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a b s t r a c t 

Monoclonal antibodies (mAb) are used as therapeutics and for diagnostics of a variety of diseases, 

and novel antibodies are continuously being developed to find treatments for new diseases. Therefore, 

the manufacturing process must accommodate a range of mAb characteristics. Acid-sensitive mAbs can 

severely compromise product purity and yield in the purification process due to the potential forma- 

tion of aggregates. To address this problem, we have developed an integrated downstream process for 

the purification of pH-sensitive mAbs at mild conditions. A calcium-dependent Protein A-based ligand, 

called Z Ca , was used in the capture step in a 3-column periodic counter-current chromatography oper- 

ation. The binding of Z Ca to antibodies is regulated by calcium, meaning that acidic conditions are not 

needed to break the interaction and elute the antibodies. Further, the virus inactivation was achieved 

by a solvent/detergent method, where the pH could remain unchanged. The polishing steps included a 

cation and an anion exchange chromatography step, and screening of the capture and polishing steps 

was performed to allow for a seamless integration of the process steps. The process was implemented at 

laboratory scale for 9 days obtaining a high yield, and a consistently pure drug substance, including high 

reduction values of the host cell protein and DNA concentrations, as well as aggregate levels below the 

detection limit, which is attributed to the mild conditions used in the process. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Monoclonal antibodies (mAbs) have been used in therapy for 

5 years targeting a broad range of diseases, both rare and those 

fflicting vast patient groups, like cancer and rheumatoid arthri- 

is. Due to their highly specific nature, these tailor-made proteins 

ave been successful in curing or improving the quality of life in 

atients [1] . Therapeutic antibody engineering has since evolved 

o pursue upcoming diseases, recently COVID-19, further accelerat- 

ng the rate of approvals worldwide with the potential of a new 

ecord in 2021 [2] . Alongside persistent engineering effort s, the 
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anufacturing of antibodies has been improved upstream, focusing 

n increased cell densities, mAb titers and productivity. For sen- 

itive proteins susceptible to degradation or aggregation, continu- 

us biomanufacturing has been developed to avoid long residence 

imes [3] . 

To facilitate the continued expansion of the mAb industry, the 

echniques used to purify the antibodies should also maximize 

roductivity and accommodate the variety in mAb characteristics 

hat comes with the increasing use of IgG2 and IgG4 isotypes and 

merging bispecific antibodies [2] . Currently, however, mAbs like 

hese that are less stable at acidic pH cannot be efficiently purified 

ithout significant losses in yield as a consequence of mAb aggre- 

ation. This is mainly due to the low pH (3–4) needed to elute the 

ntibody in the first chromatography step, which usually utilizes 

 resin based on a high-affinity interaction between the antibody 

nd a Protein A ligand [4–7] . Recently, the elution conditions in 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Downstream process diagram. A 3-column Protein A capture PCC process is followed by solvent/detergent-based virus inactivation (VI), a cation exchange chromatog- 

raphy (CEX) step and an anion exchange chromatography (AEX) step. In the PCC capture process, two columns are interconnected and simultaneously loaded with clarified 

harvest, while the third column undergoes the recovery phases. 
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he vital Protein A chromatography step could be modified using a 

ovel engineered calcium-dependent Protein A domain, called Z Ca 

8] . The binding of Z Ca to antibodies is regulated by calcium, and 

he elution pH can be increased to pH 6 for the IgG1 subclass and

o neutral pH for IgG2 and IgG4 through sodium chloride-mediated 

epletion of calcium. The addition of calcium post elution restores 

he ability of Z Ca to bind to antibodies and it has been shown to

epeatedly bind and release antibodies for numerous cycles [9] . Z Ca 

n its tetrameric version coupled to a Sepharose resin provides a 

ery high antibody recovery as well as a dynamic binding capacity 

DBC) of ca 35 mg IgG/ml resin, comparable to commercial Protein 

 resins [ 9 , 10 ]. In contrast to capture by conventional Protein A

esins, where the yield is compromised by aggregated antibodies, 

he highly selective Z Ca and the mild conditions that this ligand 

llows for leads to both high purity and yield, which is especially 

elevant for the new emerging more aggregation-prone antibodies. 

Further downstream in the purification process, a virus inacti- 

ation (VI) step is employed to reduce the amount of active en- 

eloped viruses. In a typical mAb process, the viruses are inac- 

ivated through exposure to acidic pH following the low-pH Pro- 

ein A elution [11] . In this work, we instead propose the use of

 solvent/detergent inactivation step following elution from the 

 Ca resin, to consistently avoid subjecting the antibodies to low 

H throughout the mAb production process. The solvent/detergent 

irus inactivation is a well-known method that has been used for 

ecades in the blood product industry [12] and has proved to be a 

obust method for the inactivation of enveloped viruses [13] . The 

ethod includes the addition of a solvent/detergent mixture to the 

roduct, followed by an incubation time, usually 60 min at pro- 

uction scale, without the need for a reduction in pH [13] . Several

xamples of the implementation of solvent/detergent VI in the pu- 

ification process of a biopharmaceutical can be found elsewhere 

 14 , 15 ]. 

Here, we demonstrate the integration of the Z Ca resin in the 

apture step, applied in a periodic counter-current chromatogra- 

hy (PCC) setup, with a solvent/detergent-based VI step and sub- 

equent cation and anion exchange chromatography (CEX and AEX, 

espectively) steps for polishing ( Fig. 1 ). To allow for a seamless 

ntegration of this mild downstream process, the process condi- 

ions for the capture and the polishing steps were evaluated and 

elected accordingly. The integrated process was assessed in terms 

f yield in each step, productivity, and product purity, including 

he presence of mAb aggregates, host cell protein (HCP), DNA, and 

olvent in the final drug substance. We show the applicability of 

 Ca in a continuous downstream process for mild purification suit- 

ble for acid-sensitive antibodies aiming at maximizing the anti- 

ody yield and supporting the production of all antibodies with 

romising therapeutic potential. 
w

2 
. Materials and methods 

.1. Production and coupling of engineered Protein A ligand 

The tetrameric version of the affinity ligand Z Ca , used for the 

ntibody capture, was expressed in E.coli using the construct and 

ulture protocol as reported in a previous publication [10] , except 

hat ampicillin was replaced by carbenicillin (100 ug/ml) and the 

ermentations were scaled up to 500 ml. The ligand was purified 

rom the E. coli cell lysate by affinity chromatography, using an XK- 

0/20 column (Cytiva) packed with 175 ml IgG Sepharose 6 Fast 

low (Cytiva). The purification was performed according to Scheffel 

t al., [10] besides the following adjustments. It was carried out on 

n ÄKTA 

TM pure 150 chromatography system (Cytiva) at a flow rate 

f 10 ml/min. The column was loaded with ca 500 ml cell lysate in 

ach purification cycle at a flow rate of 5 ml/min and the column 

as washed with 1xTBST-C (50 mM Tris, 150 mM NaCl, 0.05% (v/v) 

ween20, 1 mM CaCl 2 , pH 7.5), as previously described, followed 

y 2 CV of 5 mM NH 4 Ac with 1 mM CaCl 2 (pH 5.5–6). The eluted

rotein was fractionated into 10 ml aliquots and freeze dried us- 

ng a ScanVac CoolSafe freeze dryer (LaboGene). It was dissolved in 

 coupling buffer containing 10 mM HEPES, 150 mM NaCl, 1 mM 

aCl 2 at pH 8. The purity of the protein was analyzed by SDS-PAGE 

ccording to a previous protocol [10] . The ligand was coupled to 

 chromatography resin via a unique C-terminal cysteine through 

hiol-based chemistry and packed into 1 ml HiTrap 

TM columns (Cy- 

iva). 

.2. Screening of the loading density and buffers in the capture step 

Two different ligand densities (3.5 mg/ml and 5.4 mg/ml) were 

valuated on an ÄKTA start chromatography system (Cytiva) to 

dentify the optimal column performance in the downstream pro- 

ess. The capacity of both columns was evaluated in a standard pu- 

ification setup by saturating the columns with human polyclonal 

gG, according to the ÄKTA purification method earlier described 

10] . The antibody recovery and elution profiles were also assessed 

hrough capture and elution of pure IgG1 (rituximab, Roche), ac- 

ording to Scheffel et al. [9] . 

The effect of the calcium concentration in the sample and wash 

uffer (1xTBST-C) was evaluated with regards to the antibody re- 

overy and elution peak width. Pure IgG1 was captured on a Z Ca 

olumn (ligand density: 3.5 mg/ml) through the purification pro- 

edure referenced above [9] , with either 1 mM or 10 mM CaCl 2 
n both the IgG1 sample and wash buffer. Each step of the purifi- 

ation was fractionated separately and the absorbance at 280 nm 

as measured to determine the recovery. 
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Table 1 

Experimental conditions used in the CEX trials. 

Experiment pH NaCl in equilibration buffer (mM) NaCl in wash2 buffer (mM) NaCl gradient (mM) 

1 5.0 50 125 125–500 

2 5.0 50 n/a 125–500 

3 5.0 50 n/a 50–425 

4 5.5 50 n/a 50–425 

5 5.0 75 n/a 75–450 

6 5.5 75 125 mM 125–500 
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Elution of IgG1 captured on Z Ca was studied at pH 5.5 with dif- 

erent NaCl concentrations (300 mM, 150 mM, 50 mM). These ex- 

eriments were conducted in the same manner as the purifications 

sed to test the recovery above, capturing and eluting IgG1 with 

 mM CaCl 2 in the sample and wash buffer. 

.3. Screening of the buffers in the CEX step 

The Capto TM S Impact (Cytiva) chromatography resin was used 

or the CEX step in bind-elute mode for the removal of mAb ag- 

regates. Different values of pH and NaCl concentration in the pu- 

ification buffers were screened to find suitable process conditions. 

he benchmark process conditions for the screening (experiment 1 

n Table 1 ) were based on a previous integrated process [16] . 

A series of experiments with a 1 ml HiTrap column were per- 

ormed with varying pH and NaCl concentration in the buffers. In 

ach experiment, the column was loaded with 64 mg of mAb per 

l resin in equilibration buffer (based on a study by the manufac- 

urer of this resin [17] ), with aggregate content varying from 4 to 

3%. The mAb had previously been purified on MabSelect SuRe TM , 

 commercial Protein A resin using low-pH elution. The tested ex- 

erimental conditions are summarized in Table 1 . All buffers used 

n each experiment had the same pH (5.0 or 5.5) and a concen- 

ration of 50 mM sodium acetate. In experiments 2–5 the second 

ash phase was not performed. The remaining process conditions 

hat are not shown in the table are the same as the benchmark 

onditions. 

During the experiments, fractions of 1 ml were collected during 

he load, the first wash, the second wash and regeneration phases. 

uring the gradient elution, fractions of 0.6 ml were collected. All 

ollected fractions were analyzed by analytical SEC to check the 

oncentration of mAb aggregates. 

.4. Solvent removal trials 

The removal of the solvent added in the VI step (tri-n–butyl–

hosphate, TnBP) in the CEX and AEX steps was evaluated through 

 solvent removal trial where the complete DSP process was run in 

 non-integrated setup. 34 ml of a mAb sample in 50 mM sodium 

cetate buffer, pH 5.5, 50 mM NaCl at a mAb concentration of 

.56 g/L was incubated for 1 hour with 0.3 g/L Tnbp and 1 g/L 

ween 20 in a stirred flask. After VI, the sample was loaded onto 

 1 ml CEX column and purified according to the conditions deter- 

ined during the CEX screening. The load flowthrough (FT) and 

ash pools, as well as the CEX elution pool were collected for 

nalysis. The CEX elution pool was diluted 1:1 with AEX dilution 

uffer (50 mM sodium phosphate, pH 6.35, 104 mM NaCl), and 

.5 ml of the diluted CEX elution pool were loaded onto a 1 ml 

EX column, the column was washed with AEX separation buffer, 

nd the product pool was collected for analysis. The AEX dilution 

uffer had been adapted so that it would result in the required 

EX separation conditions after inline dilution 1:1 with the CEX 

ool. The samples collected during the solvent removal trial for 

he non-integrated process were analyzed by RP-chromatography 

o determine the Tnbp concentrations according to the analytical 

ethod described below. 
3 
.5. Integrated downstream process 

.5.1. Process conditions and buffers 

In this section, the process conditions and the buffers 

sed in the integrated downstream process are described, in- 

luding the ones resulting from the aforementioned screening 

tudies. 

In the integrated downstream run, three identical columns were 

sed for the capture step in a PCC setup. Each capture column was 

quilibrated with 5 column volumes (CV) of 50 mM Tris, 150 mM 

aCl, 1 mM CaCl 2 , pH 7.5. The capture columns were continu- 

usly loaded with cell-free supernatant at a mAb concentration of 

.76 mg/ml, produced in house in a perfusion process using Chi- 

ese Hamster Ovary cells (CHO-GS), after filtration with a 0.2 μm 

lter. After the loading, the columns were washed with 10 CV of 

quilibration buffer followed by 1 CV of 50 mM sodium acetate 

nd 1 mM CaCl 2 , pH 5.5. The elution was done with 10 CV of

0 mM sodium acetate, 50 mM NaCl, pH 5.5. After elution, the 

olumns were regenerated with 1 CV of elution buffer. Finally, a 

leaning-in-place (CIP) phase was performed with 3 CV of 0.3 M 

cetic acid, pH 3.3. All capture phases were done at a flow rate 

f 1 ml/min, except the loading and CIP phases that were done at 

.2 ml/min. 

For the VI step, a solvent/detergent VI method was derived from 

 classically adopted procedure with Tnbp and Tween 20 as re- 

iewed by Dichtelmüller et al. [13] . An aqueous stock solution of 

 g/L Tnbp and 10 g/L Tween 20 was mixed with the capture elu- 

ion pool, followed by 60 min of incubation in a 50 ml stirred bot- 

le. The stock solution was added in the volume ratio 1:9, thus 

esulting in a concentration of 0.3 g/L Tnbp and 1 g/L Tween 20 

13] . 

The CEX column was equilibrated with 5 CV of 50 mM sodium 

cetate, 50 mM NaCl, pH 5.5. After the loading, it was washed with 

 CV of equilibration buffer. A 20 CV gradient elution from 50 

o 425 mM NaCl, 50 mM sodium acetate, pH 5.5 was performed. 

he column was regenerated with 4 CV of 50 mM sodium acetate, 

00 mM NaCl, pH 5.5. Finally, a CIP phase was performed with 3 

V of 1 M NaOH. The flow rate was 2 ml/min in all the phases,

xcept in the elution phase, where it was 0.37 ml/min, and in the 

IP phase, where it was 0.4 ml/min. 

For the AEX step, the Capto Adhere resin (Cytiva) was used 

n flow-through mode. The column was equilibrated with 5 CV 

f 25 mM sodium phosphate, 25 mM sodium acetate, 120 mM 

aCl, pH 6.2 at a flow rate of 1 ml/min. A sample conditioning 

as performed to obtain the right loading pH and salt concen- 

ration (which was the same as the equilibration buffer), as the 

luate from the CEX column had lower pH and higher salt con- 

entration than the desired loading condition for the AEX col- 

mn. The conditioning was done with an inline dilution, where 

he dilution buffer was 50 mM sodium phosphate, 104 mM NaCl, 

H 6.35, and the dilution ratio was 1:1, leading to a loading 

ow rate of 0.74 ml/min. The AEX column was regenerated with 

 CV of 0.1 M acetic acid at a flow rate of 1 ml/min, and a

IP was performed with 3 CV of 1 M NaOH at a flow rate of

.2 ml/min. 
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.5.2. Process scheduling in the PCC process 

In a 3-column PCC, two columns are simultaneously loaded: 

he breakthrough from the first column is applied directly onto 

he second column. Meanwhile, a third column undergoes the re- 

overy phases, which include the wash, elution, regeneration and 

quilibration phases, meaning that a synchronization between the 

oading and the recovery phases is needed [18] . In every PCC cycle, 

 ml of CHO cell supernatant (6.84 mg) was loaded on the cap- 

ure columns at a flow rate of 0.2 ml/min, resulting in a PCC cycle 

ime of 45 min. This is the same time it took for the third capture

olumn to undergo the recovery phases, and therefore it was set 

s the cycle time. The polishing steps were approximately 97 min 

ong. To ensure continuity in the feed of the capture step while 

aintaining the PCC cycle in 45 min, the polishing steps were run 

ith the eluted product from three PCC cycles, meaning that the 

mount loaded on the polishing columns was 20.52 mg, assuming 

o product loss in the process. 

.5.3. Column volumes 

The column volumes were calculated considering the protein 

oad for each column. In the capture column, the DBC at 50% 

reakthrough from a previous study with this resin was used [10] . 

he DBC at 50% breakthrough was estimated to be 37 mg/ml. 

herefore, a column volume of 0.18 ml was needed in the cap- 

ure step. The protein loads of the CEX and AEX columns were ob- 

ained from the manufacturer [17] . They were 43 and 87 mg/ml, 

espectively. Therefore, the column volumes were 0.47 and 0.24 ml 

or the CEX and AEX columns, respectively. The prepacked HiTrap 

olumns were used for the three chromatography steps, and as the 

inimum volume for the HiTrap columns is 1 ml, it was decided 

o run with 1 ml columns for all steps, meaning that the columns 

ere oversized. 

.5.4. Experimental setup 

The implementation of the integrated downstream process was 

arried out using the same setup as in a previous implementation 

f PCC in an integrated purification process [16] . The capture step 

as implemented as a 3-column PCC process in an ÄKTA pcc 75 

hromatography system (Cytiva). The two polishing steps were im- 

lemented on an ÄKTA pure 150 system, while the VI bottle was 

laced between the two systems. Product collection was performed 

ith the use of outlet valves in the ÄKTA systems. A sampling 

oint was located after each step (capture, VI, CEX and AEX). Since 

he whole product pool was taken for collection, the samples from 

he different steps could not be taken in the same cycle, and there- 

ore the product collection was done in different cycles in the pro- 

ess at steady state. 

.5.5. Process control 

Both chromatography systems were simultaneously controlled 

ith the research software Orbit, which is a supervisory control 

nd data acquisition system developed at Lund University (Lund, 

weden). Details on how Orbit is used to control downstream pro- 

esses can be found in some of our previous research publications 

 19 , 20 ]. In particular, the version of Orbit that allows for the con-

rol and synchronization of multiple systems was used in this work 

16] . 

.6. Analytical methods 

The concentration of mAb was measured with a CEDEX ana- 

yzer in the output from each purification step of the downstream 

rocess, as well as in the CHO supernatant. The presence of anti- 

ody aggregates in the purification samples was measured using 

 Superdex 200 Increase 5/150 column (Cytiva) on an ÄKTA pure 
4 
hromatography system (Cytiva) at 280 nm. The column was equi- 

ibrated with 2 CV of running buffer (50 mM sodium phosphate, 

50 mM NaCl, pH 7) at a flow rate of 0.35 ml/min. The samples 

ere injected at a volume of 25 μl, followed by 2 CV of running 

uffer. The raw data was imported into Python to determine the 

ggregate content by comparing the peak areas for monomeric and 

ggregated species at 280 nm. 

The HCP content in the CHO cell supernatant and after each 

urification step was analyzed using a Gyrolab® CHO 

–HCP E3G Kit 

n a Gyrolab system (Gyros Protein Technologies). The supernatant 

as diluted 1:1600, the capture eluate 1:10, and the remaining 

amples 1:2 prior to analysis. Each sample was run in triplicates 

ccording to the instructions of the manufacturer. The DNA con- 

ent was determined as previously published [10] . The amount of 

NA or HCP was normalized to the antibody content in the sample, 

nd the log reduction value (LRV) was determined for each purifi- 

ation output by the common logarithm ratio of the DNA/HCP in 

he supernatant to the DNA/HCP in the purified samples. 

The Tnbp sample concentration was determined by analytical 

everse Phase (RP) chromatography, based on an analytical method 

sed in a previous publication [21] . The instrument setup was an 

gilent 1260 HPLC with connected autosampler and Refractive In- 

ex (RI) detector. The column used was a Kromasil C18 with 10 μm 

article size and the dimensions 4.6 × 250 mm, and the mobile 

hase was 70 vol% acetonitrile in 30 vol% dH 2 O. After sample injec- 

ion, the flow rate was set to 0.5 ml/min for 30 min. Tnbp amounts 

anging from 0.0025 μL to 0.3 μL were injected on the RP-column 

o create a Tnbp standard curve. The Agilent raw data (RI signal vs. 

ime) was imported into Python where all calculations were per- 

ormed. The Tnbp peak areas were determined and plotted against 

he injected Tnbp amount in μL (Figure S1, in supplementary ma- 

erial). To determine the Tnbp concentration in samples, aliquots of 

00 μl were loaded onto the RP-column. After separation and de- 

ection, the area of the Tnbp peaks was calculated and the amount 

f Tnbp in each injected sample could be derived from the Tnbp 

tandard curve. 

. Results and discussion 

.1. Selection of the downstream process conditions 

.1.1. Capture step 

The effect of the ligand density of the Protein A capture col- 

mn on the elution was evaluated (Figure S2). The capacity was 

hown to be equal for the two columns with different Z Ca ligand 

ensities when saturated with human IgG, despite approximately 

 50% difference in ligand density (Figure S2A). This could have 

een caused by steric hindrance introduced on the more crowded, 

igh-ligand density column. Additionally, the recovery of IgG1 was 

imilar for both columns, with no antibody released in the flow 

hrough nor during washing. However, for the high-ligand density 

olumn, 3% of the captured antibody was retained after sodium- 

hloride mediated elution for 13 CV. Explanations for this could 

e avidity effects and mass transfer limitations on the high-ligand 

ensity column, with possibility for improvement of the latter in 

ase of prolongation of the elution. Consequently, when compar- 

ng the width of the elution peaks, the low-ligand density column 

emonstrated a considerably narrower peak by 30%, outperforming 

he high-ligand density column since a small elution pool volume 

as desired downstream of this step (Figure S2B). As a result, a 

apture column with a Z Ca ligand density of 3.5 mg/ml was used. 

In order to minimize the capture elution pool volume that is 

pplied on the CEX column, both the wash buffer and elution 

uffer used in the capture step were screened. It was shown that 

he concentration of calcium in the sample and wash buffer had a 

arge effect on the elution profile from the calcium-dependent Z 
Ca 
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Fig. 2. Monomer yield vs aggregate removal in fractions collected during the gradi- 

ent elution phase in the screening trials of the CEX step for experiments 1-5. 

Fig. 3. Optimization of buffers used in the capture step with the Z Ca resin. (A) Over- 

lay of elution chromatograms when using either 1 mM or 10 mM CaCl 2 in the wash 

buffer and eluting with 300 mM NaCl, pH 5.5. (B) Overlaid elution peaks using three 

different NaCl concentrations (50 mM, 150 mM, 300 mM) for elution at pH 5.5, and 

with 1 mM CaCl 2 in the wash buffer. 
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d
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olumn ( Fig. 3 A). The elution occurred considerably earlier when 

sing only 1 mM CaCl 2 in the sample and wash buffer as compared 

o 10 mM CaCl 2 . The width of the elution peak was also affected,

ith a more concentrated elution pool when using a lower calcium 

oncentration in the wash buffer. However, the antibody recovery 

id not depend on the calcium concentration, and equally high re- 

overies were obtained as previously demonstrated when purifying 

gG1 [9] . The shift in elution profile when the Z Ca column had been

ashed with 10 mM CaCl 2 could be explained by a slower sodium 

hloride-mediated depletion of calcium ions from the Z Ca ligand, 

nd thus also a slower release of the bound antibodies, in compar- 

son with when the column was loaded with 10 times fewer cal- 

ium ions. Consequently, the lower concentration of calcium was 

pplied when integrating the capture step in the process. 

The NaCl concentration in the elution buffer was screened with 

he aim to achieve the smallest possible capture elution pool vol- 

me with minimal need for sample conditioning for the loading of 

he CEX column ( Fig. 3 B). Although complete elution of captured 

gG1 from Z Ca using sodium chloride as elution agent can be ac- 

omplished at pH 6.5 [9] , the pH used in this case was 5.5 since

he subsequent CEX step in the downstream process required a 

ower pH (5.0–5.5) during sample loading. As observed in Fig. 3 B, 

he elution pool volume decreases as the NaCl concentration in- 

reases, with a maximum difference of 50% in the elution pool 

olume when using 300 mM NaCl compared to 50 mM. However, 

f the capture pool has a higher NaCl concentration than what is 

uitable for the loading of the CEX column, which ranges from 

0 mM to 75 mM NaCl, it must be diluted to adjust the NaCl

oncentration, with the consequent increase in volume. Dilution 

f the 300 mM elution pool to 50 mM NaCl would lead to a six

imes larger volume, and dilution of a 150 mM NaCl elution pool 

o 50 mM NaCl would give a three times larger volume. Conse- 

uently, elution at 50 mM NaCl and pH 5.5 was selected. 

.1.2. Cation exchange chromatography step 

Although aggregates are not expected in the integrated run due 

o the mild conditions used in the capture and the VI steps, a CEX 

tep capable of removing aggregates is important to ensure prod- 

ct quality in a robust way, as aggregates could also be formed in 

he perfusion culture. mAb binding capacity and aggregate removal 

re highly dependent on the pH and NaCl concentration of the pu- 

ification buffer. The objective was to find suitable NaCl concentra- 

ion and pH that could facilitate the integration with the upstream 

apture step, while maintaining a good removal of antibody aggre- 

ates. 

In the screening trials of the CEX step, the process conditions 

sed in experiment 6 (75 mM NaCl, pH 5.5 during loading and in 

he first wash phase, 125 mM NaCl in the second wash phase, and 

 125–500 mM NaCl gradient) resulted in the elution of the pro- 

ein already during the end of the loading phase and first wash 

hase. Therefore, this experiment was not further analyzed. During 

ll other experiments, good binding was achieved during the load- 

ng phase and no mAb was detected in the fractions collected dur- 

ng the loading and wash phases. The benchmark conditions (ex- 

eriment 1: 50 mM NaCl, pH 5.0 during loading and in the first 

ash phase, 125 mM NaCl in the second wash phase, and a 125–

00 mM NaCl gradient) resulted in the best removal of aggregates 

ompared to monomer yield, which can be seen in Fig. 2 . Never- 

heless, there were small differences in aggregate removal between 

he tested process conditions and overall, all experiments resulted 

n high aggregate clearance. The effect of the second wash phase 

n the aggregate removal (which can evaluate by comparing ex- 

eriments 1 and 2 in Fig. 2 ) is negligent, which means that this

hase can be excluded. 

The experimental trials showed that when increasing the pH 

rom 5.0 to 5.5 during the loading phase, the protein would bind at 
5 
0 mM NaCl (experiment 4), but not at 75 mM NaCl (experiment 

). As a more neutral pH is ideal for the antibodies and elution in 

he capture step can be done at pH 5.5, it was decided to use the

rocess conditions of experiment 4 (pH 5.5, 50 mM NaCl in loading 

nd the first wash phase, no second wash phase, and a gradient of 

0–425 mM NaCl in the elution phase). This way, the pH and the 

aCl concentration would be the same in both the capture and the 

EX steps, thus enabling the complete removal of the condition- 

ng step, while still having an aggregate removal similar to that of 

he benchmark case. Moreover, as a consequence of the mild con- 

itions used in the capture step and virus inactivation, aggregation 

uring the downstream process is minimized and the CEX column 

nly has to remove potential aggregates formed in the upstream 

rocess. 
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Fig. 4. Chromatographic profiles for the affinity capture step (A) and the polishing 

steps (B). The shaded areas correspond to the product pools in each step. UV1 cor- 

responds to the UV signal after the CEX column/before the AEX column, and UV2 

is the signal after the AEX column. 
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Table 2 

Recovery yield for each step of the downstream process, including the total yield, 

and the percentage of aggregates, HCP levels and DNA log reduction at one time 

point during the process run. Numbers within parenthesis are references from 

other, traditional three-step mAb processes. 

Process step Yield (%) Aggregates (%) HCP (ppm) DNA (LRV) 

Z Ca capture 89 (95) 1 ND (2–3) 1 230 (300–2000) 1 5.2 (3.0) 2 

VI 96 – – –

CEX 91 (90) 1 ND ( < 1) 1 20 ( < 100) 1 6.5 

AEX 100 (99) 1 ND ( < 1) 1 5 ( < 5) 1 7.5 

Total 78 (86) 1 ND ( < 1) 1 5 ( < 5) 1 7.5 

ND (could not be detected). 
1 Cytiva (2015B) [24] . 
2 Butler et al. [25] . 
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.2. Implementation of the integrated downstream process 

The complete downstream process was implemented in an in- 

egrated setup during a run that was in operation for 9 days to 

nsure steady state. In Fig. 4 , the chromatograms from the differ- 

nt steps of the process are shown. In the chromatogram from the 

apture step ( Fig. 4 A), the largest absorbance peak corresponds to 

he impurities and unbound antibodies that were washed away in 

he first wash phase. As a result of the PCC operation, this wash 

ool is loaded onto a second column, so that the antibodies that 

o not adsorb on the first column can bind to the second column, 

hile the impurities flow through both columns and finally go to 

aste. After the two wash phases, the product was eluted at pH 

.5 in a pool that was approximately 9 ml. The VI bottle was filled

ith the eluted pool and the solvent/detergent stock solution was 

osed at a ratio of 1:9. After 60 min of incubation time, the prod-

ct was loaded on the CEX column. 

In Fig. 4 B, the plateau that can be seen in the UV1 signal dur-

ng the first 15 min corresponds to the UV signal before the CEX 

olumn during the loading phase, while the UV2 signal is the ab- 

orbance after the CEX column during the same phase. Since no 

bsorbance for the UV2 signal was observed, it can be derived that 

ll product was adsorbed on the CEX column during the loading 

hase. Additionally, nothing was detected by the UV monitors dur- 

ng the wash phase. In the gradient elution of the CEX column, the 

V1 signal is the absorbance after the CEX column, and the UV2 

ignal is the absorbance after the AEX column. When the prod- 

ct started to elute from the CEX column, the eluate was directly 

oaded on the AEX column after conditioning to pH 6.2 by in- 

ine dilution 1:1. After a delay time, the product was detected by 
6 
he UV2 monitor, since the AEX column was run in flow-through 

ode. Due to the inline dilution, the AEX peak is approximately 

alf the size of the CEX peak. The regeneration, CIP and equili- 

ration phases were run simultaneously for both the CEX and the 

EX columns, but with different pumps. In these phases, the ab- 

orbance after the AEX column was measured by the UV2 detector, 

hile the absorbance after the CEX column was not measured and 

s therefore not shown. 

Table 2 shows the recovery yield for each process step as well 

s the total yield of the downstream process at steady state. Yields 

f around 90% or above are obtained in all the steps, and the to- 

al yield was 78%. These values are similar to previously reported 

ields in state-of-the-art works, with integrated mAb downstream 

rocesses where conventional Protein A resins were used [ 16 , 22 ]. 

he main difference between these processes and the current one, 

s that, in the present work, the elution phase in the capture step 

nd the virus inactivation step are carried out at a pH of 5.5, in- 

tead of 3.5, which is the common pH for these steps, thus allow- 

ng the application of this purification process at mild conditions 

or pH-sensitive monoclonal antibodies with a competitive yield. 

The present work is the first proof of concept of this novel pro- 

ess, aiming at demonstrating the feasibility of a downstream pro- 

ess for the purification of monoclonal antibodies at mild condi- 

ions, with focus on yield rather than productivity. For this reason, 

he column volumes have not been optimized and therefore the 

ownstream process is oversized. Consequently, the resulting pro- 

uctivity at steady state (73.0 mg/ml Protein A resin /day) is lower than 

hat of state-of-the-art processes (e.g., 123.8 mg/ml Protein A resin /day 

ith MabSelect SuRe TM [23] ), but very promising this early on in 

he development and with large potential to be increased after op- 

imization of the column sizes. Further, the Z Ca resin used in the 

resent work has been proven to have a high DBC, comparable 

o MabSelect SuRe which shares the same base matrix, indicating 

he potential for high productivities with Z Ca [10] . Therefore, it is 

xpected that the process presented here can reach productivities 

lose to those obtained in processes with conventional Protein A 

esins, after an optimization of the column sizes. 

.3. Product quality 

The objective of the downstream process is to remove HCPs, 

ost cell DNA as well as aggregates formed both upstream and 

ownstream, in addition to the removal of viruses and potential 

rocess-derived impurities. In this process, aggregates which com- 

only arise in the capture step and during viral inactivation are 

on-existent, because of the mild pH used in these process steps, 

s seen in Table 2 . No aggregates could be detected in any step 

f the downstream process, thus not compromising the yield. In a 

raditional mAb process, which is most often designed to produce 

 stable antibody, these would constitute around 1% [24] , increas- 

ng drastically if manufacturing a pH-sensitive antibody. This was 
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bserved in a previous study where an IgG4 antibody was purified 

n Z Ca and MabSelect SuRe, and the proportion of aggregates in 

he MabSelect SuRe eluate was as much as a third of all eluted an-

ibody and less than 1% for Z Ca [9] . Furthermore, the capture step 

esulted in HCP levels below those observed for other mAb pro- 

esses, followed by a further reduction in both the CEX and AEX 

teps. The DNA log reduction was also efficient in all the steps, 

emonstrating superior reduction by Z Ca compared to other Pro- 

ein A resins [25] . 

The virus concentration was not measured, but the efficiency 

nd robustness of the solvent/detergent VI method has been 

emonstrated previously [ 13 , 14 ]. Dichtelmüller et al. performed a 

ery comprehensive study of the virus inactivation process condi- 

ions and showed that a Tnbp concentration of 3 g/L and a deter- 

ent concentration of 10 g/L with an incubation time of 60 min, 

hich are the same conditions used in this work, are standard 

onditions in the industry. Further, a > 5-log virus inactivation was 

chieved [13] . 

The solvent used in the VI step, Tnbp, is harmful to aquatic life 

nd may have cancerogenic effects [26] , hence it must be removed 

uring the subsequent downstream steps (CEX and AEX). In the 

olvent removal trial, only 1.8% of the original Tnbp amount in the 

ample remained in the collected CEX product pool, when com- 

aring the Tnbp concentration before and after the CEX step (Ta- 

le S1, in supplementary material). Subsequently, the removal ob- 

ained with the AEX step was 50%. Overall, a reduction in Tnbp 

oncentration of 34 times and removal of 99.1% of the Tnbp was 

chieved through the polishing steps during the solvent removal 

rial (non-integrated downstream process). In the integrated con- 

inuous purification process, a Tnbp concentration reduction factor 

f 63 and a Tnbp removal of 99.4% was obtained, hence compara- 

le results. The detected concentration in the AEX pool was close 

o the limit of detection of the analytical method (as seen in Figure 

3), thus a higher removal degree of Tnbp could not have been de- 

ected with this method. A final ultrafiltration-diafiltration step for 

ormulation would further reduce the Tnbp concentration as the 

uffer exchange degree reached in the diafiltration step is usually 

igher than 99% [ 27 , 28 ], thus obtaining a total logaritmic reduction

alue of 4.2. 

. Conclusions 

This study is a proof of concept of an integrated continuous 

ownstream process at mild conditions, appropriate for the pu- 

ification of pH-sensitive monoclonal antibodies. A novel calcium- 

ependent Protein A-derived ligand, Z Ca , was used for the cap- 

ure step, and suitable conditions in the downstream process were 

ound, which allowed for a seamless integration of the different 

teps. It was possible to eliminate the conditioning step before the 

EX loading by slightly adjusting the CEX process conditions (pH 

nd NaCl concentration), while keeping a good aggregate removal. 

o completely avoid the use of low pH, and thus prevent the for- 

ation of aggregates, a virus inactivation method based on sol- 

ent/detergent was used as an alternative to the traditional acidic 

irus inactivation approach. The minimum pH in the process was 

.5, which is significantly higher than the pH values used in a 

raditional mAb purification process, ranging between 3.2 and 3.5 

 20 , 23 ]. 

The downstream process was run continuously for 9 days in 

wo ÄKTA chromatography systems, where the capture step in a 

-column PCC operation and the virus inactivation were imple- 

ented in one ÄKTA system, and the polishing steps (CEX and AEX 

olumns) were implemented in the other ÄKTA system. The in- 

egrated continuous process was implemented at laboratory scale 

btaining a high recovery yield. The downstream process could 

eliver a consistently pure monoclonal antibody, with HCP and 
7 
NA concentrations similar to those obtained in state-of-the-art 

rocesses [23–25] , and aggregate levels below the detection limit, 

hanks to the use of mild conditions. In addition, this has been the 

rst time, to our knowledge, that the removal of solvent after a 

olvent/detergent-based VI has been addressed for the purification 

rocess of mAbs. 

The rising promise of bispecific antibodies and other antibody- 

ased chimeric proteins brings new hope for therapies; however, 

hese novel molecules are more challenging for the manufacturing, 

oth upstream and downstream. An important problem is mAb ag- 

regation. Owing to its mild pH operation range, the process pre- 

ented here can be applied to a much larger number of molecules 

ompared to methods based on legacy Protein A, and, together 

ith an integrated continuous process, brings an elegant, effica- 

ious and thus more cost-effective solution for tomorrow’s chal- 

enging mAbs. Therefore, this proof of concept can be used as a 

eference for future implementations of integrated continuous pro- 

esses for the purification of pH-sensitive monoclonal antibodies. 
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