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The purpose of this study was the development of continuous chromatography processes
consisting of the modification and purification steps for biopharmaceutical proteins with
chromatography columns

In the present work, PEGylation reactions and antibody drug conjugation (ADC) were
examined. PEGylation, which can cause the increase in the hydrodynamic radius of biomolecules,
is one of the promising methods for achieving prolonged half-life of the biomolecules in vivo.
ADC means the conjugation reaction of a highly toxic drug to an antibody to induce its effect
only on a target site with few side effects. Both modification reactions utilize ¢ —amino
groups of the lysine residues being distributed on the protein surface. However, these

reactions yield several by-products because multiple lysine residues on the protein surface are
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accessible to the reactants in bulk phase. On the other hand, in the case of the proteins
adsorbed on the chromatographic resin, their molecular surface is partly shielded from the
reactants in bulk phase, which may be favorable to induce the site—specific modification of
proteins. Therefore, this solid phase reaction has an advantage that can reduce the by—product.
In addition, unreacted products can be easily separated by the flow—through separation of the
chromatography. Based on these advantages, we first examined the process optimization with
respect to the PEGylation reaction of model proteins. Furthermore, the application of the
chromatographic operation to ADC conversion was also examined

We also aimed to establish a versatile and robust process for the continuous reaction and
separation operation producing modified proteins with high purity. Therefore, the
chromatographic resin used was mainly an ion exchange chromatography carrier being widely used
in the downstream process of pharmaceuticals. A hydrophobic chromatography column for analysis
was used in the separation of ADCs. These processes were designed based on the chromatographic
separation mechanism to perform continuous and automated operation.

The chromatography process is governed by mass transfer in the stationary phase. In the
conventional porous chromatographic resins with a diameter of about 100 um and a pore size of
about 100 nm, the diffusion resistance of a protein in the pores can become too large to
utilize the inner surface area of the particles. Further, PEG as a modifier also has difficulty
in penetrating into the pores when its molecular weight exceeds several thousand. Therefore, in
optimizing the reaction operation, the following conditions were examined; time, temperature,
concentrations and ratio of protein and PEG. The PEG possessing an NHS group as an activating
group can be conjugated to the amino groups of proteins. Under neutral to alkaline conditions,
PEG-NHS is rapidly hydrolyzed in an aqueous solvent, causing the reduction in the protein
reaction yield. Therefore, the reaction time of the modification was set at the half-life of
PEG-NHS at 4 to 30 ° C. As a model protein, lysozyme was used. As a chromatography resin, a
cation exchange carrier having a particle size of 34 um was used. The adsorption density Cs
[mg / mL_gel] was determined on the basis of a column adsorption experiment under reaction
solvent conditions (pH 7, 30 mM NaCl). The concentration of PEG was set to be 7 times larger
than that of protein. The protein adsorption volume in the column was calculated by dividing
the amount of protein supplied by (.. The flow rate of the PEG solution was calculated by
dividing the protein adsorption volume by the reaction time. A PEG solution having a volume
larger than the column volume was used. When the top of the solution reached the outlet of the
column being monitored by a UV detector, the flow rate was set to the above—mentioned flow rate
to start the column reaction. After the reaction, the PEG solution remaining in the column was
washed out, and then the product was separated by the linear salt gradient method. The reaction
yield improved at high temperatures. However, the room temperature was employed because of the
easiness of temperature control for the reaction. The reaction time was set as 2 hours. In
addition, under any conditions in the column, there was almost no formation of di—PEG
(PEGylated protein in which two PEG chains were modified), whereas di—PEG was formed in the
bulk solution. Furthermore, the selectively for the formation of one of the mono—PEG forms was
high in the solid phase reaction.

The operation conditions of the linear salt gradient elution method were determined by the
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partition coefficient K (= A - IL® (strength of interaction), A is a proportionality constant,
Iz is a mobile phase salt concentration, which is defined by the number of adsorption sites B).
The value of the number of adsorption sites of the protein was practically unchanged by the
PEGylation reaction, which was used to determine the value of K. The elution volume of each
solute was determined on the basis of the diffusion characteristics of PEGylated proteins
within the resin. The electronic valve was introduced at the end of the column to fractionate
the PEGylated proteins and unreacted proteins automatically based on K and the elution volume.

Furthermore, recycling unreacted proteins in the next reaction was performed to improve
the overall reaction yield. The salt in the elution of unreacted protein was diluted by a tank
or by the desalting column with the flow—through method. The conditions for the recycling,
reaction and separation operation were integrated to improve the reaction yield and overall
processing time. The integrated process consisting of the reaction, purification and recycle
steps mentioned above was set to about 10 hours in the total operating time, which corresponded
to the half-life of PEG at 4 ° C in order to perform the 4 cycles of 2-hour reaction/separation
operation continuously and fully automatically. The PEG was pre—incubated at a constant
temperature (25 ° C) before reaching the reactor column. As a result, the final integrated
yield was improved to 70% with the above automated operation, and the selectivity of the
reaction could be maintained at a high value of 80%.

In the ADC reaction, pyrene, coumarin and FITC having an NHS group or a maleimide group as
activating sites were used as models of payload. Lysozyme, BSA, and humanized monoclonal
antibody were used as model proteins. The drug conjugate of lysozyme or BSA could be separated
by a cation exchange carrier or an anion exchange one possessing a particle size of 34 um for
preparative use. The elution volume of modified proteins became smaller with increasing the
number of the drugs being conjugated to a protein molecule. However, for BSA, aggregates of
conjugates strongly retained in the column, suggesting that protein dimerization occurred with
the modifier as the nucleus. Moreover, when the modification reaction operation using the
column was carried out with respect to lysozyme with a cation exchange column, one of the
conjugates was selectively formed. Separation of the humanized monoclonal antibody conjugate
could not be achieved by the ion exchange column. Therefore, the hydrophobic chromatographic
column was used to separate them, where the unreacted antibody was eluted first, and then, the
conjugates were eluted depending on the number of drugs conjugated.

The partition coefficient of these conjugates in the hydrophobic chromatography column can
be described by the solubility depending on the salt concentration in the solvent. The modified
proteins exhibited the salt gradient—dependent elution behavior in a series of elution
experiments. If the partition coefficient can be set as a function of salinity based on these
regularities, the elution time (volume) under various salinity gradient conditions or constant
salinity conditions can be predicted by calculation, and the separation operation is performed
based on the calculation results. This means that the separation conditions could be optimized
based on the above theoretical calculation.

The column reaction of the ADC using the cation exchange column was also examined. The
reaction product was analyzed using the hydrophobic carrier. After the reaction, therefore, the
solvent needed to be replaced with a mobile phase for the analysis, and a pretreatment
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operation was also necessary to concentrate the products. Based on the results of the reactions
at the pH values from 5.5 to 6.5, although the reaction yield was lower than that in the bulk
solution, the number of modified products tended to decrease slightly at the pH value of 5.5.
Although the further detailed studies such as optimizing the pretreatment operation before and
after the modification reaction are required, all of the results obtained in this work
demonstrate that the highly selective and continuous process for the production of antibody—
drug conjugates can be developed using the ion—exchange chromatography columns and on the basis

of the relevant model analysis



