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The selection of highly productive cell lines remains a key step for manufacturing therapeutic proteins.
Microengraving was used to screen chemically mutagenized populations of Pichia pastoris for increased
production of an Fc fragment. Clones retrieved following three rounds of mutagenesis yielded titers 2.65-fold

greater than those of the parental strain.

Therapeutic proteins account for more than $99 billion of
drug revenues annually worldwide (14) and account for a quar-
ter of all new drugs for the treatment of diseases ranging from
autoimmunity to cancer (1, 15). The pharmaceutical industry
uses both microbial and cultured mammalian cells to produce
these biologic drugs in large quantities. Fermentation titer
remains a dominant determinant of the cost of recombinant
proteins (3), and thus, identifying clonal master cell lines that
maximize protein expression and secretion is critical for bio-
process development (1, 11).

Advances in robotics, automated liquid handling, and high-
throughput imaging of microtiter plates have enabled new
technologies for microbial colony picking. For example, the
Genetix QPix and Aviso CellCelector can pick thousands of
microbial colonies per day. Both, however, require highly so-
phisticated, costly equipment, and neither system allows the
screening of colonies directly for secreted proteins. Further-
more, cells must be incubated in semisolid medium and cannot
be screened immediately after cultivation by fermentation.
Flow cytometry (FC) has also been used to select both mam-
malian and microbial strains based on intracellular, surface-
bound, or locally encapsulated reporting molecules that link
protein production with the expression of fluorescent markers
(8, 12). These approaches are rapid and relatively inexpensive,
but the analysis required to identify and translate beneficial
genetic factors into production strains can be costly and re-
quire significant effort.

Here we report a method that uses microengraving for
clonal selection to screen production-ready hosts rapidly for
the secretion of a desired recombinant protein. Microengrav-
ing is a bioanalytical process that isolates and quantitatively
measures the rates of protein secretion for thousands of single
cells simultaneously (6). Cells are deposited into an array of
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subnanoliter wells at a density of ~1 cell per well, and the array
is then sealed to a glass slide uniformly coated with a reagent
to capture specific secreted products of interest (e.g., antibod-
ies). Following a short incubation of the sealed array (1 to 2 h),
the glass is removed to yield a protein microarray comprising
the secreted proteins captured from each individual well. Us-
ing this method, cells with desired phenotypes are identified
and recovered in less than 24 h using off-the-shelf components
typically available in university core facilities for microscopy or
microarray processing. The miniaturized format of each mi-
croengraving assay also helps conserve reagents and thus limits
costs—a typical screen costs less than a single enzyme-linked
immunosorbent assay (ELISA) using a 96-well microtiter
plate.

Recently, we adapted microengraving to study Pichia pasto-
ris, an alternative host organism for the production of thera-
peutic proteins and antibodies (2, 5). We determined that
secretion of heterologous proteins in this yeast fluctuates dy-
namically (7). Here, a parental strain of wild-type P. pastoris
cells secreting a human Fc fragment under the control of a
constitutive promoter (glyceraldehyde 3-phosphate dehydro-
genase) was grown in 10 ml yeast extract-peptone-dextrose
(YPD), subjected to random mutagenesis for diversification
using 3% aqueous ethyl methanesulfonate (EMS) (13), and
then allowed to recover for 24 h under standard growth con-
ditions (5) (Fig. 1A). The mutagenized cells were analyzed by
microengraving to screen for single cells secreting the Fc frag-
ment at the highest rates (7), with ~10,000 single cells
screened per assay. The 10 most productive cells were recov-
ered, propagated, and frozen to create new clonal stocks.
These 10 frozen lines were then used to inoculate 10 new
cultures, which were grown to stationary phase and pooled
prior to a subsequent round of chemical mutagenesis.

Initially, mutagenesis with EMS produced a less productive
population of cells (Fig. 1B). This outcome was not unex-
pected, since it is unlikely that cell survival under stringent
mutagenesis conditions (~70% Kkill rate) should correlate with
enhanced productivity prior to screening. The distributions of
the rates of secretion by single cells following the second and
third rounds of mutagenesis and screening show that secretion
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TABLE 1. Frequency and average rate of Fc-fragment secretion by
single cells in wild-type P. pastoris and mutagenized polyclonal
daughter populations

Rate of secretion

F f
requency o (ng - ml1-h-1)

Strain or round of mutagenesis secreting
cells (%) Median Mean
Nonmutagenized parent strain 69 3.0¢ 38
1 80 1.8 2.4
2 73 2.2 3.1
3 84 4.5¢ 6.3

“ These data were subjected to a Mann-Whitney test (P < 0.0001).

was improved iteratively during our screening process. Follow-
ing the third round of mutagenesis, we observed significant
improvement in Fc secretion of the polyclonal population over
the wild-type parental strain (Table 1). This mutagenized pop-
ulation surpassed the parental strain in its median (1.5 times)
and mean (1.68 times) rates of secretion. The percentage of
highly productive cells—those with rates of secretion greater
than five times the median of the parental strain—also in-
creased 6% compared to that in the nonmutagenized popula-
tion.

After three rounds of mutagenesis, the selected clones were
further characterized by ELISA to determine which clonal
lines produced more Fc fragment than the parental strain.
Frozen clonal stocks were plated on solid medium, and a single
colony from each plate was used to inoculate a 10-ml culture of
YPD and grown overnight at 25°C. Aliquots of these cultures
(optical density at 600 nm of 0.1) were used to inoculate a
250-ml culture for each clone. Supernatants were collected
from each culture following 60 h of growth and assayed by
ELISA to determine Fc titers. The parental strain was grown
under the same conditions for reference.

The secreted Fc titer of each mutant clone was compared
with that of the parental strain to assess each strain’s relative
productivity (Fig. 2). Three of the eight clones selected in the
third round of mutagenesis demonstrated improved produc-
tion of the Fc fragment; clones A3 (168%), AS (193%), and
A12 (265%) all exhibited titers of the Fc fragment consistently
higher than that of the parental strain. Sequencing of the
inserted gene confirmed that none of the selected clones con-
tained mutations within the Fc fragment itself (data not

FIG. 1. (A) Iterative process of mutagenesis and microengraving
enables generation and identification of single cells with improved
rates of heterologous protein secretion. Wild-type P. pastoris cells
constitutively secreting a human Fc fragment were subjected to chem-
ical mutagenesis and then analyzed by microengraving to characterize
the rates of protein secretion from single cells quantitatively. Cells with
the highest rates of secretion were recovered by micromanipulation,
grown, and frozen. These clonal stocks were regrown and pooled
before each subsequent round of mutagenesis and screening. PDMS,
polydimethylsiloxane. (B) Distribution of single-cell rates of secretion
obtained by microengraving using polyclonal populations comprising
10 clones recovered in each round of chemical mutagenesis. Frozen
stocks of recovered clones were used to inoculate separate 10-ml
cultures of YPD and grown to mid-log phase before pooling and
analysis by microengraving. The black arrow indicates a rate five times
the median rate of secretion of the parental strain.
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FIG. 2. Comparison of relative productivities of clonal strains re-
covered after three rounds of chemical mutagenesis. Fc titers in culture
supernatants were assessed by ELISA following the growth of each
clone and compared to that of the parental strain. Each bar represents
the mean ratio of a given clone’s titer relative to that of the parental
strain from seven independent outgrowth experiments. Error bars in-
dicate standard errors. The dashed line shows the ratio above which a
clone’s secretion output was considered improved. The significance of
the increased productivity was determined by Student’s ¢ test (¥, P <
0.1; #%, P < 0.05; *%%, P < 0.01).

shown), and thus, improved production is not due to altera-
tions or truncation of the product. Further characterization of
these clones by gene expression analysis or whole-genome se-
quencing may reveal genes responsible for the increased pro-
ductivity seen. Since protein expression and secretion exhibit
epigenetic variations (7, 10), the clones that did not outper-
form the parent strain were likely selected during screening at
a point inconsistent with their true steady-state rate of secre-
tion.

In summary, screening of single cells using microengraving
to quantify protein secretion is an effective and expedient
method for identifying and isolating highly productive clonal
lines. Cells, either microbial or mammalian, can be grown in
any medium composition prior to their analysis by microen-
graving—even bioreactors (K. R. Love, V. Panagiotou, B. Ji-
ang, T. A. Stadheim, and J. C. Love, unpublished work)—thus
enabling early identification of cell lines using cultivation con-
ditions more similar to those employed in manufacturing. In-
creasing the data obtained in each assay for each cell is
straightforward: As many as four parameters can be scored for
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each secreted protein simultaneously (4), including posttrans-
lational modifications like glycosylation (9). The multiplexing
capabilities of microengraving should allow the integration of
process analytical technologies with initial clonal selection and
greatly accelerate the time line for upstream process develop-
ment.
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