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1 | INTRODUCTION

Continuous manufacturing of biologics has received significant
attention in recent years (Crowell et al., 2018), as a way to reduce
costs, increase flexibility, ease scale up, and increase product
quality (Konstantinov & Cooney, 2015). However, concerns sur-
rounding the genomic stability of the host (Werner et al., 1992)
must be addressed in the extended production periods typically
used in continuous culture.

Pichia pastoris (also referred to as Komagataella phaffii) is a
methylotrophic yeast that has been used to produce a large
number of therapeutic proteins (Ahmad et al., 2014) due to its
fast growth rate, ability to grow to high cell densities, strongly
regulated methanol-inducible AOX1 promoter, and low host cell
protein secretion profile (Damasceno et al., 2012; Invitrogen
Corporation, 2002). However, transgene copies are unstable in
P. pastoris (Aw, 2012; Aw & Polizzi, 2013; Curvers et al., 2001;
Ohi et al., 1998; Zhu et al., 2009) and have a direct impact on
specific productivity (Cos et al., 2005; Marx et al., 2009), which is
in turn related to product quality (Cunha et al., 2004; Schenk
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Development of continuous biopharmaceutical manufacturing processes is an area
of active research. This study considers the long-term transgene copy number sta-
bility of Pichia pastoris in continuous bioreactors. We propose a model of copy
number loss that quantifies population heterogeneity. An analytical solution is de-
rived and compared with existing experimental data. The model is then used to
provide guidance for stable operating timescales. The model is extended to consider
copy number dependent growth such as in the case of Zeocin supplementation. The
model is also extended to analyze a continuous seeding strategy. This study is a
critical step towards understanding the impact of continuous processing on the

stability of Pichia pastoris and the resultant products.

continuous biomanufacturing, copy number stability, mechanistic modeling, Pichia pastoris,
recombinant protein production

et al., 2008). While genomic stability in the form of plasmids have
been modeled in Eschericia coli and Saccharomyces cerevisiae
(Werbowy et al., 2017), a model for chromosomally integrated
DNA does not yet exist for P. pastoris.

Here, we propose a mathematical model for analyzing the
genomic stability of chromosomally integrated transgene copies in
P. pastoris by assuming expression cassettes are looped out from
tandem arrays (Aw, 2012; Aw & Polizzi, 2013; Schwarzhans et al., 2016).
The model is then validated by experimental data in the literature. We
then use the model to derive guidelines for stable process operation.
Next, the model is expanded to account for antibiotic selection
pressure with Zeocin as a case study. We also expand the model to
consider continuous seeding as a method to stabilize the production
bioreactor.

2 | METHODS

Data for average copy number (ACN) were extracted from figures in the
literature (Aw, 2012; Zhu et al, 2009) using WebPlotDigitizer.
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Differential equations were solved using Matlab R2018a. Model para-
meters were estimated using least-squares regression.

Samples were collected from bioreactors expressing granu-
locyte colony stimulating factor (G-CSF)**** (Crowell et al., 2018)
at 2 h pre- and 46, 118, and 160 h post-induction. Variant calling
was carried out using the GATK Best Practices workflow (Van der
Auwera et al., 2013). Alignments were performed using Burrows-
Wheeler Aligner (BWA-MEM, version 0.7.5a) (Li & Durbin, 2009).
Illumina sequencing reads were mapped to the wildtype
(ATCC76473) K. phaffii genome (NCBI bioproject accession
number PRJINA304977). PCR duplicates were removed using
Picard (version 1.94) MarkDuplicates after sorting the sequences
using SortSam. Samtools (version 0.1.19) was used for the first
round of SNP and Indel calling. These high quality Indels and
SNPs were then selected as the input for GATK Best Practice
Indel local realignment and base quality recalibration steps
(version 3.1.1). Transgene copy number was calculated as the
ratio of average cassette coverage to average genome coverage,
correcting for the presence of native K. phaffii sequence elements

in the cassette. Average depth was calculated using Samtools.

3 | RESULTS AND DISCUSSION

Biomass accumulation is conventionally modeled by

dxX(t) _ (1)
PTE = uS)X(),

where X is the total biomass concentration and the cellular growth rate u
is a function of the limiting substrate concentration S (methanol).
For biomass composed of subpopulations with different trans-

gene copy number, we can analogously write

Lx(®) = kX, @

where X is a n+ 1 vector biomass concentration of each sub-
population (i.e., x; is associated with the subpopulation with copy
number i). Instability is introduced through a mass-conserving
matrix A that describes the first-order transitions between
subpopulations,

%x(t) = u(S)X(®) + Ax(D), 3)

with a mass conservation condition

iA;J =0, Vj (4)

i=0

to ensure that the subpopulation model is equivalent to the total
biomass model under summation.
Writing y, the fraction of total biomass at each copy

number, as®
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-1 (5)
y(t) = A (t)x(t)

eliminates the dependence on substrate concentration and allows the

dynamics of y to be solely dependent on the matrix A,

d = (6)
dtv(t) = Ay(t).

Note that Eequation (6) is independent of the growth rate
expression in Equation (1), which is useful as the cellular growth
rate can depend on a multitude of factors, all of which are col-
lapsed into the value of a. Assuming that contiguous transgene
copies are lost in a loop-out event with a rate constant a
(Figure 1),

a(+ 1), for j<i,
A= —067'-0;1),
0, otherwise.

for j=i )

The i = j condition is equivalent to the sum of integers from 1
to n. The model structure assumes that copies are lost at a rate
proportional to the number of ways that contiguous loss could
occur (Figure 1). For instance, a cell with four copies can transi-
tion from four to three copies in four distinct ways (loss of copy 1,
2, 3, or 4). That same cell can transition from four to two copies in
three distinct ways (loss of copies 1 and 2, 2 and 3, or 3 and 4,
respectively). Similarly, that cell can transition from four to one
copy in two distinct ways (loss of copies 1, 2, and 3 or 2, 3, and 4)
and transition from four to zero copies in one way (loss of all
copies).

The scalar « is likely to be affected by integration locus, bior-
eactor operating conditions, and the recombinant gene expressed.
The value of « is difficult to predict a priori, and is most readily
obtained through parameter estimation.

The vector y(t) can be solved through eigendecomposition,

y(t) = Vexp(atD)V-lys, (®)
where
1, for i=j,
Vj={-1, for i=j—1, (9)
0, otherwise,
iGi+1) .
Dy = - for i=j, (10)
0, for i#j,
V-l = 1, for i<j, (11)
H 0, otherwise,

and yo = y(0) is the initial fraction of total biomass at each copy

number.

please see supporting information for the mathematical derivation.
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FIGURE 1 Proposed mechanism for copy number generation and loss. Cells gain copy numbers upon cassette introduction and lose copies
through loop-out events within bioreactor cultivation. The loss structure is defined in equation 7 of the main text, and the relative rate of loss is

dependent on a single parameter, «
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FIGURE 2 Copy number distributions starting from initial copy numbers (ICN) of 3, 10, and 30, at various dimensionless time at. Low ICN
tends to be more stable, taking a longer dimensionless time to decay [Color figure can be viewed at wileyonlinelibrary.com]
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By assuming that inoculum is comprised of cells at the highest
copy number, y, = 1, the fraction of cells of copy i, y;, and ACN can be

found in terms of a dimensionless time at,

exp(—"(i%l)at) - exp(—%at), for i<n,
Yi = L
exp(——'(';'l)at), for i=n,
(12)
n
ACN = iy, (13)
i-0
n o e
=Zexp(_uat)' (14)
i1 2

The model is qualitatively consistent with the literature, ex-
hibiting increased stability when starting with lower copy numbers
(Figure 2). Quantitatively, the model matches the literature data
(Aw, 2012; Zhu et al., 2009) closely with only a single fitting para-
meter a for each strain (Figure 3). Due to the inability to sponta-
neously generate additional copies (i.e., A is lower triangular), the
ACN asymptotically tends toward zero (Figure 4). The behavior of a
strain can be condensed into the rate constant a to aid strain se-
lection and process development and characterization.

In biomanufacturing, it is desirable that ACN remains approxi-
mately constant across the production window, which can be de-

scribed as the inequality

ACN g, (15)
ICN

where f is a fraction close to 1. The model can then be used to
predict the time at which the ACN decays below the threshold given
(Figure 5), which can aid process design.

This model can be extended to account for copy number dependent
growth, such as under antibiotic selection pressure or copy-number

dependent auxotrophy. This system can be described as

L0 = SN + SO + v D) (16)
j=0

where the scalar y is the growth rate change per copy. Antibiotic
selection pressure would result in a positive (i.e., copy number de-
pendent) y. Similarly as before, re-expressing this equation in terms

of fractional biomass y gives
Ao Sy iy o Sy (17)

Y= DAY Y= 7 D0

t £ £

j=0 j=0
The steady-state distribution of copies can be determined by

setting the time derivative to be zero, to give

n

n
0= DAY + 1V = 1V 2% (18)
j=0 parc

which can be solved to obtain?
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FIGURE 3 Comparison of copy number model predictions with
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ACN = ICN(l - M) (19)
2y

Stability, as defined by Equation (15), is a function of the

dimensionless group % and the initial copy number (Figure 6),
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FIGURE 4 Surface plot of average copy number (ACN) as a
function of initial copy number and dimensionless time at. Overlaid
on the surface are data from experiments and the literature. The
copy number loss rate constant « was obtained by parameter
estimation within the data set for each literature source. Under the
loss rate of Zhu et al. (2009), at = 10~1, 102, and 10~3 corresponds
to a process time of 16 weeks, 11 days, and 26 h, respectively. The
shape of the contour shows that higher initial copy numbers decay
rapidly, and that the final average copy number tends toward zero
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Dimensionless time for average copy number to
decrease to a fraction 8 (defined in Equation 5 in text) of the initial
copy. Under the loss rate of Zhu et al. (2009), at = 10-1, 102, and
10-3 corresponds to a process time of 16 weeks, 11 days, and 26 h,
respectively

ICN+1a < (20)

This model can be used to estimate y based on experimental
data. For instance, using data for copy loss in P. pastoris under
2000 ug/ml Zeocin selection pressure (Aw, 2012) and choosing y
to minimize the sum-of-square errors between model prediction
and data, a low value of y = 3.4 x 10-2h~! and %: 13.4 is ob-
tained. In a similar fashion, this model can be applied to other
sources of selection pressure to evaluate the potential for culture
stabilization.

Another approach to stability extends the concept of seed trains
(Frahm, 2014) by continuously injecting high-copy cells from a con-
tinuous glycerol-fed seed reactor into the production bioreactor to
replenish lost copies (Figure 7). The seed reactor is in turn stable,
because copy loss does not occur under glycerol (Zhu et al., 2009).

Leveraging a bioreactor material balance as shown in chapter 9
of Bailey and Ollis (2006), the model can be rewritten as

Lx(®) = EXO + AX(O) + T (t), (21)
where V is the cultivation volume and g;, and x;, are the flowrate and
the vector of biomass concentration of each subpopulation in the
seed stream, respectively.

If the injected biomass is assumed to have the highest copy
number in the system,

X = Xseeds for i=n, (22)
! 0, otherwise,

?please see supporting information for the mathematical derivation.

X
while maintaining a constant seeding ratio q"‘i;:*’d

@, we can use the
fractional form to derive

qln

—y(t)—Av(t)+ e Xin(®) = 5 Zx.n.ya) (23)

followed by eigendecomposition to obtain

y(t) = Vexp(yD)V-1yo — y) + 1. 24)

where the matrices V and V-! are in Equations (9) and (11), re-
spectively, and

ii+1) P
D= —a————¢, for i=] (25)
0, for i#]j,
2¢ /a _ 24 /a .
¥ = Oi+D+2¢/a  (+Di+2)+2¢/a’ for i<n, (26)
h 2 /a -
i+ +2¢/a’ for i=n
The ACN is given by
ii+1 ) 2¢/a
ACN(t ex |l - ——
® = Z p[( 2 ¢ i+ 1)+ 2¢/a
2¢/a (27)
ii+ 1)+ 2¢/a
and the steady-state ACN is
n
ACN =Y 2Pl (28)

i+ 1)+ 2¢/a
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FIGURE 6 Constant 8 = 0.9 (defined in equation 5 in text)
contours for various y, at, and initial copy numbers. Increasing y
increases the value of the initial copy number at infinite time. Under
the loss rate of Zhu et al. (2009), at = 10-%, 1072, and 103
corresponds to a process time of 16 weeks, 11 days, and 26 h,
respectively [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Process flow diagram for potential biomass supplementation scheme to maintain copy number stability

Continuous seeding improves stability of processes (Figure 8) at

g > 100. At steady state, we can express the ratio of volumes of the
seed and production reactors as

Ve _ X (29)

VX

where V; is the volume of the seed reactor and u is the growth

rate in the seed reactor. If the seed and production reactors
operate at equal density, with a copy loss rate of Zhu et al. (2009)
(¢ = 3.8 x 10°h~1) and a growth rate of u = 0.2h"1, the seed
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FIGURE 8 Dimensionless time at required for decay of copies to
0.9 of initial copies over a range of dimensionless seeding rates £.
Under the loss rate of Zhu et al. (2009), at = 10-1, 10~2, and 1073
corresponds to a process time of 16 weeks, 11 days, and 26 h,
respectively [Color figure can be viewed at wileyonlinelibrary.com]

reactor is 19 ml/L of production reactor (1.9% working volume),
which highlights the relatively high stability of this host.

This method has manifold advantages. It utilizes the same
materials as regular fed-batch or perfusion outgrowth, reducing
potential scale-up and regulatory risks. While P. pastoris has a
simplified implementation due to stability under non-induction
outgrowth conditions, there may be an added difficulty in this
scheme due to methanol adaptation upon seeding (Invitrogen
Corporation, 2002). This can be addressed by having a second
methanol adaptation vessel in the seed train, or the process can
be run with a slightly lower specific productivity. This con-
sideration applies more broadly to extended perfusion processing
of any unstable organism, including organisms that utilize con-
stitutive expression. Experimental confirmation of these novel
processing schemes would be beyond the scope, but This study
demonstrates the theoretical feasibility of such an approach

which can later be validated experimentally.

4 | CONCLUSIONS

This study considers genomic stability of transgene copies of a re-
combinant host, P. pastoris, for continuous manufacturing. Model
predictions, based on first-order loss in copies, compare well to ex-
perimental data in the literature. The stability of strains are depen-
dent on a strain-specific copy number loss rate, o, which can be
empirically determined from cultivation data. An extended model
accounted for the impact of selection pressure on copy number
stability. The selection pressure and stabilization potential of Zeocin
was quantified. Another extension to the model analyzed the con-
tinuous feeding of high-copy cells grown under a stable, glycerol-fed
seed reactor. This approach was shown to stabilize the reactor with a

small seed reactor volume.
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The quantitative tools developed here provide predictive tools
for process design and intensification. Copy number losses obtained
from short reactor runs can be used to determine loss rates, which
can in turn predict the genomic stability of the strain over longer
production periods. Additionally, alternative methods to provide
selection pressure or to inject high copy cells can be quantitatively
evaluated to determine the level of stabilization provided. Copy
number loss in production may be unavoidable but need not be
feared, so long the losses can be predicted, managed, and controlled
over time.
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