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Abstract

Despite the extraordinary success, the biopharma industry is presently facing multiple
economic, political and regulatory challenges. As a result, there is a significant drive to boost
the overall productivity of biotherapeutic manufacturing by utilization of continuous
processing. However, the actual implementation of continuous manufacturing is highly
contingent on development of novel continuous processing technologies and their efficient
integration. In this thesis, we attempt to alleviate a number of challenges associated with
continuous bioprocessing by following a two-fold approach: (a) development of novel
continuous manufacturing technologies; (b) utilization of these technologies for development
of cost effective alternatives to the current batch manufacturing .

While the technology for continuous upstream processing has been explored for more than a
decade (perfusion), options available for continuous downstream processing are limited and
subject to ongoing development. Such enabling technologies are especially lacking for
processes which require reaction and mixing like refolding and precipitation. In our attempt
to solve this problem, we report (chapter 3) on development of a novel coiled flow inversion
reactor (CFIR). The CFIR has been proposed as a configuration consisting of helical coils
bent at equidistant right angles to cause flow inversion for improved cross sectional mixing
in the tube. The configuration can be appropriately utilized to provide a sharper residence
time distribution along with good cross-sectional mixing and a better emulation of plug flow
than a simple straight tube or a helix. The novel reactor has been explored for continuous
protein refolding and continuous precipitation. The performance of the continuous protocol
has been compared with an optimized batch protocol. It has been demonstrated that operation
in CFIR allows for refolding at higher protein concentrations (2 folds) along with a decrease
in the time required to reach equilibrium conversion (1.5 folds). In case of continuous
precipitation, improved clearance of host cell proteins (HCP) and host cell deoxyribonucleic
acid (DNA) was obtained compared to batch. In both the case studies, continuous
configuration offered a 6-16X increase in productivity as non-productive steps like cleaning
and filling steps were eliminated and buffer consumption was significantly reduced without
any adverse effect on product quality. Effectively, the configuration can significantly
contribute towards creation of an integrated continuous bioprocessing platform.

Actual implementation of continuous manufacturing is highly contingent on integration
between different unit operations. Recent times has therefore seen an impetus towards

development of solutions for efficient integration of continuous unit operations. Integrated

v



chromatographic platform processes have the potential to simplify the downstream processing
train without sacrificing the product quality requirements. Thus, the primary motivation
(chapter 5) was to develop an integrated chromatographic platform for purification of
monoclonal antibody (mAb) therapeutics that can deliver the desired separation of both
charge variants and aggregates, in addition to the process related impurities like HCP and host
cell DNA. To achieve the same, an integrated two-stage chromatographic process platform
consisting of cation exchange chromatography and multimodal chromatography has been
proposed. The versatility of the proposed platform has been successfully demonstrated for
three different mAbs. It has been shown that in each case charge variant separation was
achieved with the required clearance of aggregates (< 1%), HCP (< 10 ppm), and DNA (<
5ppb). Moreover, the proposed platform is conducive to use for development of a continuous
process and offers 50% reduction in process time, absence of any hold steps, lower buffer
utilization, lower risk of external contamination and decreased operational costs when
compared to the conventional purification platforms.

Based on the success of creation of technology enablers in the form of the CFIR and integrated
chromatographic platforms, the later part of thesis focusses on utilization of these developed
enablers for creation of end-to-end continuous platforms. Creation of two platforms was
targeted- one for proteins expressed in bacterial hosts as inclusion bodies and the other for
monoclonal antibody therapeutics expressed in mammalian hosts. In chapter 4, we propose an
end-to-end integrated continuous downstream process (from inclusion bodies to unformulated
drug substance) for a therapeutic protein expressed in Escherichia coli as inclusion bodies, with
granulocyte colony stimulating factor (GCSF) as our model molecule. The final process for
GCSF consisted of continuous refolding in a coiled flow inverter reactor directly coupled to a
three-column periodic counter-current chromatography for capture of the product followed by
a three-column con-current chromatography for polishing. The continuous bioprocessing train
was run uninterrupted for 26 h to demonstrate its capability and the resulting output was
analyzed for the various critical quality attributes, namely product purity (>99%), high
molecular weight impurities (<0.5%), host cell proteins (<100 ppm), and host cell DNA (<10
ppb). All attributes were found to be consistent over the period of operation. The developed
assembly offers smaller facility footprint, higher productivity, fewer hold steps, and
significantly higher equipment and resin utilization. The complexities of process integration in
the context of continuous processing have also been highlighted.

For the case of mAb therapeutics (chapter 6), Protein A capture chromatography, the core of a

mAb purification platform, is known to account for more than 50% of downstream processing
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costs along with other limitations including lack of complete stability to alkaline cleaning
solutions, relatively lower binding capacity, and ligand leaching. Researchers have explored
alternatives to protein A chromatography, both chromatographic and non-chromatographic, but
with limited success. In this work, we have proposed a non-protein A purification platform for
continuous processing of monoclonal antibodies (mAbs). The proposed platform consists of
precipitation in coiled flow inverter reactor, cation exchange chromatography for capture,
multimodal chromatography and a salt tolerant anion exchange membrane as polishing steps.
The versatility of the proposed platform has been successfully demonstrated for three different
mAbs. In all cases, acceptable process yield was obtained (70 to 80 %) and the product quality
attributes of the final unformulated drug substance were consistent and well within accepted
limits (HCP <100 ppm, DNA < 10 ppb, % aggregate content < 1%) along with desired charge
variant composition.

We believe that the studies presented here as a part of this thesis will promote development of
highly efficient, universal, end-to-end, fully continuous platforms for manufacturing of

biotherapeutics.
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