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ABSTRACT
Well-characterized reference materials enable successful collaborations within the scientific community by establishing common
reagents for benchmarking studies and reducing the barriers to sharing materials and information. Here, we report the
development of NISTCHO, a recombinant Chinese hamster ovary cell line expressing a nonoriginator version of the NISTmAb
IgG1. We evaluated candidate clonal cell lines in a fed-batch cell culture model to assess growth and productivity of the cell lines
and protein quality attributes of the recombinant IgG produced, which demonstrated suitability of multiple candidates. Selection
of a preferred candidate was accomplished through sequencing-based analysis of the transgene integration sites, and a base-pair
resolution map of the transgene integration site was developed and verified using PCR-based methods. Lastly, a validation study
performed by an independent laboratory confirmed the robustness of the preferred candidate, which has been selected for further
development as the NISTCHO reference cell line. Together, these results describe the origin of this new reference material and
will serve as the foundation for future interlaboratory studies using the NISTCHO cell line.

1 Introduction

Comparison of methods and results between scientists, labora-
tories, and organizations is a fundamental principle in scientific
discourse. Well-characterized reference materials enable metro-

logical traceability [1], or the ability to relate ameasurement to an
accepted standard, by providing investigators with experimental
reagents with known properties. The US-based National Institute
of Standards and Technology (NIST) develops, characterizes,
and distributes Standard Reference Materials to support the
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development of new methods and definition of experimental
best practices. For the biopharmaceutical industry, the IgG1κ
monoclonal antibody NIST Monoclonal Antibody Reference
Material 8671 NISTmAb, commonly known as RM 8671 NISTmAb
or simply NISTmAb [2], has rapidly become a ubiquitous reagent
to assess instrument performance and benchmark biopharma-
ceutical analytical methods.

The availability of similarly well-characterized reference cell
lines for the biopharmaceutical community remains a signifi-
cant challenge. Standards for authentication of cell lines have
been developed to improve reproducibility [3, 4], but challenges
continue to arise from differences in handling practices and cell
culture reagents. Access to reference cell lines with metrological
traceability along with transparent cell culture protocols and
performance standards will further improve reproducibility and
enable more rigorous definition of industry best practices. To
meet this need for the broader scientific community, here we
report the development and initial characterization of a bio-
pharmaceutically relevant cell line that is the first of its kind at
NIST. This cell line, named NISTCHO, is a recombinant Chinese
hamster ovary (CHO) cell line developed in the commercially
available CHOZN GS−/− platform and produces a nonoriginator
version of the NISTmAb IgG1 (here, this product will be referred
to as cNISTmAb-MPSG [5]; expanded definitions relating to
product nomenclature can be found in theMaterials andMethods
section).

2 Results

2.1 Candidate NISTCHO Cell Lines Demonstrate
Diverse Growth and Productivity Phenotypes

Candidate clonal cell lines expressing cNISTmAb-MPSG were
generated through the cell line development workflow summa-
rized in Figure 1A and further elaborated upon in Supplemental
File 1 and Figure S1. These candidate cell lines produce a
recombinant IgG that is expected to have the same primary amino
acid sequence as RM 8671 NISTmAb. For details regarding the
criteria used in the clone selection process, please refer to the
Discussion and Figure 5. The growth and productivity of six
clonal cell lines were assessed in a fed-batch production assay
in a spin tube cell culture model using EX-CELL Advanced
Fed-Batch basal medium and EX-CELL Advanced CHO Feed
1 (Figures 1B–D), where a range of growth and productivity
phenotypes were observed. Clones 2 and 6 showed the highest
cell-specific productivities (29.3–39.6 pg/cell/day) but reached
the lowest peak viable cell densities (8.2 − 9.9 × 106 cells/mL).
While the viability of clone 6 remained above 95% through day
19 of the assay, the viability of clone 2 dropped below 90% on
assay day 11 and continued a slow decline until assay day 19,
when it reached the 70% viability threshold. Clones 15, 21, and
31 performed very similarly to one another despite originating
from different parental minipools, and these clones showedmod-
erately high peak viable cell densities (15.6 − 19.4 × 106 cells/mL)
and modest cell-specific productivities (10.2–14.7 pg/cell/day).
Clones 15 and 21 demonstrated viability greater than 98% and
90% through day 21 of the assay. Clone 31 showed a distinct
viability profile compared to the other cell lines, declining below
90% viability at assay day 11 and below 70% viability on assay

day 15. Clone 13 showed the highest peak viable cell density
of 27.8 − 36.2 × 106 cells/mL (spanning duplicate samples) but
also the lowest cell-specific productivity, ranging from 7.8 to 15.4
pg/cell/day throughout the duration of the experiment. Clone 13
demonstrated viability greater than 90% through assay day 19.

2.2 Candidate Cell Lines Improve Volumetric
Productivity andMaintain Expression Stability
Using an Alternative Feed Strategy

Optimization of cell culture medium and feeding regimens are
common strategies used to improve cell culture performance
[6, 7]. Therefore, we evaluated these six cell lines in a fed-
batch productivity assay in a spin tube cell culture model using
an alternative feeding strategy previously described to improve
volumetric productivity and culture duration in the CHOZN
GS−/− platform [8] (refer to Materials and Methods for details).
When this protocol was used, all six clonal cell lines showed an
increase in peak volumetric titer, but the mechanism by which
this increase was achieved varied (Figure 1E–G). For clone 2, the
productivity increase from 2.0 to 5.9 g/L was driven by increased
culture longevity, with both culture replicates maintaining viabil-
ity> 70% for an additional 8 days.While clone 6maintained> 70%
viability for 21 days in the original conditions, higher viability was
also observed beyond day 11 in the alternative feeding strategy,
increasing the volumetric titer from 4.6 to 6.2 g/L. In addition,
a modest increase in cell-specific productivity was observed for
this clone, ranging from 44.3 to 49.9 pg/cell/day between days 11
and 15. For clones 13, 15, and 21, increases in IgG titer were driven
by increases in viable cell density in the terminal days of the
assay and a slight increase in cell-specific productivity. A modest
increase in volumetric productivity was observed for clones 13
(from 3.1 g/L previously to 4.6 g/L) and 15 (from 2.7 g/L previously
to 3.4 g/L), but for clone 21 a larger increase from 3.1 g/L to 6.1 g/L
was observed due to these combined factors. The increase from 1.7
to 2.6 g/L for Clone 31 (Figure 1H) was driven by a 10% increase
in peak viable cell density with the blended feed. Comparisons
of peak volumetric titer between assay conditions are found in
Figure 1H.

Maintenance of protein expression through extended time in
culture is an essential characteristic for biotherapeutic-expressing
cell lines, and cell line instability can be caused by a variety of
different mechanisms [9]. To assess the stability of recombinant
protein expression of the candidate cell lines, cell lines were
passaged twice weekly for 10 weeks (20 passages), representing
population doubling levels of 60 (clone 2), 58 (clone 6), 64 (clone
13), 62 (clones 15 and 31), and 65 (clone 21) compared to the
research cell bank (RCB) established for each clone (Figure 1I).
Recombinant protein titers were evaluated for cultures derived
from the RCB and from the P20 banks, using both feeding
regimens that were previously evaluated. Details of this study are
described in Supplemental File 1 (Figure S2) and are summarized
inFigure 1I,which reports the P20 volumetric titer as a percentage
of the titer derived from the RCB for each cell line evaluated using
the designated feeding strategy. Apart from clone 21 under the
standard feeding regimen, all clonal cell lines met or exceeded
70% of the titer of the culture derived from the RCB after reaching
the defined population doubling level, a reported mark indicat-
ing acceptable stability of protein expression [9]. Interestingly,
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FIGURE 1 All candidate clonal cell linesmeet initial criteria for growth and productivity assessments in spin tube cell culturemodels. (A) Cell line
developmentworkflow identifying key steps in selection, single cell cloning, and growth, and productivity evaluation. (B) Growth of candidate clonal cell
lines in standard fed-batch process measured by viable cell density (solid lines) and viability (dotted lines, secondary axis). (C) Titer of candidate clonal
cell lines in standard fed-batch process. (D) Cell-specific productivity of candidate clonal cell lines in standard fed-batch process. (E) Growth of candidate
clonal cell lines in fed-batch process using alternative feed strategy measured by viable cell density (solid lines) and viability (dotted lines, secondary
axis). (F) Titer of candidate clonal cell lines in fed-batch process using alternative feed strategy. (G) Cell-specific productivity of candidate clonal cell
lines in fed-batch process using alternative feed strategy. In panels (B)–(G), clones are represented as follows: clone 2, solid blue squares; clone 6, solid
red diamonds; clone 13, solid green triangles; clone 15, open pink squares; clone 21, open aqua diamonds; clone 31 (NISTCHO), open purple triangles.
Data are reported as the average of duplicate samples with error bars representing one standard deviation. Absent error bars indicate that one of two
duplicate samples was terminated due to low viability. (H) Peak volumetric titer, summarized from panels (C) and (F); data are reported as the average
of duplicate samples. (I) Assessment of expression stability based on peak volumetric titer, reported as P20 as a percentage of RCB. RCB, research cell
bank.
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two cell line and feed combinations demonstrated significant
increases (> 30%) in volumetric titer at passage 20. For clone
13 using the standard feed strategy, a faster decline in culture
viability and lower viable cell density was observed in the P20
cultures (Figure S2A,2B), which could result in higher volumetric
titers due to cell lysis. For clone 15 under the alternative feed
strategy, a higher viable cell density was observed in the P20
cultures (Figure S2D).

2.3 Transgene Integration Sites Can Be Used for
Unambiguous Identification of NISTCHO

The genomes of recombinant cell lines contain unique combina-
tions of targeted and spontaneous genetic changes, which can
be exploited to support cell line authentication [3, 4, 10]. In
addition to short tandem repeat profiling, the unique genomic
structures that arise from random integration of an expression
vector into the host cell genome can also be leveraged to support
the authentication of NISTCHO and importantly, its distinction
from other recombinant CHO cell lines expressing cNISTmAb-
MPSG. To assess the transgene integration site in these clonal cell
lines and evaluate methods for cell line authentication, we first
leveraged the RGENmethod [11, 12] to determine the location and
structure of the transgenes in the same six candidate cell lines.
Here, guide RNAs designed throughout the expression vector
were used to enrich for transgene integration sites, regardless of
the genomic location, copy number, or structure of the transgene
integration site (see Supplemental File 1 and Figure S3 for an
expanded discussion of the method and results).

The six candidate clonal cell lines demonstrated a wide range
of integration site profiles (Figure 2A; Supplemental File 1 and
Figures S4–S9), revealing important insights that were highly
impactful in the selection of a reference cell line. Clone 13
possessed the longest vector integration site, comprised of three
full-length and seven truncated vector copies arranged in a head-
to-tail orientation. Clones 2 and 6, which were derived from the
same parental minipool, possess identical transgene structures
comprised of four complete vector copies and a fifth truncated
copy arranged as an inverted repeat. Clone 21 demonstrated the
most complex integration structure, consisting of eight vector
copies, all of which were truncated to some extent. Interestingly,
the repetitive genomic flanking sequences suggested integration
into a microsatellite, repetitive element, or telomeric region.
Clone 15 is the sole cell line with a single vector copy integrated
in a single locus. While the 5′ and 3′ flanking regions of the
integration site align to different scaffolds in most available
CHO genomes, when evaluated against the available PICRH
CHO genome [13], the alignment of the flanking sequences
indicate a possible > 1 Mb chromosomal rearrangement at the
5′ end of the transgene. Lastly, clone 31 demonstrated an intact
integrated vector lacking vector–vector junctions, with clearly
defined breakpoints on both the 5′ and 3′ ends of the transgene.
Interestingly, the inferred copy number of the expression vector
based on sequence coverage was approximately 3, suggesting a
more complex genomic duplication and rearrangementmay have
occurred.

To confirm the expected integration site pattern in Clone 31 and
to further assess the transgene vector integrity and sequence, we

performed whole genome, paired-end Illumina sequencing on
genomic DNA isolated from clone 31 and applied the analytical
approach described in Supplemental File 1 (Figure S10). In
agreement with the long-read approach previously described, the
short read sequencing identified the chromosomal break point
for integration of the transgene at the location chr3: 4977278–
4977293 (Figure 2B; Supplemental File 1, Figure S10, Table S1).
Furthermore, it also established that the integrated transgene is
free of any fixed point mutations that would have arisen prior to
establishment of monoclonality. An expanded discussion of these
results is presented in Supplemental File 1.

Finally, we assessed the transgene and integration site using PCR
to assess the utility of a more tractable and accessible method.
Using droplet digital PCR, we established that the transgene
is present within clone 31 as 3 copies (Figure 2C), normalized
to the Slc35a1 gene which is present in only a single copy
in the hypodiploid CHO genome [14, 15]. To further elucidate
the relationship between the calculated vector copy number
data and the sequencing results, we assessed the transgene-
chromosome junctions on both the 5′ and 3′ ends of the transgene.
Amplification using these primer sets generates products with
the expected size, further confirming the previously identified
transgene integration site (Figure 2D). However, when primer
sets spanning the transgene-chromosome junctions are usedwith
droplet digital PCR to assess the copy number of these junctions,
comparison of the junction amplicon to either a single-copy gene
(Slc35a1) or a gene expected to be present in three copies in
the CHOZN GS genome [14] (Fbxw2) demonstrated amplicon
ratios consistent with three independently integrated copies of
the transgene (Figure 2E). While these PCR-based methods are
robust andmore accessible than sequencing-basedmethods, they
cannot establish whether this transgene integration structure
arose from aneuploidy (duplication of the entire chromosome
containing the transgene) or duplication of a larger part of a
chromosome.

2.4 cNISTmAb-MPSG From NISTCHOMaintains
Biopharmaceutically-Relevant Product Quality
Attributes

Posttranslational modifications of protein-based therapeutics
have significant impacts on therapeutic safety and efficacy [16, 17].
Some quality attributes such as N-linked glycosylation patterns,
charge variant profiles, or levels of aggregated or fragmented
proteins, are routinely assessed during cell line development
to ensure selection of an optimal cell line for manufacturing.
Therefore, we evaluated several protein quality attributes from
cNISTmAb-MPSG samples collected at assay day 14 in the spin
tube cell culture production assay described in Figure 1E–G. The
cNISTmAb-MPSG product quality attributes from clone 31 are
described in Figure 3, while chromatograms and attributes for
cNISTmAb-MPSG produced by clones 2, 6, 13, 15, and 21 are
reported in Supplemental File 1 (Figures S11–S13).

We first evaluated the high-molecular weight aggregate and low-
molecular weight fragment profiles of the material produced by
each clonal cell line by size exclusion chromatography-HPLC
(SEC-HPLC). The profile of the cNISTmAb-MPSG produced by
clone 31 is indicative of a monomeric protein complex, in this
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FIGURE 2 Transgene integration profiles identify a preferred candidate for a reference cell line. (A) Map of the vector integration sites observed
in the tested NIST CHO clones through long read sequencing (Nanopore). The vector backbones and transgenes are color-coded (green and red,
respectively), and their sizes are depicted to scale. The identified fusion breakpoints are also indicated. Clones 2 and 6 exhibit identical integration
patterns, while Clone 31 displays a single vector integration in chromosome 3. (B) Scaffold-wide view of transgene integration site identified by whole
genome sequencing. At the top, label (A) represents the chromosome 3 scaffold from the CriGri-PICRH-1.0 genome assembly. Label (B) represents
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the contig assembled from the RGEN long-read sequencing method, aligned to chromosome 3. Label (C) indicates reads aligning to the CHO genome
assembly in which the mate in the pair aligned to the expression vector. (C) Estimated copy number per reference genome of the NISTCHO expression
vector, reported from the light chain sequence (black bar), heavy chain sequence (gray bar), kanamycinmarker in the bacterial backbone (black hatched
bar), or glutamine synthetase gene derived from the expression vector (gray hatched bar). All copy numbers are reported relative to the single-copy
reference gene Slc35a1. (D) PCR amplification across the transgene-vector junction on both the 5′ and 3′ end of the transgene integration site, as
schematically outlined at the top of the panel. Expected amplicon sizes calculated from the assembled contig are noted in red. (E) Droplet digital PCR
quantification of the transgene-vector junctions. The ratio of the transgene-vector junction is reported relative to a single-copy gene (Slc35a1, black bar)
or known three-copy gene (Fbxw2, gray hatched bar). Error bars represent the 95% confidence interval of the copy number ratio, as reported by the
BioRad QuantaSoft software.

case, a heterotetrameric IgG. Low-molecular weight fragments of
the antibody were not observed above the limit of detection, and
the presence of 3.2% high-molecular weight aggregates is similar
to the 3.0% reported for RM 8671 NISTmAb [18] [Figure 3A].

The NISTmAb IgG, like most recombinant monoclonal antibod-
ies, contains anN-linked glycan on the Fc region [18, 19]. N-glycan
profiles can be influenced by the parental cell line, clone-
specific factors, and cell culture conditions [20]; therefore, we
quantified the relative proportions of themost abundantN-glycan
forms as an initial screening assessment. The relative glyco-
form distributions of cNISTmAb-MPSG and RM 8671 NISTmAb
were quantified by mass spectrometry, and the assignment of
glycoforms was performed using the intact mass of the IgG
heavy chain peptide modified by a single monosaccharide (refer
to Supplemental File 1 and Figure S12A for further details on
N-glycan species evaluated). Compared to RM 8671 NISTmAb,
cNISTmAb-MPSG produced by clone 31 showed a higher relative
abundance of G0F (70% vs. 41%) and lower abundances of G1F
(20% vs. 43.9%) andG2F glycans (1.5% vs. 11.9%) (Figure 3B).High-

mannose species (Man5) were not detected in cNISTmAb-MPSG
produced by clone 31.

The charge profiles of monoclonal antibodies can be influenced
by a variety of posttranslational changes [21, 22]. A similar
screening assessment was performed using imaged capillary
isoelectric focusing (iCIEF) to assess the charge heterogeneity
and isoelectric points of the cNISTmAb-MPSG relative to RM8671
NISTmAb. Acidic, dominant, and basic peaks were assigned as
described in Figure 3C, and as expected the dominant peak for
RM 8671 NISTmAb is observed at an isoelectric point similar to
that reported for the reference material [18] (pI ≈ 9.2) (Supple-
mental File 1 and Figure S13). The analysis of RM 8671 NISTmAb
demonstrated similar relative fractions of acidic and basic species
as what has been previously reported, with approximately 74%
of the charge variants being assigned to the dominant peak, 10%
to the basic peaks, and 16% assigned to the acidic peaks [18].
For the cNISTmAb-MPSG produced by clone 31, charge variant
species were identified at the same isoelectric points as for RM
8671 NISTmAb (Supplemental File 1 and Figure S13), but the

FIGURE 3 Product quality attributes meet all selection criteria for cNISTmAb-MPSG produced by NISTCHO in a spin tube cell culture model. In
Figures (A)–(C), data are reported as the average of duplicate sampleswith error bars representing one standard deviation. (A)Assessment of cNISTmAb-
MPSG aggregation levels in material produced by NISTCHO. (B) Relative abundance of N-glycan forms, reported as percentage of the total quantified.
Rare glycoforms with expected abundance < 1% were not quantified or reported. (C) Relative abundance of charge variant species in cNISTmAb-
MPSG produced by NISTCHO in comparison to RM 8671 NISTmAb. The pI of the dominant peak for RM 8671 NISTmAb was used for assignment
of acidic, dominant, and basic peaks in all cNISTmAb-MPSGmaterial evaluated. (D) Quantitative assessment of peptide coverage and posttranslational
modification performed by LC-MS/MS.
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relative abundance of acidic species is greater than for RM 8671
NISTmAb, with 61% of the charged species demonstrating a pI
< 9.2 (Figure 3C).

Lastly, we subjected protein A-purified cNISTmAb-MPSG from
clone 31 to a tryptic digestion and evaluated the resulting peptides
by liquid chromatography tandem mass spectrometry. RM 8671
NISTmAb was analyzed in parallel, including after a parallel
protein A purification to assess process-induced artifacts. As
described in Figure 3D, high levels of peptide coverage across both
the heavy chain and light chain were detected for all samples,
with 100%of the expected peptides detected for cNISTmAb-MPSG
from clone 31. Expected peptide modifications for a CHO-based
process, including conversion of the N-terminal glutamine to
pyroglutamic acid and truncation of the C-terminal lysine, were
detected in 97% and 98% of the peptides from cNISTmAb-MPSG
from clone 31 (Figure 3D). Peptide deamidation was not detected,
but low levels of peptide oxidation were detected, primarily at
methionine M255 (Figure 3D). As a significant increase in M255
oxidation was observed after protein A purification of RM 8671
NISTmAb, some amount of oxidation can be attributed to the
purification process.

2.5 NISTCHO Performance Can Be Validated in
an Independent Laboratory

Reference materials benefit from both robust performance of the
materials and clearly defined methods for their characterization.
To assess these factors, we partnered with the National Institute
for Innovation in Manufacturing Biopharmaceuticals (NIIMBL)
for technology transfer and validation of the fed-batch production
process established previously in a spin tube culture model. In
this study, we evaluated clone 31 in bioreactor systems commonly
used for cell line and process development, including the Ambr
15 and Ambr 250 (Sartorius) microbioreactor platforms at Site 1
and Site 2, respectively. The initial bioreactor process conditions,
described in detail in theMaterials andMethods,were established
based on the recommendations provided in the CHOZN GS−/−
PlatformTechnical Bulletin [22], and the inoculation and alterna-
tive feeding strategies were maintained from the previous studies
described for Figure 1E–G.

Compared to the previous assessment in a spin tube model,
clone 31 demonstrated similar peak viable cell density but slightly
improved culture viability through assay day 15 when operated
in these small-scale bioreactor models (Figure 4A). The overall
growth patterns and viability profiles were similar, and peak
viable cell density differed by 11% (2.7 × 106 cells/mL) between
sites. Compared to the spin tube model, a slight improvement in
peak volumetric titer was observed at both sites, with peak volu-
metric titers reaching 3.0 (Site 1) and 2.4 g/L (Site 2) (Figure 4B);
peak volumetric titer differed by 20% (0.6 g/L) for site 2 compared
to site 1. Lastly, the metabolite profiles were also evaluated in
these cultures to assess the suitability of clone 31 for further study.
All cultures at both sites demonstrated appropriate maintenance
of glucose levels with the feeding strategy applied (Figure 4C). In
alignment with the feeding strategy, an accumulation of lactate
in the early stages of the process was observed, with peak lactate
levels remaining near or below 2 g/L and dropping rapidly after
day 7, indicating an expected shift from lactate production to

lactate consumption (Figure 4C). Ammonium levels were main-
tained atmodest levels throughout the duration of the experiment
and were comparable between sites (Figure 4D), with only slight
differences observed on days 9 and 14 or 15. Similar metabolite
profiles were observed for glutamine, glutamate, potassium, and
calcium between sites (Figures 4D–E).

3 Discussion

In this work, we describe the foundational studies to develop
and characterize the first reference cell line to be distributed by
NIST, which serves as the US National Metrology Institute. To
provide accessible experimental reagents to scientists worldwide
and enable NIST to establish this cell line as a reference standard,
we provide an unprecedented level of detail into the cell line
development and characterization process. In this discussion,
we provide further insight into how the NISTCHO cell line was
selected for further development (Figure 5).

The initial candidate selection sought to identify a cell line
producing aminimumvolumetric titer of 2 g/L in an unoptimized
fed-batch assay using commercially available cell culturemedium
and feeds, a target which was exceeded for all candidates.
Maintenance of volumetric productivity after extended passage
is a clear expectation in biotherapeutic manufacturing, and here
we expected the cell line shouldmaintain> 70% of the volumetric
titer of the RCB after at least 60 population doublings. All six
candidates surpassed this threshold using the improved feeding
strategy, although one clone did not achieve this benchmark in
the original process.

The second set of criteria relating to the transgene integration
site proved to be the most impactful in the selection of the
NISTCHO cell line. It must be possible to confirm the identity of
the NISTCHO cell line unambiguously with tractable, accessible
methods. The clonal cell line must possess mappable, unique
chromosomal breakpoints at the 5′ and 3′ end of the integrated
vector, and the integration site must not be duplicated with other
clones assessed in the project. In addition, we preferred to have
clones possessing 2–5 copies of the transgene, a range that is
representative of many cell lines developed using the CHOZN
GS−/− platform. Clones 2 and 6 were disqualified due to their
shared integration site, as they could not be reliably distinguished
from one another at this locus. The transgene integration site
for clone 21 contained sequences that were not mappable to
the CHO genome, disqualifying this clonal cell line for further
consideration. While clones 13, 15, and 31 all met the criteria
to establish a PCR-based assay for cell line identification, clone
31 was selected for further development as NISTCHO due to its
alignment with industry-representative transgene copy numbers.
This selection was finalized after the transgene integration
site was further verified using short read-sequencing and PCR
methods.

Third, we evaluated a variety of product quality attributes for the
cNISTmAb-MPSG produced by these candidate cell lines. The
primary objective was to exclude any clonal cell line producing
material with problematic characteristics, specifically high aggre-
gate or LMW fragment levels, elevated levels of high mannose
N-glycans, or high levels of charge variant species that are not
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FIGURE 4 Performance comparability of NISTCHO using a bioreactor cell culture model is satisfactory during an interlaboratory study. Data are
reported as the average of duplicate samples with error bars representing one standard deviation. In all panels, solid line indicates site 1 (Ambr 15) and
dotted line indicates site 2 (Ambr 250). (A) Growth and viability profiles for NISTCHO. (B) Product titer profile for cNISTmAb-MPSG or cNISTmAb-
NMBL produced by NISTCHO. (C) Metabolite profiles for glucose (black) and lactate (red) in NISTCHO cultures. (D) Metabolite profiles for glutamine
(black), glutamate (red), and ammonium (green). (E) Metabolite profiles for potassium (black) and calcium (red).

present in RM 8671 NISTmAb. It was also desired that the
cNISTmAb-MPSG produced by the NISTCHO reference cell line
should have different product quality attributes compared to RM
8671 NISTmAb, which would further enable evaluation of new
methods and equipment using material with different properties.
Importantly, while it is known that RM 8671 NISTmAb was
produced in the mammalian NS0 cell line, no details regarding

the upstream or downstream processes are publicly available for
thismaterial. It is reasonable to expect product quality differences
when a recombinant protein is expressed in different host cell
lines, but due to these information limitations it is not possible to
assess the root cause of product quality differences between RM
8671 NISTmAb and cNISTmAb-MPSG. The cNISTmAb-MPSG
produced by all candidate cell lines met all selection criteria,
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FIGURE 5 The NISTCHO reference cell line was selected based on predetermined criteria. This decision tree reports how candidates were
evaluated based on volumetric titer, stability of recombinant protein expression, transgene integration profile, recombinant product quality attributes,
and performance in an interlaboratory study.

displaying acceptable product quality attributes with different
relative abundances compared to RM 8671 NISTmAb.

As a final confirmation of the suitability of clone 31 for distribu-
tion as a future reference material, we performed a comparability
assessment using small-scale bioreactor technologies at the orig-
inal site and at an independent laboratory. Importantly, the
overall growth, productivity, and metabolic trends for these
cell lines were maintained between the two sites. With the
successful completion of these technology transfer exercises,
we have completed the initial characterization and selection of
the NISTCHO cell line. Additional insights around the genetic
and performance attributes and optimal process conditions will
continue to be developed through collaborative, interlaboratory
studies organized by NIST and performed by the scientific
community.

4 Materials andMethods

4.1 Product Nomenclature and Definitions

To describe the recombinant protein produced, the following
naming conventions were applied in alignment with the exist-
ing NIST naming conventions. The prefix “c” in cNISTmAb
designates nonoriginator material, produced in CHO cell lines,
that shares the same mature protein sequence as NISTmAb.
Only reference material distributed by NIST will leverage this
nomenclature with no suffix. A suffix is then defined based on
draft FDA guidance for biosimilar naming [23] which would thus
utilize a form of “cNISTmAb-YYYY,” where YYYY is a company
or institution-specific four letter identifier. In this manuscript,
cNISTmAb-MPSG or cNISTmAb-NMBL identifiers are utilized to
describe recombinant protein produced by any of the cell lines
under consideration, and when required, clone-specific products
can be communicated through clonal identifiers. Additional
guidance on cell line and recombinant protein nomenclature can
be found on the NISTCHO product page (https://www.nist.gov/
programs-projects/nistcho) and as published by Cleveland, et al.
[24].

4.2 Generation of Clonal Cell Lines

The following protocols were leveraged for clonal cell line
development and are based on existing published protocols [25].
To develop the expression vector used to generate the NISTCHO
cell line, first, the mature IgG1 sequences for NISTmAb [26] were
used to query the NCBI nonredundant protein database [27].

Signal peptide sequences were identified from peptide sequences
for full-length antibodies sharing homology with the N-terminal
fragment of the heavy and light chains of NISTmAb. A complete
description of the cell line development process is included in
Supplemental File 1.

4.3 Growth and Productivity Assessments in
Spin Tube and Bioreactor Models

Frozen vials of cells were thawed and cultivated in EX-CELL CD
CHO Fusion without L-glutamine as described in Supplemental
File 1. After 2–3 passages, cultures were inoculated at an initial
density of 0.3 × 106 cells/mL in EX-CELL Advanced CHO
Fed-Batch basal medium (MilliporeSigma, cat. 24365C). In the
initial screening fed-batch assay, EX-CELL Advanced CHO Feed
1 (MilliporeSigma, cat. 24366C) was prepared according to the
manufacturer’s instructions and sterilized using a 0.2 µm filter
(MilliporeSigma, cat. SCGPU10RE). In this assay, starting on day
3 postinoculation and every other day through the remainder
of the assay, cultures were supplemented with 5% v/v of the
feed and glucose was supplemented to a final concentration
of 6 g/L using a sterile glucose solution (MilliporeSigma, cat.
G8769). EX-CELL Advanced CHO Feed 1 (MilliporeSigma, cat.
24366C) and Cellvento 4Feed (MilliporeSigma, cat. 103796) were
prepared separately according to themanufacturer’s instructions,
and a mixture of 67% v/v EX-CELL Advanced CHO Feed 1 and
33% v/v Cellvento 4Feed was prepared and sterilized using a
0.2 µm filter (MilliporeSigma, cat. SCGPU10RE). Starting on day 3
postinoculation and every other day through the remainder of the
assay, cultureswere supplementedwith 5% v/v of the blended feed
and glucose was supplemented to a final concentration of 8 g/L
using a sterile glucose solution (MilliporeSigma, cat. G8769). The
assays were continued until the culture reached ≤70% viability or
until day 21 (spin tubemodels) or day 14 (bioreactors). Starting on
day 3 postinoculation and every other day through the remainder
of the assay, culture samples were collected for cell density
and viability measurements (Vi-CELL XR, Beckman Coulter)
or for protein titer or product quality measurements, which
utilize samples clarified by centrifugation at 500 x g. Metabolite
measurements were performed using a BioProfile FLEX2 (Nova
Biomedical) using clarified supernatants.

The Ambr 15 (Site 1) and Ambr 250 (Site 2) small-scale bioreactor
systems (Sartorius) were utilized for all bioreactor experiments
described and were performed as follows. Prior to inoculation,
Ambr 15 vessels were filled with 10 mL of EX-CELL Advanced
CHO Fed-batch medium and dissolved oxygen was calibrated
overnight at 100% air saturationwith temperature control at 37◦C.
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All vessels were inoculated at a targeted viable cell density of
0.5 × 106 cells/mL. All pH calibrations were performed utilizing
the Ambr analysis module. The pH set point 6.9±0.05 was
maintained with additions of 7.5% sodium carbonate solution
(MilliporeSigma, cat. 223530), or by sparging CO2. Agitation rate
was set to 950RPM (Ambr 15) or 300 RPM (Ambr 250), and the
dissolved oxygen (DO) was set to 40%.

Measurement of protein titer or product quality attributes are
described in Supplemental File 1 and utilized clarified super-
natants. Methods relating to genetic characterization, including
sequencing and PCR, are described in detail in Supplemental
File 1.
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