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Abstract

BACKGROUND: Process variability in bioprocess systems involving genetically engineered strains is a common bottleneck and a
real-time insight of the on-going process is crucial to achieve the desired product and its quality. In this study, a process analytical
technology (PAT) platform was developed for the monitoring and control of specific growth rate during methanol induction
phase (u,,.;) of glycoengineered Pichia pastoris fermentation for human interferon alpha 2b (hulFNa2b) production.

RESULTS: The PAT guided approach involves real-time monitoring of capacitance (AC) facilitating online estimation of specific
growth rate (u.), which serves as a process input during controller application. Fed-batch experiments using pulsed-feeding
of methanol at different dosage (20g and 30g) did not significantly influence y4,,.,. Exponential methanol feeding was
achieved using a modified proportional, integral and derivative (PID) controller for different predefined specific growth
rate set point (u,,) values, namely 0.015, 0.03, 0.04 and 0.06 h~'. Exponential feeding strategy during the induction phase
resulted in two crucial outcomes: (i) controlled methanol feeding rate (regulated by the developed PID controller) balanced the
methanol consumption rate (q; ,,..) of the P. pastoris; (ii) significant improvement in hulFNa2b titer (1483 mg L") and specific
productivity(>0.4 mg g~'. h) was achieved by the robust control of y,,., at optimal (0.04 h=") value. The purified hulFNa2b was
found to exhibit antiproliferative effect against human breast cancer cell lines.

CONCLUSIONS: Efficient control of .., at a very low narrow range was achieved with a long-term controller stability (>10 h) and
the highest titer reported to date for hulFNa2b (at optimal y,,.,) in the yeast expression platform.
© 2019 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION

Human interferon alpha 2b (hulFNa2b) is a type | interferon
with wide range of biological properties, namely antiviral,
anti-proliferative and immunomodulatory.! In contrast to bacte-
rial expression systems, Pichia pastoris (a methylotrophic yeast)
has emerged as successful expression system for the production
of various heterologous proteins, particularly biopharmaceuticals
and industrial enzymes.?* In our previous investigations, we have
successfully expressed hulFNa2b having a potent N-glycosylation
site in glycoengineered Pichia pastoris strain. This Pichia pastoris
strain with engineered human type N-glycosylation can pro-
duce glycosylated hulFNa2b mimicking human type N-glycan
moiety.>®

Exploration of various genetic engineering strategies in the
yeast expression system has opened up a clear understanding
of the secretary pathway of protein processing and regulation of
the traffic associated with its transport. This pathway channels

the native unprocessed protein towards appropriate folding and
post-translation modifications, followed by its secretion into the
reaction broth. Introduction of stronger inducible promoters at the
upstream of the heterologous protein sequence was attempted
previously by aiming at higher recombinant product titers. Expres-
sion systems like Pichia pastoris had demonstrated their suitability
as hosts for managing the excessive transcriptional load towards
protein formation. Molecular engineering approaches, however
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suffer from limitation of higher expression activity, which leads to
the retention of improperly folded proteins in their endoplasmic
reticulum (ER). Yeast overcame the stress due to higher expres-
sion rates by generating unfolded protein responses in their ER
lumen.”® Inappropriately/unfolded protein fractions in the culture
supernatants demand extensive purification steps that would be
strongly detract from the viable ‘Quality by Design’ perspective.
Therefore, optimization of protein titer from Pichia pastoris could
be achieved by developing the relationships between the various
critical process parameters and product titers.

In eukaryotes especially yeast systems, a good relationship was
observed between the specific growth rate (u) of an organism and
their respective protein productivities. Genome level expression
studies on Saccharomyces cerevisae reveal that all the 268 genes
and 13 transcription factors identified were dependent upon the
specific growth rate for their activation.’ The rates of transcription
in such systems were highly dependent upon the y values main-
tained. Cultivation of organisms carried out by manipulating ¢ was
determined to have a stronger influence at their metabolic level.
Pichia pastoris when operated at retentostat level, i.e. operating the
organism at nearly zero specific growth rate (1 < 0.001 h='), lead to
the transcriptional re-programming followed by the up-regulation
of stress related genes and down-regulation of cell cycle machin-
ery. This process strategy allocates less maintenance energy for
cell turn over activities through lowest growth trajectories. For all
growth associated products, it is well established that the pro-
portionality constant is apparently conserved for typical 4 and g,
(Specific productivity) values. This ratio represents the stoichio-
metric coefficient of the sequence of all pipeline events in the pro-
tein production machinery. Therefore, aiming to control x (critical
process parameter) at the process level will lead to a more promis-
ing product output.

Gaining real-time insight of the process leading to therapeutic
protein production is crucial for enhanced process understanding
and robust control of the undesired process perturbations.’® Pro-
cess analytical technology (PAT) tools play pivotal roles in main-
taining the product quality and achieving maximum productivity
through timely monitoring and control'! of critical process param-
eters (CPPs). Moreover, bioprocess systems involving therapeutic
protein production should embrace the PAT framework which is an
initiative by the FDA (Food and Drug Administration) for ensuring
consistent product quality.?

Dielectric spectroscopy has evolved as a promising PAT tool,
for real-time monitoring and control of bioprocess systems.
Non-invasive, in situ operations, selective measurement of viable
biomass, simplified linear calibration and short interval mea-
surements are salient features of dielectric spectroscopy.’® The
operational principle involves polarization of individual cell
membranes by application of electric field where each cell acts
as a tiny capacitor.” The measured signal (change in capaci-
tance, AC or permittivity, €) is a function of volume fraction of
cells with intact membrane, thereby negating the quantification
of dead cells.’® Dielectric spectroscopy has been successfully
employed for real-time monitoring of bacterial,'® yeast,"” fil-
amentous fungi'®and mammalian'™ cell populations. Studies
addressing the feedback control of specific growth rate using
mid-infrared (mid-IR), near-infrared (NIR), methanol sensor and
calorimetry as a soft sensor?®?’” are highlighted in Table S1 of
the Supporting Information. Only a few studies have successfully
reported the capacitance-based monitoring and control of y at
a desired value for Pichia pastoris and Penicillium chrysogenum
fermentation processes.>*? Accurate estimation of u was made

possible by this data reconciliation (DR) strategy. However, the
reliable performance of DR based u controller was limited by (i)
generation of unforeseen metabolites, (ii) quality of measured
signal, (iii) complex production medium.?* Right choice of PAT
tools for reliable u estimation followed by an application of simple
u controller for broader range of bioprocess systems remains a
quest for bioprocess engineers.'?°

In this present study, we developed a reliable u estimator based
on real-time capacitance measurements and successfully con-
trolled the methanol feed rate through developed modified PID
(proportional, integral and derivative) control strategy for pro-
duction of hulFNa2b in glycoengineered Pichia pastoris. PID is the
most common and widely adopted control algorithm employed
in various industries and has been universally accepted for the
majority of engineering applications. Its robust performance at
various operating conditions combined with its functional sim-
plicity, allows easy and effective handling by process engineers as
compared to advanced control techniques where it requires com-
plicated mathematical approach and more computation to control
the process.3® Control of specific growth rates in the bioprocesses
like bacterial, eukaryotic and mammalian cell systems were exclu-
sively carried out for decades using PID control strategy.?'3:32
Optimal PID output is associated with the reduction in noise
obtained by varying its basic parametric coefficients of propor-
tional, integral and derivative. This present investigation focusses
on elucidating the role of x on hulFNa2b production on hulFNa2b
titer, specific hulFNa2b productivity and methanol accumulation
based on insights gained from the real-time capacitance mea-
surements. This first-of-its-kind study delineates the application of
a simple robust real-time capacitance-based feedback algorithm
to control u especially at low range (0.015 - 0.06 h~') during the
induction phase.

MATERIALS AND METHODS

Strain and media

Recombinant Pichia pastoris SuperMan5 strain (Mut*phenotype)
expressing hulFNa2b was used in this study. The hulFNa2b expres-
sion is under the control of the AOX1 promoter and is secreted
in the extracellular media with the help of a-factor signal. The
construction of this strain has been described in our previous
studies.>® The stock culture was maintained at —80°C, in yeast
peptone dextrose (YPD) media containing 20% (v/v) glycerol. The
media compositions used in this study are as follows:

e Starter culture medium (YPD): yeast extract 10 g L™'; peptone
20gL~"; dextrose 20g L',

e Pre-culture medium (yeast extract peptone glycerol, YPG): yeast
extract 10 g L7'; peptone 20g L~'; glycerol 20g L~".

e Optimized basal salt medium:3® glycerol 48.84g L™'; K,SO,
18.2gL~";MgSO, 7.28 gL~";KOH 4.13g L~'; CaS0O,-2H,00.93 g
L="; (NH,),S0, 8.42g L™'; 85% H,PO, 26.7 mL L~'; PTM4 salts
44mL L7'. The composition of PTM4 salt solution: 2 g L™
CuSO,-5H,0,0.08 g L~" Nal,3g L' gL~" MnSO,-H,0,0.2g L™’
Na,Mo0O,-2H,0, 0.02 g L~! H;BO,, 0.5 g L' CaSO,-2H,0, 0.5 g
L' CoCl,, 7 g L' ZnCl,, 22 g L7 FeSO,-7H,0, 0.2 g L' biotin
and 1 mLL™" H,S0, 98% (v/v).

e Methanol feed solution: methanol 100% (v/v)+ 12mL PTM4
salts per 1 L of methanol.

Inoculum preparation
The starter culture was prepared by inoculating 5mL of YPD
medium with recombinant Pichia pastoris (SuperMan5 expressing
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Figure 1. Schematic representation of bioreactor experimental setup with the PID control of specific growth rate based on capacitance signal.

hulFNa2b) from the glycerol stock vial stored at —80 °C. Pre-culture
was prepared by inoculating starter culture in 1-L baffled Erlen-
meyer flask containing 170 mL of sterile YPG medium. The
inoculum was incubated at 30 °C and 220 rpm for 24 h to a final
ODg of 2 to 4.

Bioreactor operation

Pichia pastoris hulFNa2b fermentation was carried out in a 2.7 L
bioreactor (Biojenik Engineering, Chennai, India), which was
equipped with a bottom driven 6 blade Rushton turbine to
achieve an efficient oxygen transfer rate (OTR). Basal salt medium
autoclaved at 121 °C under 1 atm pressure was transferred asep-
tically into the reactor. Fermentation was initiated by the addition
of preculture (10% v/v) and working volume (V) was maintained
at 1.7 L. The real-time process signals, namely capacitance (in
pF cm™), conductivity (in mS cm™"), dissolved oxygen (%), tem-
perature (°C), pH, methanol feed (in grams) and methanol feed
rate (in mL h~") were acquired by NI 6238 Data Acquisition (DAQ)
hardware (National Instruments, Austin, TX, USA) with a maximum
sampling rate of 250kS s~' per channel. The acquisition of agita-
tion rate was governed by a parallel DAQ device (NI 6002, National
Instruments) operating in tandem with the NI 6238 hardware. A
supervisory control and data acquisition (SCADA) interface was
developed indigenously using a graphical programming interface
(LabVIEW, National Instruments) platform, which governs data
logging (every 5 s interval), data preprocessing (e.g. moving aver-
age, noise filtering), data display (graphs, archiving) and control
algorithms as indicated in Fig. 1. Reaction (growth) temperature
was maintained at 30 °C and pH was maintained at 5.4 by the addi-
tion of 25% (v/v) ammonia solution, and 30% (v/v) phosphoric
acid (H;PO,), as neutralizing agents. Batch mode reactor operation
was set to continue until complete utilization of glycerol, which
was indicated by a sharp rise in dissolved oxygen (DO) signal.

Offline analysis

Optical density measurements of the collected samples were per-
formed at 600 nm (ODg,) using an UV-visible spectrophotome-
ter (GE Healthcare, Hatfield, UK). Biomass concentration (in g L™")

was estimated by transferring 1 mL of the fermentation broth into
pre-weighed 1.5 mL tubes and centrifuging them at 13000 rpm
for 10 min at 4 °C. The supernatant was separated, and stored
at -20°C for offline analysis of glycerol and methanol through
high-performance liquid chromatography (HPLC) and hulFNa2b
concentration estimation by enzyme-linked immunosorbent assay
(ELISA) analysis was as described earlier.>3

Estimation of specific growth rate (u.,)

Dielectric spectroscopic investigation involves capacitance and
conductivity measurements of reaction broth containing biomass,
product and other analytes.3* Capacitance probe (Aber Instru-
ments, Aberystwyth, UK) is segregated into an apex ceramic
portion containing two annular electrodes and a tapering part
extended sufficiently to be immersed into the reaction broth. Head
amplifier connected to the probe generates an electric field across
the annular electrodes by an applied frequency (0.1-20 MHz).
Futura tool (Aber Instruments), an in-built application, records the
capacitance, C (0-200pF ¢cm™), and conductivity, G (0-40 mS
cm™"), at dual frequencies (580 kHz and 15.560 MHz). The AC and
AG values were obtained by subtracting response signal at mea-
surement frequency (580 kHz) from the signal at the reference fre-
quency (15.560 MHz). Sampling rate of the capacitance signal was
further amplified (10 000 samples s~') by connecting the probe
transmitter to the NI 6238 DAQ device. Mean averaging of AC and
AG at every 100 data points was dealt in order to reduce the noise
associated with signal acquisition.?® Specific growth rate was esti-
mated by using real-time capacitance measurements on a mov-
ing window frame of 2 h interval and was computed by Eqn (1).
The interval of 2 h was maintained, considering the slow growth
dynamics of Pichia pastoris (SuperMan5) strain during methanol
induction phase (doubling time ~ 12 h) and ensuring reliable pre-
diction of estimated specific growth rate (u.). Thus real-time val-
ues of ., serves to process inputs in the proposed PID control and
were logged at 5 s intervals.

In(AC.,,,) - In(Act,n—1)

Hest = t, —t_,) (1)
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Investigation on the effect of the feeding strategies on
During the fed-batch phase, two distinct feeding strategies,
namely pulsed feeding and exponential feeding regulated by
PID feedback loop were deployed to study the effect on p,,. The
former one deals with addition of defined amount of methanol
(first pulse) after complete consumption of glycerol, allowing
methanol to be utilized fully and replenished again (second
pulse). This procedure was repeated at regular time intervals
to ensure the C-source was available at regular intervals during
induced phase growth. The feedback control strategy adopted
in this study compares the parsed p, values to its set point, .
PID controller manipulates the output and adjusts the feed rate
in order to minimize error between process input and set value
(Fig. S1, Supporting Information). Reliability of u., model was
validated by offline ODg,, measurements.

Feed rate control

Pulsed feed rate

The complete consumption of residual glycerol in the batch cul-
ture was indicated by a rapid rise in DO signal accompanied
by a sudden drop in both carbon dioxide emission rate (CER)
and oxygen uptake rate (OUR) signals. The first methanol pulse
(20 g) was initialized to achieve a final concentration of 1.48% v/v
(11.8 g L") of pure methanol (supplemented with 12 mL of PTM4
per 1L of methanol), in the reaction broth. Preliminary experi-
ments suggested that 1.48% (v/v) as optimum methanol concen-
tration for increased hulFNa2b production and hence, repeated
methanol pulses with a final concentration of 1.48% (v/v) was
continued to assess the effect of optimal methanol pulse on cell
metabolism (growth and protein production). The influence of
excess methanol on cell metabolism was also investigated by addi-
tion of first methanol pulse (30 g) to attain the final concentration
of 2.2% (v/v) with pure methanol (supplemented with 12 mL of
PTM4 per 1 L of methanol) followed by repeated pulsed methanol
addition (final concentration of 2.2% v/v). Complete utilization of
methanol was indicated by a rapid rise in DO signal and a drop in
OUR/CER signals. Samples were collected at regular time intervals
for the assessment of DCW (Dry Cell Weight), hulFNa2b titer and
residual methanol concentrations and the resultant average values
plotted against time.

Exponential feed rate

The control of u at its desired set point value is achieved by feed-
ing the limiting substrate in proportion to the exponential rate of
increase in cell concentration. The rate of exponential feeding typ-
ically establishes quasi-steady between substrate affinity (k) and
residual substrate concentration (S) in the reaction broth, which
significantly influences the u value. This feeding strategy is advan-
tageous for any Monod’s type of microbial growth and attempts
to maintain the methanol concentration (limiting substrate) well
above its k¢ value. The feed rate equation as shown in Eqn (2) con-
tains feed-forward and feedback controller components. The for-
mer initializes a consistent feeding of limiting substrate (methanol)
with respect to the initial biomass concentration, which was devel-
oped till batch growth phase, i.e. glycerol phase and the latter com-
ponent determined the positive/negative exponent of the feed
rate control.?’ The feed rate is governed by,

FFB — Foe(PIDO/P).t (2)

Where F; is methanol feed rate regulated by feedback controller
(inmL h~") and F, is feed forward component (in mL h=").

The performance of classical controllers in bioprocess systems
is challenged by several factors, which includes dynamic process
conditions, cell metabolic perturbations and instability due to
exponential increase in process disturbances.3%-38 A slight modifi-
cation is adopted in the controller algorithm by including the pro-
portional, integral and derivative terms directly into the exponent
term of the growth equation (Eqn (4)), which could enhance the
controller robustness.?* PID controller computes error based on
Eqgn (3) and actuates the positive/negative exponent function in
response to real-time y values. PID control loop was designed (Fig.
S1) such that exponential feeding rate during methanol phase was
regulated by PID output (PID O/P) and represented by Eqn (4). The
main motivation of this approach is that the inherent simplicity of
the formulation should contribute to greater controller robustness.

6(!‘) = ﬂsp(t) - ”est(t) (3)

1 [ d
PIDO/P = k,.£(t) + ;/ /0 e(t).dt + TD.E'E(I‘) 4)

The selection of controller parameters, namely proportional
controller gain (kp), integral time (z,, in minutes) and derivative
time (zp, in minutes) plays a pivotal role in the PID controller per-
formance due to the exponential increasing trend of y related
disturbances. The manual tuning method was employed system-
atically in this study for appropriate selection of the controller
parameters.?® Feed-forward component, F, was determined by
estimating initial biomass concentration during glycerol phase
(X,) and substituted in the following relationship* (Eqn (5))

X,V
F = 0 Oﬂsp (5)

0 =
Smet YX/met

where V, reactor volume is at the end of glycerol phase, S, is
methanol concentration in feed stream (793 g L"), and Yx/met is
biomass yield during methanol phase.

Methanol feed during induction phase was carried out by a
high precision variable speed pump (Watson Marlow 120 U, Fal-
mouth, UK) and was connected to the PID loop. Feed rates were
already pre-calibrated with a current of 4 to 20 mA, which oper-
ates the precision pump. PID O/P connected to the precision pump
via 4-20 mA signal responses tightly control the dynamic feeding
rate. The controller performance was evaluated by calculating the
average absolute tracking error for each ug,. All the experiments
were performed in duplicates and the average values are repre-
sented in the tables and figures.

Oxygen uptake rate (OUR) measurement

A laboratory scale exhaust gas analyzer (Ultramat 23, Siemens
AG, Berlin, Germany) was used as a complimentary PAT tool to
measure O, and CO, concentration in the off-gas (exit stream
of bioreactor). The O, and CO, concentrations were measured
by paramagnetic detection and IR based absorption techniques,
respectively. Gaseous phase mole fractions of O, and CO, obtained
from exhaust gas analyzer measurements was used to estimate
OUR, ro, and CER, r,, based on Eqns ((6) and ((7), respectively.

m yinert in
OUR = —2 |yoim — ' 6
VR [yOZ,ln yOZ,out (yinert,out )] ( )
m yin rt,in
CER = Tg [yCOZ,out < — > _YCoz,in] @
R inert, out
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where m, is mass flow rate of gas in L s, V; is the volume of
the reaction broth in litres, y, ;, is mole fraction of O, in air inlet
stream, Yo, o is Mole fraction of O, in air outlet stream, yq, i, is
mole fraction of CO, in air inlet stream, y o, o, is Mole fraction of
CO, in air outlet stream, y; .. i, is mole fraction of N, in air inlet
stream and ¥, o o IS Mole fraction of N, in air outlet stream.

Volumetric rates, ry,and reo, could provide direct insight on the
cell physiology and their ratio indicates the respiratory quotient*'
of Pichia pastoris. OUR and CER values were estimated by SCADA
and logged at every 10 s interval. The O, and CO, %(mole basis) of
inlet air (@ambient air) was regularly monitored by the exhaust gas
analyzerin all the reactor runs and their average values maintained
a high level of consistency within the range 20.85-20.9% and
0.02-0.04%, respectively.

Purification of recombinant hulFNa2b

Glycosylated hulFNa2b from the culture supernatant taken from
the optimal control run (ug, = 0.04 h™') was purified as per the
protocol described in our previous studies.>® In brief the purifi-
cation protocol included His-tagged affinity chromatography and
Concanavalin A (Con A) chromatography steps sequentially. The
pooled fractions containing major amounts of the recombinant
hulFNa2b after His-tag affinity chromatography were subjected to
Con A chromatography for the selective purification of glycosy-
lated hulFNa2b.

Biological activity of recombinant hulFNa2b

Biological activity of the recombinant hulFNa2b was assessed by
its ability to inhibit cell growth in the in vitro study using breast
cancer cell lines (T47D and MCF7). T47D cell line and MCF7 cell
line were maintained in RPMI medium and Dulbecco’s modified
Eagle medium (DMEM), a high glucose medium, respectively;
both media were supplemented with streptomycin and penicillin
antibiotic along with 10% fetal bovine serum (FBS). Cells were
grown to 70% of confluence in humidified incubator at 37 °C
and 5% CO,. Thereafter, the adhered cells were washed with
Dulbecco’s phosphate buffered saline (DPBS) and detached using
0.25% trypsin-ethylenediaminetetraaceticacid (EDTA). About
1x10% cells well=" were transferred into a 96-well cell culture
plate and incubated overnight at 37 °C and 5% CO, for further
study. The spent medium was replaced by 200 pL of fresh medium
containing either commercial IFN a2b drug or purified recombi-
nant hulFNa2b at different concentrations, 0.5, 7.5, and 20 nM.
Cells in the medium without IFN a2b were used as a negative con-
trol. The antiproliferative activity of the hulFNa2b was determined
after 96 h of treatment. The viable cell densities were detected
after washing with DPBS based on the conversion of MTT into for-
mazan by mitochondrial reductase. 100 uL of MTT (0.5mg mL™")
was added to each well and incubated at 37 °C for 3h. The MTT
solution was discarded and the insoluble formazan crystals were
dissolved in 100 pL dimethyl sulphoxide (DMSO) and incubated at
25 °Cfor 5 min. The absorbance was measured at 570 nm with the
reference absorbance of 690 nm. The assay was performed in five
replicates.

RESULTS AND DISCUSSION
Specific growth rate estimator (u.,)
Pichia pastoris hulFNa2b fermentation runs exhibited a linear cor-
relation (R? > 0.9) between capacitance and biomass concentra-
tion (DCW) data (Fig. S2, Supporting Information). Segregation of

various phases such as growth, transition and induction phases
could be observed from AC signal profile (Fig. S3, Supporting Infor-
mation). The proportional rise in AC signal with respect to an
increase in biomass concentrations signal were found to be con-
sistent (R? = 0.988 and R? =0.911 for two different batch exper-
iments) during all the stages of cultivation, namely exponential,
methanol induction, methanol-limited and starvation phases of
growth. The rate of change in the capacitance value with respect
to time was modelled to provide real-time estimation of specific
growth rate (u.,). Reliability of the estimated values (u,,) was
validated by comparison with .. data estimated using DCW
measurements in accordance with the published reports.?* The
proposed u.,, estimator (Eqn ((1)) deciphered from AC signal, was
thus deployed to read calculated p values at different regimes of
Pichia pastoris growth. The relationship between the increments
in capacitance value to the DCW during the induction (produc-
tion) phase was estimated to be an average of correlation obtained
from different fermentation runs (Biomass = (6.209 )AC) (Fig. S2).
The average slope value for biomass and AC correltation for induc-
tion phase (6.209) was observed to be significantly greater than
the exponential growth phase (3.693). This could be attributed due
to the fact that ‘glycerol’ is preferred as ‘anabolic’ substrate and
‘methanol’ serves as ‘energetic’ substrate driving the protein pro-
duction in Pichia pastoris fermentation.?>#?

Growth characteristics of Pichia pastoris during growth

and induction phases of hulFNa2b production

Growth phase is characterized by the utilization of glycerol,
which shows repressing effect on the AOX transcription ele-
ments. As a result it leads to the channelling of major carbon flux
towards biomass formation with relatively lesser maintenance
requirement.** This can be observed from the higher biomass
yields (Yx/gly) achieved at the end of glycerol batch phase as shown

in Table 1. During the batch growth phases of pulsed feed strategy
(glycerol as sole carbon source), significant biomass production
was achieved (Table 1). Sudden drop in the respirometric activity
(decrease in CER and OUR signal) and a drastic rise in DO signal
indicated the exhaustion of glycerol in the reaction broth. Their
levels therefore acted as alarms that signalled the completion
of batch glycerol growth phase (Fig. S3). After the complete uti-
lization of glycerol in batch growth phase, methanol (100% v/v
methanol supplemented with PTM4 salts) adaptation pulse was
added as a supplement, which marked the initiation of transition
phase. The latter was characterized by the decrease in viable cell
volume post methanol addition, subsequently manifested by the
drop of AC signal (Fig. S3). Methanol pulses (four shorter pulses
of 5g of methanol) were continued until the response from AC
signal showed a positive upfront. This phase is also regarded
as the adaptation phase, in which AOX transcription machinery
gets gradually activated and carbon assimilation is shifted from
glycerol to methanol after about a duration of 3 to 4 h. Induction
phase starts at the pulsed feeding of methanol by the methodol-
ogy as described in the ‘Pulse Feed rate’ section previously, after
the transition phase. Different dosage rates of methanol used, i.e.
optimal (20 g) and excess (30 g), its influence in biomass yield and
hulFNa2b titer are reported in Table 1. Pulsed feeding rate at differ-
ent levels was found to have negligible effect on their respective
Mo Values as observed in Table 1. Specific rate of methanol uti-
lization (g, ;) Was determined for two different methanol pulsed
feeds (20 and 30 g) and the residual methanol concentration plot
(Fig. 2(A)) showed that the methanol was fully utilized in both
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Table 1. Assessment of pulsed feed strategy on estimation of specific growth rate () during methanol induction phase
Volumetric
DCW Hgly Hmet YX/g|y hulFNa2b productivity,? YX et
Pulsed feed rate (gL™ (h=") (=" (9g™ (mg L") r, (mg L~ hT) gg™
Batch run with pulse feeding (20 g methanol) 158.4 0.213 0.02718 0.772 436 6.22 0.129
Batch run with pulse feeding (30 g methanol) 133.12 0.204 0.0262 0.822 627 10.11 0.109
@ rp was computed during induction phases only.
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Figure 2. (A) Dynamic methanol uptake profile by Pichia pastoris cultivation during repeated methanol pulse feeding at the induction phase: duration
62-64 h (open circles), duration 70-72 h (open triangles), duration 77-79 h (open squares). g, et Was calculated from the ratio of volumetric methanol

utilization (g L™ h) to biomass concentration. (B) Influence of methanol (open triangles) utilization (g L™') on developed capacitance signal (AC) (pF cm™")

(continuous dark grey line) at 70-72 h.

the feed conditions. g, .. estimated for the different pulsed feed
(20 g and 30 g) rates were found to be consistent at an average of
0.0921 +0.013g g" h" throughout the induction phase (Fig. 2(A))
while the AC signal was positively influenced by the concomitant
methanol utilization by the Pichia pastoris (Fig. 2(B)).The specific
methanol utilization rate (g ;= 0.0921+0.013g g h) in this
heterologous expression system was several folds higher than
that reported for any of the de-repressed substrates** and also
was found to be constant throughout the production phase
(Fig. 2(A)). During the time course of methanol utilization in the
pulse feeding strategy, the y,,., of Pichia pastoris varies dynami-
cally showing maximum 4., at higher methanol concentrations,
i.e. immediately after supplementing 20/30 g feed bolus and as
the methanol depletes, y,,., drops proportionally towards zero.*®
Increase in i, at the sudden onset of feed could be traced from
an increase in AC signal (Fig. 2(B)). Thus it indicates that the cell
metabolism is limited by the methanol feed, leading to its effec-
tive assimilation and followed by a flattened profile representing
methanol depletion. Therefore, it proves the fidelity of the AC sig-
nal to indicate/signal the physiological state of the Pichia pastoris
during induction phases. Also, the dynamic profiles of methanol
concentration (Fig. S4, Supporting Information) indicated that the
kinetics of biomass growth is independent of the dosage rates.
The hulFNa2b titer (627 mg L=") was significantly higher for excess
pulse feeding (30g) as shown in Table 1, in spite of u,,., value
remaining almost unchanged. These findings suggest that pulsed
addition of methanol at its temporal excess (30g) influenced
the hulFNa2b production positively at the expense of reduction
in biomass yield (Yx/met). The possibility of inhibitory effects of

methanol on membrane synthesis and DNA replication lead to
decrease in the biomass growth and resulted in regulation of
energy flux (as a result of methanol utilization) towards hulFNa2b
synthesis pathway, which in turn lead to enhancement in the prod-
uct titer.*® The constructed recombinant glycoengineered Pichia
pastoris in this study exhibits a better stability in expressing AOX
transcription genes amidst higher methanol concentrations in the
range 14-16g L' as shown in Fig. 2(A, B). This is substantiated
by reports suggesting that recombinants with the integration of
gene of interest possessed higher methanol tolerance compared
with wild type strain®4”

Design of PID feedback loop for the exponential methanol
feeding strategy at different p,

In all ., control runs, the batch growth phase lasted for a dura-
tion of up to 26-28h leading to complete glycerol consump-
tion and generated 35-40g L' of biomass. Larger proportion
of glycerol consumption, i.e. more than 80% of substrate (Yx/g|y>

0.8 in Table 2) was used for/directed towards the synthesis of
biomass, thus generating the required potential cell machinery
(high cell density) for the subsequent hulFNa2b production. Adap-
tation phase encompassed four to five shorter methanol pulses
required to activate de-repressed methanol induced AOX tran-
scription genes. In induction phase, exponential feeding strategy
was designed such that methanol accumulation was maintained
less than its critical level (>15g L") based on the published
resources.*® Continuously regulated feed was initiated following
the adaptation phase in all control runs intended to maintain
a different specific growth rate at the desired set point values
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Table 2. Assessment of feedback control strategies employing different set point specific growth rate (u,)

Volumetric
DCW Iy fgly (h™") Himer (h71) Xy hulFNa2b productivity,”
Hgp (W71 (gL (gL="hM) (offline)? (offline) (gg™ (mgL™") rp (mg L=t h Y Xt g
0.015 119.8 1.61 0.233 0.0181 0.853 550.3 13.75 0.154
0.03 135.76 2.088 0.229 0.0378 0.817 980.4 25.8 0.157
0.04 185.52 2.829 0.252 0.0464 0.88 1483.7 39.04 0.262
0.06 124 2.005 0.245 0.063 0.858 536.2 15.77 0.176
@ Maximum specific growth rate estimated during growth phase.
b rp was computed during induction phases only.
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Figure 3. Exponential feedback control of methanol (dark grey line) during induction phase: Capacitance signal, AC (dark continuous line); methanol
(dark grey line); scatter plots representing methanol concentration values during various Hsp Tuns: (A) open circles (ﬂsp:0-015 h="), (B) open

squares (ﬂsp =0.03 h™), (C) down-facing open triangles (ﬂsp =0.04h7"), (D) up-facing open triangles (ﬂsp =0.06 h71).

(1g =0.015,0.03, 0.04 and 0.06 h™"). The feed-forward and feed-
back controller parameter (obtained from Eqn 2) were given as
input in the SCADA before proceeding with the y,,., control. The
lowest (7.65mL h~') and highest initial feeding rate (28.15mL
h=") of methanol were decided based on desired y,values of
0.015 and 0.06 h~', respectively in the feed-forward component
of Eqn (5). The performance of the implemented feedback PID
control strategy manipulating methanol feed rate to control y,.,
in response to various ug, values were tabulated in Table 2. In
all ye control runs except ug, =0.06 h™', exponential feeding
rates were observed to be effective (Fig. 3(A-C)) in meeting the
biomass growth and protein production requirements owing to
the complete utilization of methanol (residual methanol concen-
tration was observed closer to zero for more than 20h). Rapid
consumption of methanol in all control runs substantiates that
dynamic mass balance was established by the PID controller

between methanol availability (feed stream) and its immediate
consumption by Pichia pastoris. The AC signal was observed to be
a good indicator of methanol assimilation, as it rises sharply dur-
ing the early induction phase representing effective methanol uti-
lization. In a similar manner, methanol accumulation (Fig. 3(A-C))
in the later induction phase results in the stabilization of AC sig-
nal after 60 h. OUR/CER signals corroborated well with AC sig-
nal in distinct phases of Pichia pastoris hulFNa2b production, but
associated with perturbations and noises due to the regulation
of airflow rate in order to maintain the desired DO concentra-
tion (Fig. S3). Respiratory quotient (RQ) of 0.683 +0.128 deter-
mined from different y ., control runs illustrated the metabolic
utilization efficiency of carbon source (glycerol/methanol) and this
value corroborated with other Pichia pastoris variants reported.*>°
Exponential feeding of methanol resulted in effective utilization of
methanol for biomass formation (Y, =0.262 pomass Imethanol )
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Figure 4. (A) Influence of specific growth rate on DCW and (B) influence of specific growth rate on hulFNa2b production: open circles (Hsp =0.015h""),
open squares (ug, = 0.03 h~1), filled triangles (usp =0.04 h~"), open triangles (usp = 0.06 h=1)

for uy, =0.04 h™'. At higher ug, (0.06 h™"), the exponential feed
rate was repeated at regular time intervals rather than proceeding
ata continuous feeding to avoid methanol accumulation to its crit-
ical level. By re-initializing the controller (Fig. 3(D)) at regular time
intervals, the methanol feed rate was maintained between the
range 27.98 and 37.77 mL h~" in order to maintain the methanol
concentration below its critical level. In spite of this repetitive
feed strategy, significant methanol accumulation (4-10g L™") was
observed at the early induction phase (35-45 h) for the control run
at ug, = 0.06 h™" (Fig. 3(D)). Also, residual methanol concentration
consistently exhibited increasing and decreasing trends at regu-
lar intervals (Fig. 3(D)). Repeated exponential feed rate showed
a passive response for biomass growth during early phases of
induction, but later the cells adapted to high methanol load con-
ditions exhibiting the controlled y,,.., (substantiated by both
and i qine Values). Feed rate exceeding beyond maximum sub-
strate uptake capacity (q9"*) of Pichia pastoris led to the methanol
accumulation especially for u,, = 0.06 h=! run. The glycoengi-
neered Pichia pastoris (Superman 5) exhibits y,,,, at 0.0624h~",
which leads to an excessive metabolic load on allocating car-
bon towards various activities. The imbalance between methanol
feeding and subsequent utilization towards growth and pro-
tein production (Fig. 3(D)) is manifested by the metabolic per-
turbations experienced by organism, while almost attaining its
maximum growth rate conditions.>! The decrease in biomass
growth (Fig. 4(A)) confirms the outcome of metabolic stress expe-
rienced by the Pichia pastoris growing at high specific growth rate
(g, =0.06 h™"). Inspite of the methanol accumulation, the con-
troller maintained the y,, at 0.0597 h™' (near to ) at later phases
of induction for 20 h.

Control characteristics of capacitance based .,

Dynamic variation of g, to different set values in a single con-
trol experiment could be an attractive option from an opera-
tional perspective,®? but would in turn exert dynamic pressure on
AOX machinery of Pichia pastoris. This would lead to various lev-
els of stress (transient adaptation of cells to different methanol
concentrations) and complicate the interpretation of the pro-
tein expression level. Independent assessment of hulFNa2b pro-
duction by controlling .., at different set point values would
be advantageous, as the selective pressure applied on the AOX

expression system by methanol feed is uniform throughout the
induction phase. The proposed schema of the y,,, control as illus-
trated in Fig. S1 is highly dependent upon the PID tuning parame-
ters and control characteristics.

In the entire controller tuning experiments, each tuning parame-
ter was set and maintained for at least 8 h duration for observation.
Controller gain (kc), a ratio between methanol feeding rate (F,,) to
the developed pi, is a prominent factor?! in establishing a stabi-
lized controller output. The k. value was maintained in the range
between 0.5 and 1.0 and delivered robust controller performance
for ug, <0.04 h='. The ‘integral’ component of the controller was
attributed to reduced offset in the controlled variable and to
delivering a stable response. Ratio between methanol feeding
rate (F) to u. is determined by the controller gain, k; it was set
to <1, in order to avoid accumulation of methanol to toxic levels.
Influence of tuning parameters over ., signal and their deviation
with the proposed u,, are shown in Supporting Information Table
S2. PID controller output was observed to be robust to meet
the methanol demand for the biomass growth and hulFNa2b
production owing to its effective consumption in the control
experiments (Fig. 3(A, C)). Moreover, the methanol accumulation
did not exceed the residual concentration (> 2 g L™') for biomass
growth and remained consistent for long duration in all the con-
trol experiments except for ug, of 0.06 h=' (Fig. 3(D)). At higher
Hgp say 0.06 h™', ke was set to 4.8 to regulate the PID loop. The
disproportion in the ratio between feeding rate and ., signal
was key to the excessive supplementation of methanol over a
shorter time frame. However, a discontinuous phase of controller
regulation at g, =0.06 h~'attributed to the proposed e
values.

Noise pretreated i, values obtained from AC signal at a time
frame of every 2 h was compared with their corresponding offline
values (pygine) €stimated from DCW measurements. The concur-
rence between p., and e Values with respect to u,, proves
the successful accomplishment of the PID control (Fig. 5(A-D)).
Lower average tracking error (less than 15%) obtained for all
Hmer Control runs showing that s, is in good synchronization
with their respective set points (Table S3, Supporting Informa-
tion). Moreover, the characteristics of controller especially the
long-term stability could be effectively addressed in individual
control experiments run at different ., values. At different control
Hsp runs, a uniform control regime was maintained by feedback
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Figure 5. PID controller performance based on comparative evaluation of ugy,, pes and pogine Values: dark continuous lines represents gy, dark grey
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control resulting in consistent biomass and hulFNa2b production
(Fig. 4(A, B)). From Table 2, hulFNa2b production is strongly influ-
enced by u,,., especially when maintained at a narrow range.?%>3
Thus, p . values were corroborated well with p ;.. measurements
(Fig. 5). Exponential feeding of methanol regulated by PID loop
proved to be more accurate/categorical/effective in main-
taining a low pug,at a narrow range (0.015-0.06 h=") reported
elsewhere.?’

The oscillatory behaviour observed in i, in all the control runs
(Fig. 5(A-D)) is attributed due to natural metabolic response of
the Pichia pastoris but it is unlikely to become the controller effect
and non-aligned to actual value of specific growth rate.?* Sim-
ilar oscillatory behaviour was observed during the exponential
batch growth phase (glycerol), where Pichia pastoris was expected
to grow at its maximum specific growth rate (y,,,,). The error
value for the optimal 4,(0.04 h™") run was found to be extremely
low (0.0068 h=") and a consistent response (u,,) for a long dura-
tion (> 10h) was observed for different 4, values (Fig. 5(A-D)).
The PID controller performance (long-term stability and track-
ing error) addressed in this study is observed to be better than
the DR-based feedback control strategy reported.?* During induc-
tion phase, Pichia pastoris experiences higher transcriptional load
owing to lower hulFNa2b titer coupled with biomass growth and
any attempt to cultivate the organism Pichia pastoris at higher i, ..,
will result in p. oscillation with larger amplitude (evident from
Fig. 5(D)).
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Figure 6. Influence of different specific growth rate (#sp) on hulFNa2b titer,
specific productivity (gp) and protein yield coefficient (Ypy).

Improvement in hulFNa2b productivity

The production of hulFNa2b was found to increase in confor-
mity with DCW in every ug, run. However, a linear trend in
DCW was observed in contrast to the exponential fashion of the
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Figure 7. (A) Purification of recombinant hulFNa2b by His-tag affinity chromatography. Lanes 1-9 shows elution fractions and Lane L shows protein
ladder. In Lanes 1-9, 25 uL of sample was loaded and in Lane L, 10 pL of protein ladder was loaded. (B) Purification of recombinant glycosylated hulFNa2b
by Con A chromatography. Lane 1 shows elution fraction containing purified hulFNa2b and Lane L shows protein ladder. In Lane 1, 15 pL of sample was

loaded and in Lane L, 10 pL of protein ladder was loaded.

hulFNe2b titers (Fig. 4(A, B)). The hulFNa2b production profile
exhibited two distinct phases. During the first phase of induc-
tion (30-50h), the specific protein productivities were at lower
range, typica”y of 0.06-0.13 IhulFNa2b gBiomass-1 h'. At the second
phase (> 60h), the rate of increase in hulFNa2b titers quadru-
pled (0.26-0.47 9puirnaab Tsiomass | D) compared to their former
phase in all ug, runs and a maximum of 1483 mg L' of prod-
uct was achieved at py, =0.04 h~='. Glycoengineered Pichia pas-
toris exhibited an elevated product titers > 500 mg L~" in all con-
trol runs and the volumetric productivity was found to be higher
at ug, = 0.04 h=" (Table 2). The hulFNa2b titer, specific hulFNa2b
production (Gpuenezn) and e, were observed to increase with
respect to exponential feeding of methanol till 4, <0.04 h=1, and
decrease beyond this set point (Fig. 6). Repetitive feeding lead-
ing to methanol accumulation in g, =0.06 h™' run resulted in a
moderate utilization of substrate when compared to other control
runs. Moreover, the growth profile exhibited two different linear
phases corresponding to 0.0271 h~" and 0.0597 h~', respectively
(Fig. 4(A)). The product titer (536 mg L™") obtained at the end of the
fermentation was substantially reduced than other control runs.
From Fig. 6 it could be witnessed that both gy, eyeonand Ve, were
found to be positively influenced by the increase in g, At

different u,based control runs with the corresponding methanol
feeding rates in Pichia pastoris cultivation enabled the protein
translation machinery to be exposed/subject to various levels
of metabolic stress.>> At higher specific growth rates, protein
folding errors and heterogeneity was common in other recom-
binant proteins expressed in Pichia pastoris.>* Methanol demand
as a carbon and induction source competes for biomass growth
as well as protein production. In case of Pichia pastoris cultiva-
tion at moderate growth rate (u,,.,= 0.04 h™') conditions, the
methanol concentration in the medium is expected to be utilized
for central metabolism (growth and protein production) and a
relatively higher carbon flux is diverted for protein (hulFNa2b)
expression. Glycoengineered Pichia pastoris strain employed in
this investigation is reported to have y,,,, at 0.0624 h=" during
methanol induction phase. Relatively low protein titers resulted
in the maximum p, that could be addressed due to excessive
AOX transcription burden. Specific hulFNa2b secretion rate,
Ghuirnazb fOF Hgp <0.04 ™" was found to be greater than 0.4 mg g™
h™', which emerges as the highest among different recombinant
proteins expressed in glycoengineered Pichia pastoris under AOX
promoter.>3°>°6 The hulFNa2b titer (1483 mg L") obtained at
Hgp = 0.04 h=" is the highest reported value for Pichia pastoris and
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Figure 8. Antiproliferative effect of the purified hulFNa2b and standard
hulFNa2b against breast cancer cell lines: (A) T47D and (B) MCF7. The assay
was performed in five replicates. The values are statistically significant at
***P < 0.001 as analyzed by analysis of variance (ANOVA).

also for any other yeast expression platforms (Table S4 Supporting
Information) reported in the literature.’’-52 Hence, this present
study delineates that the specific growth rate is a paramount fac-
tor establishing superior specific protein productivity. Feedback
control from a PID output is a relatively simpler methodology
and robustly controlled the inducer feeding in response to the
real-time signal (AC) than a pre-set feed-rate.

Purification and biological activity of recombinant hulFNa2b
The partial purification of the recombinant hulFNa2b (glycosy-
lated and unglycosylated) from the mixture of other host cell
proteins in the clarified supernatant was achieved by His-tag
chromatography (Fig. 7(A)). The selective recovery of glycosylated
hulFNa2b was achieved by Con A chromatography (Fig. 7(B)),
where Con A binds to the terminal mannose of the glycan moi-
ety attached to the glycosylated IFN a2b. The purification yield of
recombinant IFN a2b was found to be 40% and was in good agree-
ment with reported literature.®

Antiproliferative activity is one of the key biological attributes
exhibited by hulFNa2b® and was assessed at varying concentra-
tions of glycosylated IFN a2b using human breast cancer cell lines
(T47D and MCF7). The biological activities of IFN a2b are driven by
binding to the receptor complex (IFNAR1 and IFNAR2) and induc-
ing JAK-STAT signalling pathway,% resulting in the activation of

interferon-stimulated genes (ISGs). The growth inhibition by IFN
a2b was more pronounced in the MCF7 (approximately 50%) cell
line (Fig. 8(B)) compared to T47D (17%) cell line (Fig. 8(A)), and was
also dose-dependent. This observation of higher hulFNa2b activ-
ity on MCF7 than the T47D cell line due to the higher expression
levels of interferon receptors (IFNAR1 and IFNAR2) in MCF7 cell
lines.5* This effect of purified IFNa2b against T47D breast cancer
cell line corroborated with the previously published reports®3-6°
and also the human IFN a2b produced from Escherichia coli and
Pichia pastoris X33 resulted in a 50% growth inhibition at a high
concentration of 5pug mL™'.53%> |t could be concluded that the
observed antiproliferative effect is a result of both apoptosis and
cell cycle arrest.5667

CONCLUSONS

PAT guided approach for stringent control of CPP (u) determin-
ing the higher hulFNa2b yield was successfully achieved using
estimator based on real-time capacitance signal. This study also
underscores the necessity of maintaining induction phase specific
growth rate at a narrow range (x =0.015-0.04 h=") that would
strongly influence the expression of hulFN«2b in glycoengineered
Pichia pastoris. The design of a simple PID control strategy and
setting optimal controller tuning parameter values, efficiently
modulated the balance between the methanol uptake by the
cells and subsequent channelling of its key metabolic activities
(growth and protein production). A long-term stability of s, sig-
nal (~ 15 h) was achieved for very low and narrow range 4, which
can be attributed to the robustness of the controller. The feedback
control of p.., = 0.04h™" resulted in an enhanced hulFNa2b
(1483 mg L™") titer and specific productivity (gp = 0.457 M3} ENaab
Ogiomass |+ N') reported to date. The purified hulFNa2b was biolog-
ically active exhibiting antiproliferative activity in human breast
cancer cell lines (T47D and MCF?7). In an overall observation, this
study demonstrates the potential of interpreting the real-time
soft sensor information into CPP. In future this repertoire can be
transformed to monitor a much more delicate biological system
by applying various constraints and using advanced process
control strategy. The simple and robust PAT based feedback
control strategy proposed in this study forms a reliable process
control approach for Quality by Design (QbD) as FDA mandate for
industrial applications.
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