIBSC 14/
210) were stored at elevated temperatures, namely 56 �C,

45 �C, 37 �C, 20 �C and 4 �C and tested at indicated time points
together with ampoules stored at the recommended tempera-
ture of ¡20 �C and ¡70 �C as baseline reference temperature.
To date, tests for CDC and ADCC bioactivities have been per-
formed after 10 months of storage. Accelerated thermal degra-
dation and “real time” stability studies for stability prediction
and monitoring are ongoing.
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