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During development of a cell line intended to support production of an IgG2 monoclonal anti-
body, a sequence variant caused by a genetic mutation was identified in the bulk drug sub-
stance. Gene copy number analysis together with the level of the observed variant in genomic
DNA indicated that the master cell bank was a mixed population of cells; some harboring the
variant copy and some mutation free. Since the cell bank had been single-cell cloned, this vari-
ant could be used as a biomarker to demonstrate either that the bank was not derived from a sin-
gle cell, or that the variant was a result of a post-cloning genetic event, leading to a mixed
population of cells. The sequence variant was only present in a small percentage of subclones,
confirming the hypothesis that the cell bank was indeed a mixed population. Interrogation of
subclones via Southern blot analysis revealed that almost all subclones had very similar trans-
gene integrant structures, suggesting that the cell bank was likely derived from a single cell,
and the cellular event that yielded the sequence variant was a post-cloning event. Further, there
were likely several other post-cloning events that impacted transgene loci, leading to a popula-
tion of related, yet genetically distinct cells comprising the cell bank. Despite this, the heteroge-
neous bank performed consistently in a bioprocess across generational age with comparable
product quality. These results experimentally demonstrate the heterogeneity of a cell bank
derived from a single cell, and its relationship to process consistency. VC 2018 The Authors Bio-
technology Progress published by Wiley Periodicals, Inc. on behalf of American Institute of
Chemical Engineers Biotechnol. Prog., 34:602–612, 2018
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Introduction

Recombinant protein therapeutics, or biologics, are an
important class of pharmaceuticals that have transformed the
way new therapies are developed for a variety of diseases. A
majority of recombinant protein therapeutics are produced in

immortalized mammalian cells, in particular Chinese hamster

ovary (CHO) cells.1 CHO cells are able to grow to high cell

densities in suspension culture, can be grown in chemically-

defined medium, and properly fold, assemble, and modify

complex mammalian proteins. These properties have enabled
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CHO cells to become the platform of choice for the produc-

tion of recombinant protein therapeutics.2

The general procedure to generate a CHO cell line express-
ing a recombinant therapeutic is well-established: DNA expres-
sion plasmid(s) encoding the transgene(s) of the biologic as
well as a selectable marker is transfected into a host cell.3 The
resulting culture is a pool of cells that are typically the product
of multiple independent transfection events. Cells arising from
different transfection events can differ in the number and chro-
mosomal loci of the integrated expression plasmid(s). These
differences can potentially lead to a range of growth character-
istics, transgene expression, genetic stability, responses to
manufacturing processes, and ultimately differences in final
drug substance product quality attributes. In an effort to move
forward with cell populations that are less heterogeneous and
identify highly productive cell lines, selected cellular pools are
subjected to single cell cloning. In these terms, cloning simply
means to generate cell lines whose populations are each derived
from a single cell; when pools are cloned, cells of the pool are
diluted such that there is no more than one cell per vessel (e.g.,
well of a tissue culture plate). Due to random post-cloning
genetic events such as mutations and chromosomal rearrange-
ments, cloning does not result in genetically identical cellular
populations. Therefore, when referring to a cell population as a
“clone,” “clonal,” or to assurance of “clonality,” it is really
referring to having been derived from a single cell, or the assur-
ance that a cell population has been derived from a single cell,
as these cellular populations cannot be “clones” or “clonal.”
These cell lines are allowed to accumulate to a cell mass that
can be analyzed for several characteristics (growth, expression,
stability, response to feed, product quality, etc.). Clones having
desirable attributes are further analyzed, and ultimately a single
cloned cell line is used to generate a master cell bank (MCB).
As the use of recombinant cells to produce protein therapeutics
expanded, ICH guidelines were established to provide broad
instruction on standards for the derivation of cell lines to be
used in manufacture of biologics.4 Among the guidance is the
requirement for a cloning step, specifically, “for recombinant
products, the cell substrate is the transfected cell containing the
desired sequences, which has been cloned from a single cell
progenitor.” This guidance remains relevant, even 20 years
later as advancements in cell culture process and drug sub-
stance characterization have been realized. Recently, various
health authorities have requested greater detail around the clon-
ing step, including (but not limited to), the method used for
cloning, calculation of a probability that the cell bank is clonal,
and images of the clone at the single cell stage. Cell banks having
a low assurance of clonal derivation may ultimately lead to
changes in the manufacturing control strategy, which could add
cost to product manufacturing, and potentially delays to approval
for safe and efficacious therapeutics.5

An extensive body of literature suggests that a genetically
identical population of cells in a culture originating from a sin-
gle cell to be a biological impossibility. First, the process of
cell division itself can serve as a source of cell population het-
erogeneity, and is well characterized in the field of cancer biol-
ogy.6 In the clonal evolution model, tumors originate from a
mutated single cell. As the cell divides, additional mutations
arise that result in additional subpopulations.7 This degree of
heterogeneity was identified several years ago in karyotyping
performed on several types of mammalian tissue culture cells,
where a wide range of chromosome numbers were found even
in lines reported as being derived from single cells.8 The CHO
cell was originally characterized as being hardy, reliable, and

having grown in continuous cultivation with no observable

change in karyotype for several passages.9 Throughout the past

60 years, differences in cultivation techniques and selection for

more favorable growth conditions (e.g., growth in serum free

medium) are potential sources of cellular stress, which could in

theory lead to mutation. Over this time, the karyotype of the

CHO cell has been significantly altered to the point that chro-

mosomal heterogeneity has been observed in cells of a clonal

population.10-13 Previous studies have used genetic sequence

variants (unintended amino acid substitutions in a percentage

of the bulk drug substance) to gain a better understanding of

the genetic plasticity present in cloned cell lines.14 Intraclonal

heterogeneity has also been previously observed phenotypi-

cally in clonal CHO cells, with reporter gene expression of

clonal cell lines mirroring the level of heterogeneity of a mixed

transfection pool only 18 days after cloning.15

Although there is extensive literature documenting the com-

plexity surrounding chromosomal abnormalities in cultured

CHO cells, to our knowledge there are no reports examining

transgene cassette consistency (SNPs, integrant structures,

etc.) in CHO cells derived from a single cell, and the relation-

ship of cellular heterogeneity with consistency (cell culture

performance and product quality profiles) in an at-scale bioma-

nufacturing process. The purpose of this study is to explore the

relationship between cell line clonality (i.e., single cell deriva-

tion), cellular heterogeneity, and biomanufacturing consis-

tency. An IgG2 monoclonal antibody (mAb) expressing cell

line was generated from what was believed to be derived from

a single cell. Later in product development, a low level

sequence variant was detected in both the final mAb product

and at the genetic level (both DNA and RNA). This cellular

population was used to examine the relationship between clon-

ality, population diversity, and bioprocess performance. Using

two different cloning methods, the MCB was recloned, with

the resulting cell lines representing subclones. The subclones

were analyzed for the presence of the sequence variant, as well

as for the integration pattern of the heavy chain (HC) and light

chain (LC) transgenes via Southern blotting. We also assessed

the consistency of the performance of the cell bank in a bioma-

nufacturing process across cellular generational age. Our

results demonstrate a range of both genetic and phenotypic het-

erogeneity in the recombinant protein expressing transgenes of

a cell bank derived from a single cell. Despite the observed

heterogeneity, we also observed robust performance of the cell

bank across a large generational age window.

Results

The presence of a low level genetic variant suggests a
mixed population of cells

During clinical progression of an IgG2 subclass mAb

(herein called mAb 1), an in-depth analysis of the production

MCB was performed as part of laboratory scale cell line and

process characterization. This included extensive mRNA and

genomic DNA sequencing of the HC and LC transgenes.

Polymerase chain reactions (PCRs) intended to amplify the

HC and LC transgenes were performed in triplicate on geno-

mic DNA isolated from MCB cells using a high fidelity

DNA polymerase. The HC and LC PCR products were gel

purified and ligated into a bacterial cloning vector and trans-

formed into Escherichia coli. Thirty two independent colo-

nies from each bacterial transformation (representing each

PCR) were chosen for plasmid purification and sequencing.
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Successful sequencing reactions occurred for 94 independent
DNA sub-clones, for both the HC and LC. Of the 94 HC
subclones sequenced, 3 revealed an ACC to ATC codon
change (�3.2%), which would result in a threonine to isoleu-
cine amino acid substitution at position 253 (T253I; Table
1). In addition to analysis of genomic DNA, a similar clonal
sequencing method was also performed on mRNA extracted
from MCB cells. Clonal sequencing using RNA as a starting
material resulted in 2 out of 383 E. coli sub-clones
sequenced containing the T253I mutation, confirming the

low level variant. There was no detectable evidence of other
HC or LC sequence variants.

To enable a more comprehensive assessment, a droplet
digital PCR (ddPCR) method was developed to quantify lev-
els of this sequence relative to total HC gene sequence/tran-
script. This method utilized a FAM-tagged fluorescent probe
designed to specifically detect only the T253I codon-
containing gene/transcript and a HEX-tagged fluorescent
probe that will detect all mAb 1 HC genes/transcripts. The
abundance of the T253I species was determined as a percent-
age of total mAb 1 HC gene/transcript. To develop our
method, three mAb 1 MCB vials were independently thawed
into separate shake flasks and after 3 days, genomic DNA
(gDNA) and RNA were isolated and used to assess levels of
the T253I variant species. The sequence variant containing
gene was found in �4% of the gDNA isolates, similar to
what was observed using clonal sequencing. Using RNA as
a starting material, a transcript variant level of 0.5% was
observed, again mirroring what was observed with RNA
clonal sequencing. Interestingly, the percentage of variant
containing transcripts were approximately eight-fold lower
than the percentage of variant containing gDNA, suggesting
that the rate of transcription of the gene harboring the vari-
ant is lower relative to wild-type copies. Reversed-phase
high-performance liquid chromatography (RP-HPLC) subu-
nit/domain analysis of the final mAb 1 bulk drug substance

Table 1. mAb 1 Sequence Variant Levels

mAb 1 HC Sequence Variant

Material Position Level

Nucleotide-gDNA C814T ddPCR – 4.0% 1/2 0.8%
CS – 3.2%

Nucleotide-mRNA C814T ddPCR – 0.5% 1/2 0.1%
CS – 0.5%

Bulk Drug Substance T253I 1.3% – <0.2%

mAb 1 Master Cell Bank sequence variant location and levels within
the heavy chain coding region in the MCB nucleic acid sequence and
the bulk drug substance. The range in level presented for the variant in
the bulk drug substance represents the range observed across several dif-
ferent drug substance lots examined.

Abbreviations: CS, clonal sequencing result; ddPCR, droplet digital
PCR result.

Figure 1. The mAb 1 sequence variant is the result of a mixed population of cells, some which harbor a genetic level sequence variant.
(A) RP-HPLC subunit domain analysis of mAb 1 drug substance. ScFc: single chain fragment crystalizable domain; Fd0: N-
terminal domain of the HC.; T253I Variant: T253I containing ScFc domain (B) Heavy chain gene copies per cell, using two
different endogenous genes for normalization.
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independently confirmed the presence of the T253I variant at
a low level, similar to that of the transcript (Figure 1A). As
the MCB was passaged to accrue generational age and ana-
lyzed, the percentage of the sequence variant containing
gene decreased over time, which is an observation made pre-
viously in other sequence variant containing cell lines.14

Prior to MCB generation, this cell line was cloned using a

Quixell micromanipulator; an automated cell transfer system

where the transfer of a single cell is confirmed microscopi-

cally.16 The protocol used to clone this cell bank was quali-

fied to yield a greater than 96% probability of any individual

cell line being derived from a single cell. A possible expla-

nation for a low level sequence variant is that each cell in

the population contains numerous integrated transgenes, a

small percent of which contain the variant. For example, if

the HC gene is present at 25 copies per cell, it is possible

that the low level variant is 1 of the 25 (4%) copies. A gene

copy number less than 25 would indicate that the variant is

in a sub-population of the cells. The gene copy number per

cell of the mAb 1 HC gene was 3.4 as determined using

ddPCR (Figure 1B). This observation, together with the

observed 4% level of the T253I variant at the gDNA level

strongly suggests that the MCB is a mixed population of

cells, some containing at least one copy of the HC variant

containing gene, and some cells with no copies of the vari-

ant. It should be noted that during cell line generation for

the mAb 1 cell line used to produce the MCB, no amplifica-

tion step was employed.

Analytical subcloning to determine cell bank clonality

There are two possible causes of the heterogeneous MCB

cell population containing the variant HC gene: (i) the cell

bank was not derived from a single cell or (ii) after single

cell cloning but prior to the establishment of the MCB, the

nucleotide mutation occurred in one cell, and the cell propa-

gated into a sub-population of the MCB. To determine which

of these two scenarios occurred, the MCB was single cell

cloned using two different cloning methods (Figure 2A). The

first method used was flow cytometry. After sorting, two

plates were stained with dye and sacrificed to determine the

single cell plating efficiency. Of the 192 wells assessed, 122

were occupied with cells, and only 2 of those 122 wells

occupied had more than one cell; a 98.3% single cell effi-

ciency. The second method utilized the ClonePix FL instru-

ment. The ClonePix method involves suspension of cells in a

semi-solid matrix, after which cells are incubated for several

days in order to generate colonies. Colonies are then picked

by the instrument and moved to 96-well plates. It is not pos-

sible to determine single cell plating efficiency since several

cells for each clone are moved into a well. Thus, the proba-

bility of clonality could not be established for this method.

In total, 192 wells containing Clonepix subclones and 160

wells containing flow cytometry subclones were screened for

mAb 1 titer. Of the 192 ClonePix subclones, 166 were

expressing mAb 1 (data not shown). The ClonePix method

used here did not incorporate the use of fluorescence to

enrich for producing subclones, they were only picked by

Figure 2. MCB Subcloning and Southern blot strategy. (A) The MCB subcloning/characterization process. Assays performed on the
subclones included T253I variant level analysis in gDNA, Southern blot analysis, heavy chain (HC) gene copy number analy-
sis, and shake-flask fed batch mAb expression analysis. (B) Restriction fragment length polymorphism analysis strategy.
Prior to the transfection that generated the MCB, the pmAb 1 expression plasmid was linearized with PvuI. DNA from sub-
clones were digested with BglII and subjected to Southern blot analysis, probing for either the heavy chain or light chain.
The resulting restriction fragment patterns are compared to the MCB.

Biotechnol. Prog., 2018, Vol. 34, No. 3 605



white light to ensure that colonies chosen were well sepa-
rated and of uniform shape. Interestingly, all 160 of the ana-
lyzed flow cytometry colonies were expressing mAb 1 (data
not shown). For further analysis, 69 ClonePixFL expressing
subclones and 64 flow cytometry expressing subclones were
randomly chosen for scale up to shake flasks, followed by
genomic DNA isolation to test for the presence of the gene
containing the T253I variant via ddPCR. Of the 69 ClonePix
clones that were analyzed, 16 contain the T253I sequence
variant, while 6 of the 64 flow cytometry clones contain the
variant (�16.5% of all subclones contained the variant, Fig-
ure 3A). This result supports our hypothesis that the MCB is
a heterogeneous population of cells with respect to the
sequence variant, as the variant was not detected in all
subclones.

Southern blot analysis of the subclones and MCB was
used to investigate MCB heterogeneity and determine if
there is correlation between the sequence variant and any
other observed heterogeneity. During the early stages of
MCB cell line generation, the mAb 1 expressing plasmid
was linearized via digestion with the restriction endonuclease
PvuI prior to transfection and integration into the host cell
genome. As shown in Figure 2B, digestion of gDNA from
MCB subclones with the restriction endonuclease BglII will

yield genomic restriction fragments containing both a portion
of the expression plasmid, as well as host genomic sequen-

ces beyond the PvuI site at the 30 end of the fragment. Given
that the expression plasmid integrated randomly into the host
cell genome during cell line generation, the number of inte-

gration events, the position(s) of the BglII site(s) adjacent to
the integrated expression plasmid(s), as well as the total size
of the restriction fragment(s), will also be random. However,
since this is a stable integration the number and sizes of the

restriction fragments after integration will remain static. If
the production cell line used to produce the MCB was
derived from a single cell, all of the resulting subclones
should have restriction fragment patterns (banding signa-

tures) related to that of the MCB. It is noteworthy that other
groups have observed differences in chromosome architec-
ture over time, which could lead to differences in integrant

banding patterns.10,11 The MCB HC 30 integration banding
signature is comprised of two bands, both migrating between
9 and 23 kilobases (Supporting Information Figure S1A).
The LC 30 banding signature also includes two bands migrat-

ing between 9 and 23 kb, plus a third band migrating at
�6 kb (Supporting Information Figure S1B). Genomic DNA
was digested from all 133 subclones with BglII, and digests
were analyzed via Southern blotting, probing for both the

Figure 3. Analytical Subcloning sequence variant and integration pattern data summary. (A) Percentages of subclones harboring the
genetic sequence variant, separated by cloning method. (B) Percentages of subclones having either an identical or related
integrant banding pattern to the MCB when probing for either heavy chain (HC) or light chain coding sequence. (C) Per-
centages of subclones that match/do not match the MCB HC Southern banding pattern versus presence/absence of T253I
sequence variant.
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HC and the LC, and the banding pattern was compared to

that of the MCB. A subclone with an identical banding pat-

tern was one that had only bands migrating at the same posi-

tions as the MCB, while a subclone with a related banding

pattern was one that had at least one band migrating at the

same position as the MCB. Of the 133 subclones analyzed,

132 had a banding signature that was related to the MCB.

The one subclone that was not related to the MCB had a sin-

gle band for both the HC and LC integration Southern blots.

While this band did not migrate with any of the bands in the

MCB in either the HC or LC blots, it did co-migrate with

bands of other subclones that had a related pattern to the

MCB, suggesting that this subclone was still likely related to

the other subclones, as well as the MCB. Since all 133 sub-

clones displayed a degree of relatedness to the MCB, the

data strongly suggests that the MCB was derived from a sin-

gle cell.

Examination of post-single cell cloning heterogeneity

While nearly all subclones analyzed by Southern blot

analysis appear to be related to the MCB, �40% of the sub-

clones displayed banding patterns that did not exactly match

the MCB (Figure 3B). Of those that did not match, some

matched for either the HC (11 of 133 total subclones) or the

LC (8 of 133 subclones), and some matched for neither HC

nor LC (34 of 133 subclones) (Figure 3B). These results sug-

gest that in addition to the presence/absence of the T253I

variant, there are other signatures of cellular heterogeneity

pertaining to the HC and LC expressing transgenes, specifi-

cally with respect to minor rearrangements of integrant

structure.

To further examine the degree of cellular heterogeneity

for this cell bank, we determined if there was a correlation

between HC banding pattern and the presence of the T253I

variant. All MCB subclones that contained the T253I variant

were examined for the presence of a 3’ integration banding

pattern that matched the MCB. Little correlation between the

HC integration banding pattern and the presence of a

sequence variant is observed (Figure 3C), suggesting that the

events leading to the rearrangements observed for the trans-

gene expression cassettes were different than the event(s)

leading to the generation of the sequence variant. Interest-

ingly, subclones with integration patterns matching the MCB

were observed both with and without the sequence variant,

further suggesting that the presence of the sequence variant

containing cell population were not the result of failure to

derive the MCB from a single cell, and rather the result of a

post-cloning genetic event.

A subset of the subclones was analyzed for HC gene

copy number (Figure 4). This subset of clones represents

those with and without the T253I variant, as well as clones

with matching and related HC integrant banding patterns.

The coefficient of variation for the mAb 1 HC gene copy

assay is 4.8%, and the standard deviation was 0.2 copies

per cell. Interestingly, the majority of subclones had HC

gene copy numbers significantly different from that of the

MCB, even when using a three standard deviation range

with respect to the mAb 1 HC gene copy number assay

(Figure 4). The vast majority of subclones lacking the

T253I variant coding sequence had HC gene copy numbers

lower than the MCB, while subclones harboring the variant

coding sequence had higher gene copy numbers. This result

suggests that a mutation causing the sequence variant may

have been associated with a gene duplication event very

early after single cell cloning. The above results confirm a

wide array of genetic heterogeneity within the mAb 1

clonal MCB.

Phenotypic performance for subclones with integration
pattern identical to the MCB

There were 32 subclones of the MCB identified that were

(i) sequence variant free, and (ii) had HC and LC integration

patterns identical to the MCB. To evaluate phenotypic per-

formance, these 32 subclones were subjected to a 12-day

Figure 4. Heavy chain gene copy analysis. HC gene copy per cell results for the subclones are grouped by presence/absence of the
T253I genetic variant, and HC integrant Southern blot result. HC gene copy number for the mAb 1 MCB is �3.4 copies
per cell; dashed lines represent a three standard deviation range.
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shake flask fed batch analysis (Figure 5). In spite of the fact

that these cells were subcloned from the same MCB, and

were similar with respect to LC and HC integrant structure,

a range of expression performance was still observed. The

subclones ranged in titer from 0.9 to 2.2 g/l, and specific

productivity (Qp) ranged from 14 to 42 pg/cell/day. In the

same experiment, titer for the MCB in the fed batch was

1.4 g/l, and the Qp was 19 pg/cell/day. This experiment

demonstrates that even subclones with matching HC and LC

Southern blot integrant structures can exhibit different phe-

notypic performance, and that other changes are occurring

independent of transgene genetic heterogeneity.

Bioprocess performance of the heterogeneous cell bank

The bioprocess performance consistency of the mAb 1
MCB was assessed. When a non-clonal cell bank is used in
a bioprocess, an expected outcome might be inconsistency
over generational age of both phenotypic attributes as well
as mAb product quality attributes. In order to maintain con-
sistency, the control strategy may necessitate shortening of
the cellular generational window used to run the bioprocess
when a non-clonal cell bank is used.

The mAb 1 MCB was passaged for �20 generations and
vials of cells were frozen in order to create a working cell
bank (WCB). The WCB was used to generate several

Figure 6. The heterogeneous MCB performs consistently in a bioprocess over a large cellular generational age window. (A) Lactate
accumulation over days in culture, (B) harvest titer, (C) viable cell concentration, and (D) viability for the mAb 1 working
cell bank using the same at scale upstream process across a range of cellular generational age. For (B), blue diamonds rep-
resent harvest titer for eight drug substance batches, while the red square is the average titer for all eight batches. Error
bars represent two standard deviations of the average.

Figure 5. Shake flask fed batch analysis of a subset of subclones. Several subclones that were sequence variant free and had identical
heavy chain and light chain integration Southern blot banding patterns were subjected to a 12-day fed batch expression
analysis. The MCB was also included as a control. Harvest titer (bars) and harvest specific productivity (Qp, triangles) are
presented.

608 Biotechnol. Prog., 2018, Vol. 34, No. 3



independent 12,000 L development batches of drug substance.
To assess the impact that generational age of this bank may
have on process consistency, the performance of eight produc-
tion batches were compared. These batches used the WCB
passaged to various generational ages as an inoculum source
for bioreactors using the same in-process parameters. Various
bioprocess performance metrics were assessed to determine
whether or not cellular age influences WCB performance
(Figure 6 and Supporting Information Figure S2). Cell growth
and viability were not impacted due to generational age. For
harvest day titer (Figure 6B) and volumetric productivity
(Supporting Information Figure S2), while there is a slight
decrease for both of these across generational age, the values
for the batches inoculated with the oldest generational age are
still within two standard deviations of the average of all of the
batches. A decrease of this magnitude is more likely due to
variance between batches rather than caused by a drift in cel-
lular populations. These results demonstrate that phenotypi-
cally, the mAb 1 cell bank performs consistently across
generational age, up to at least 103 generations from MCB
manufacture. It should be noted that the range of generational
ages evaluated here is not typical; normally the generational
age would be more limited (as short as �45 generations from
the MCB), either due to phenotypic performance of the cell
line, or lower expected commercial demand.

Product attributes of mAb 1 drug substance generated
from the eight 12,000-L scale development batches were
analyzed and compared for consistency and quality. The
charge heterogeneity, N-linked glycan profile (Figure 7), as
well as the percentage of high molecular mass species
(HMMS) and antibody integrity/fragmentation (Supporting

Information Table S1) were measured. For all attributes
examined, no correlation of changes in product quality with
generational age of the cells from which the material was
generated was observed. Taken together with the phenotypic
data, the results demonstrate that the mAb 1 MCB is capable
of consistent and robust performance in a large scale
bioprocess.

Conclusions

The mAb 1 expressing MCB described here is a heteroge-
neous population of cells, initially determined through dis-
covery of a low level sequence variant in the final drug
substance. This was further confirmed by integration South-
ern blot and transgene copy number analysis of MCB sub-
clones. While the MCB was likely derived from a single
cell, there also appear to be other post-single cell cloning
events that result in the MCB being comprised of several
related, yet distinct, sub-populations of cells. In spite of the
heterogeneous nature of the MCB, as well as several
reported instances of genetic plasticity of CHO cells,12,13,17

the bank performed robustly and consistently in a large scale
bioprocess for several generations after establishment.

While this MCB was likely derived from a single cell, at
the time of MCB generation the bank was no longer homog-
enous. This is not surprising given the fact that every cell
division has the opportunity to introduce some genetic vari-
ability via mitosis and polymerase errors. For example, the
error rate of a mammalian DNA polymerase with proofread-
ing and mismatch repair capabilities is approximately one of
every 1 3 109 bases.18 Given the estimated size of the CHO
cell genome (2.6 3 109 bases),19 it is expected that the aver-
age cell division would yield �2.6 polymerase errors. Errors
during mitosis are another opportunity for introduction of
genetic variation. Given the integration Southern blot analy-
sis results observed here for the subclones, as well as reports
of gross aneuploidy in CHO cell lines,17 this may be the
more prevalent error source when considering the transgene
integrant sites. The mAb 1 MCB accrued �115 generations
in the time between single cell cloning and MCB production,
(considering an average doubling time of 20.8 h and
�100 days in culture between single cell cloning and MCB
production). During this time, �2 3 1034 cell divisions
would have occurred, meaning that there is ample opportu-
nity for mutation to arise post cloning.

Perhaps the cell culture environment is playing a role in
the introduction of mutation. A cell culture flask is obviously
a much different environment than the one native to a ham-
ster ovary, and sequencing of the CHO cell genome revealed
a marked divergence from the hamster genome.10,11 During
electroporation-mediated transfection the cellular membrane
is damaged, resulting in lipid peroxidation and generation of
reactive oxygen species.20 Lipid peroxidation produces com-
pounds capable of forming adducts that are known to dam-
age DNA, which can introduce mutations.21,22 Flow
cytometry subjects cells to hydrodynamic forces, which may
result in significant cell damage,23 resulting in potential
mutagenesis. One could argue that our observations here
were due to mutagenesis the MCB was exposed to during
analytical subcloning, and are therefore artifacts of the sub-
cloning step. This however is unlikely, as two different sub-
cloning methods (flow cytometry and ClonePix) were
utilized which work by very different mechanisms. Some of
the Southern integration blot patterns observed that did not

Figure 7. (A) Charge heterogeneity and (B) N-glycosylation of
mAb 1 drug substance produced from the mAb 1
Working Cell Bank across a range of cellular gener-
ational ages.
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match the MCB for subclones cloned by both the ClonePix
and flow cytometry appeared to be the same (data not
shown), suggesting that the subpopulation having at least
those particular banding pattern signatures arose prior to the
independent MCB subcloning events.

Although sometimes used to augment assurance of clonal-
ity, the process of analytical subcloning is not without its
drawbacks. Data generated from an analytical subcloning
effort will likely reveal what was suspected initially and
what has been demonstrated here; that the cell bank is
indeed a mixed population of cells, whether or not the bank
was originally derived from a single cell. Further, when data
suggests that all subclones are related to the parental bank,
the method provides support of single cell derivation. How-
ever when this does not happen, it is impossible to rule out
that differences observed may be due to a cellular event that

occurred after the original single cell cloning event, or even
due to the process of analytical subcloning itself. Due to
this, analytical subcloning is of questionable utility for rou-
tine monitoring of clonality assurance.

Despite the observed heterogeneity, the cell bank was
capable of consistent performance in a large scale bioprocess
over a range of commercially representative generational
ages. Cell bank heterogeneity can potentially lead to a sub-
population of cells either performing better under certain
bioprocess parameters than other subpopulations, or a sub-
population of cells outgrowing the rest of the cell population

over generational age.17 These events can cause the bank as
a whole to exhibit significant changes in process perfor-
mance across different parameters or over cellular genera-
tional age. To ensure that bank heterogeneity does not
impact process consistency and is therefore suitable for com-
mercial manufacturing, it is good practice during later stage
development to assess cell banks, both genetically and phe-
notypically in the intended commercial upstream
manufacturing process (at laboratory scale, prior to process
qualification), across generational age. Consistent bioprocess
performance does not imply that the bank is homogeneous/
clonal, it simply means that the amount of heterogeneity pre-
sent is not enough to significantly impact process consis-
tency. Observations of inherent heterogeneity in cell lines
that were originally derived from a single cell, both in this

study and throughout the literature,10,12,17 calls into question
the level of scrutiny one should place around the single cell
cloning step when generating a cell line for eventual produc-
tion of a biotherapeutic.

In conclusion, while single cell cloning is indeed a useful
step for minimizing cell culture heterogeneity, our data dem-
onstrates that it does not eliminate cellular heterogeneity.
Focusing instead on the development of a robust bioprocess
which yields consistent phenotypic performance and biother-
apeutics product quality attributes will allow organizations to

effectively ensure satisfactory product supply.

Materials and Methods

Cell culture

Routine cell culture passaging took place in CD-CHO
media (Life Technologies, #10743-029) supplemented with
25 mM L-methionine sulfoximine (MSX, Millipore, GSS-
1015-F). Cells were grown in incubators set to 36.58C, 5%
CO2, 80% humidity, and shaking at 140 rpm with an orbital
diameter of 1 inch. Single cell cloning via flow cytometry

was performed as previously.24 The sort was performed on a

FACS Aria II cell sorter equipped with FACSDiva v8.0.1

software. For ClonePix cloning, a ClonePix FL was used.

Cells were cultured in 6-well plates containing semisolid

medium. Colonies were screened by white light to ensure

that they were distinct and well separated from other

colonies.

Cell line generation for the production cell line used to

produce the mAb 1 MCB consisted of electroporation of a

CHO K1 derived host with a plasmid encoding both the

mAb 1 HC and LC. Expressing cells were selected for using

50 mM MSX. Shortly after cloning, the concentration of

MSX was reduced to 25 mM. No amplification step was ever

performed.

Genomic DNA and RNA isolation

Genomic DNA sample preparation was performed using

Qiagen DNeasy Blood and Tissue kit (Qiagen #69506). Total

RNA sample preparation was performed using Qiagen

RNeasy Kit (Qiagen #74106).

Clonal sequencing

Total RNA was isolated from mAb 1 MCB cells, then

converted to cDNA using the Superscript III First Strand

Synthesis System with oligo dT primers (Life Technologies,

18080-051). Each cDNA sample was used as template for

PCR of the mAb 1 heavy and light chain open reading

frames. Each PCR product was subcloned into a pBluescript

vector and transformed into E. coli. Ninety-six colonies from

each transformation event were used as template for Sanger

sequencing to yield double-stranded sequence for each insert.

Results were analyzed using Sequencher software.

Sequence variant and gene copy analysis using droplet
digital PCR (ddPCR)

ddPCR methods were performed as described previ-

ously.14 Briefly, 1 mg of gDNA template for each sample

was digested with CviQI. Reaction mixes were made using

ddPCR Supermix (Biorad, #186–3010) and primer/probe sets

specific for either the mutation harboring HC gene and total

HC gene (for sequence variant analysis) or the total HC

gene and an endogenous CHO gene (for HC gene copy num-

ber analysis). For sequence variant analysis, subclones hav-

ing a signal above the host negative control for the variant

detecting probe were counted as positive for the presence of

the variant. For HC gene copy number analysis, the ACTR5
gene was routinely used as the endogenous gene for normali-

zation, as it was previously determined to have two copies

per cell by next generation sequencing and ddPCR. The ratio

of the total heavy chain probe signal to ACTR5 probe signal,

multiplied by two yields the number of copies of the mAb

gene in one cell. In Figure 1B, the CHO endogenous gene

COG1 was also used for normalization, which had also been

determined to be present at two copies per cell.

Southern blot

5 mg for each genomic DNA sample were used per digest.

As a control, expression plasmid DNA at 100% relative to

MCB genomic DNA levels was spiked into 5 mg of host

genomic DNA. These samples were digested in the same

610 Biotechnol. Prog., 2018, Vol. 34, No. 3



manner, to allow comparison with the predicted expression
plasmid fragments. The digested DNA samples were size-
fractionated on 0.8% agarose gels, transferred to positively-
charged nylon membranes and cross linked by UV irradia-
tion. Membranes were pre-hybridized in a formamide-based
hybridization buffer. They were subsequently hybridized in
the same solution with a target-specific denatured [32P]-
labeled probe. Probe templates for mAb 1 HC and LC were
generated by PCR using appropriate primer sets. Probes
were labeled with dCTP, (a-32P; Perkin Elmer, BLU513H)
using the Prime-It RmT Random Primer Labeling Kit (Stra-
tagene, 300392), followed by removal of free nucleotides
using Quick Spin Columns for radiolabeled DNA purification
Sephadex G-50 (Roche, 11–273-973-001). After hybridiza-
tion, the membranes were taken through a series of increas-
ingly stringent washes and then exposed to a phosphorimage
screen.

Shake Flask Fed Batch

For fed-batch shake flask analysis, cells were seeded at
3 3 105 cells ml21 in 250-ml shake flasks containing 50 ml
of proprietary medium. Cells were fed starting on day 3 of
the culture with a proprietary feed consisting of a mixture of
amino acid and trace elements. Daily viabilities and viable
cell concentrations were determined using a Vi-CELL auto-
mated cell viability analyzer. Antibody titers in the medium
were determined by bio-layer interferometry.

Fed-Batch Production Bioreactor

Fed-batch Production bioreactors were performed at
12,000-L scale. The bioreactor was inoculated at 6–
10 3 106 viable cells/ml using an N-1 perfusion bioreactor.
Starting on day 0, concentrated proprietary feed media and
glucose were added. All vessels maintained continuous con-
trol of pH using 1 N sodium carbonate. Daily offline gas and
pH measurements were performed with a Blood Gas Ana-
lyzer. Dissolved oxygen was controlled at 40% of air satura-
tion and temperature was controlled at 36.58C. Viable cell
density, glucose and lactate levels were determined for sam-
ples collected daily using a NOVA Flex BioProfile. Condi-
tioned medium collected was analyzed for the monoclonal
antibody titer by Protein A high performance liquid chroma-
tography (HPLC).

Analytical Methods

For imaged capillary isoelectric focusing (iCE), protein
samples were prepared and analyzed using an iCE280 Ana-
lyzer (ProteinSimple) per procedures described previously.25

iCE separates protein species based on their charge differ-
ences in a pH gradient generated by ampholytes under the
influence of an electric field. Protein charged species are
focused within a capillary under DC voltage and detected at
280 nm with whole capillary imaging. For size exclusion
HPLC (SEC), �50 mg of each protein sample was injected
onto a YMC-Pack Diol-200 size-exclusion column
(300 3 8 mm) maintained at 308C. High molecular mass
species (HMMS) and monomer were separated using iso-
cratic elution with a mobile phase containing 20 mM sodium
phosphate and 400 mM sodium chloride, pH 7.2.

The procedure for measuring intact and fragmented anti-
body levels was a previously described capillary gel

electrophoresis technique.26 Samples were denatured with
SDS and heated with or without a reducing agent. The pro-
tein samples were reduced into heavy and light chains which

were electrophoretically separated in a capillary containing
sieving medium and detected using UV absorbance, using a
Beckman Coulter Proteomelab PA800 instrument. The sepa-
ration allows quantitation of the resolved heavy and light
chains as well as size related impurities. The purity was
reported as the time corrected total percent of heavy and
light chains.

N-glycan profiling was performed using HILIC as
described previously.27 Briefly, N-glycans were released
from the mAb using PNGase F, labeled with a fluorescent
probe 2-aminobenzamide (2-AB), separated using hydro-
philic interaction chromatography (HILIC) with a Waters
Xbridge amide column, and quantified using fluorescence

detection.

The quantitation of T235I sequence variant levels was per-
formed by separating the Fc domains by HPLC following
IdeS digestions.28 Approximately, one unit of IdeS (FabRI-
CATOR Genovis; 59 unit/ml) was added to each mg of pro-

tein. The protein/enzyme mixture was then diluted with a
dilution buffer (50 mM sodium phosphate, 150 mM NaCl,
pH 6.6) to a final protein concentration of 2 mg/ml and incu-
bated at 378C for 60 min. The IdeS digested sample was
reduced by 125 mM DTT and 4 M GuHCl at 378C for
45 min.

The RP HPLC separation of IdeS digested and DTT
reduced samples was performed on a BEH300 C4 column
(100 3 2.1 mm, 1.7 mm, Waters, Inc.). The column was
held initially at 69.8% mobile phase A (0.1% TFA in 10%
IPA) and 30.2% mobile phase B (0.1% TFA in 10% IPA
and 90% ACN) for 2 min. Separation was achieved with a
linear gradient from 30.2% B to 35.0% B in 30 min. The

column temperature and flow rate were maintained at 658C
and 0.2 ml/min, respectively. Typically, 7.5 mg of sample
was injected onto the column for analysis.
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