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Resumo

O potencial terapéutico dos anticorpos monoclonais (mAbs) tem vindo a crescer significativamente
a nivel mundial. Actualmente, existem mais de 70 produtos em uso clinico para o tratamento de diversas
doencas contudo, 0 acesso geral da populacdo a estes continua a ser impedido pelos altos precos
praticados. Como uma elevada parcela dos custos esta associada ao processo de fabrico, ao
desenvolverem-se processos mais eficientes, poder-se-a conseguir que um maior nimero de doentes

usufrua do potencial terapéutico dos mAbs.

Esta tese tem como principal objectivo o desenvolvimento de um processo de purificacdo de mAbs
baseado na cromatografia de fenilboronato que constitua uma alternativa & dispendiosa captura por
proteina A habitualmente utilizada. Inicialmente foram investigados os fenémenos envolvidos na
adsorcdo de um mAb especifico para a interleucina-8 humana ao ligando sintético m-
aminofenilboronato. A combinacdo do uso da calorimetria de fluxo com ensaios cromatograficos
permitiu compreender o comportamento multimodal do ligando assim como que a sua tolerancia ao sal
pode ser aumentada manipulando as condi¢8es cromatograficas. O ligando foi depois avaliado para a
captura directa do mAb proveniente de sobrenadantes de culturas celulares. O desenvolvimento de um
passo intermédio e a optimizacdo da eluicdo foram essenciais para alcancar bons parametros de
desempenho, reprodutiveis em todas as escalas testadas (0.4-40 mL de resina). O processo
desenvolvido proporciona recuperagdes de 97.7%, purezas de 82.6% e remocdes de DNA gendmico

superiores a 96%.

Nesta tese foi, também, possivel demonstrar que o m-aminofenilboronato pode ser usado para a
captura e eluicdo selectiva de diferentes tipos de proteinas — glicoproteinas, com diferentes pontos
isoeléctricos e proteinas acidicas/neutras, glicosiladas ou ndo — pelo uso de competidores como o Tris

€ 0 citrato, respectivamente.

Os resultados obtidos pretendem contribuir para a ado¢ao da cromatografia de fenilboronato para

a captura ou polimento de mAbs ou até para a separagédo de isoformas, por métodos analiticos.

Palavras-chave: Processamento a jusante, Purificacdo de proteinas, Cromatografia de

fenilboronato, Anticorpos monoclonais, Proteinas glicosiladas e nédo glicolisadas
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Abstract

The potential of therapeutic monoclonal antibodies (mAbs) has increased significantly, with more
than 70 products in clinical use worldwide for the treatment of different diseases. The access of the
general population to mAbs is unfortunately barred by high-selling prices. If mAbs were cheaper, a larger
number of individuals would benefit from their therapeutic potential. Since a significant fraction of the

costs is attributed to the manufacturing, one way to achieve this is to develop more efficient processes.

This thesis aims to develop a purification process based on phenylboronate chromatography as an
alternative to the costly protein A capture step currently used in the purification train of mAbs. To achieve
this goal, the phenomena underlying the adsorption of an anti-human IL-8 (anti-IL8) mAb onto an m-
aminophenylboronic acid synthetic ligand was thoroughly investigated. The combination of on-line flow
microcalorimetry and chromatographic assays allowed to understand the multimodal behaviour of the
ligand and that its salt tolerance can be enhanced by manipulating the chromatographic conditions. The
ligand was then challenged for the direct capture of anti-IL8 mAb from cell culture supernatants. The
development of a washing step and the optimization of the elution step were crucial to the achievement
of good performance parameters reproducible at every scale tested (0.4 to 40 cm? resin volume). This
process yields recoveries of 97.7%, purities of 82.6% and gDNA removals higher than 96%.

It was also possible to demonstrate that this ligand can be useful for the capture and effective
separation of a wide range of proteins from glycoproteins, differing in overall charge, to acidic/neutral

proteins (glycosylated or not), by the use of displacers as Tris and citrate, respectively.

The results obtained are expected to contribute towards the adoption of such chromatographic
process either for mAb capture or polishing steps or for analytical purposes, envisaging isoforms
separations.

Keywords: Downstream processing, Protein purification, Phenylboronate chromatography,

Monoclonal antibodies, Glycosylated and non-glycosylated proteins
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or 1.5 M Tris-HCI, pH 7.5 (T). Lanes ID: 1: pl broad standards (from bottom to top: Amylglucosidase -
3.50 pl (Native); Methyl red (dye) - 3.75 (pl Native); Trypsin inhibitor - 4.55 (pl Native); b-Lactoglobulin
A - 5.20 (pl Native); Carbonic anhydrase B (bovine) - 5.85 (pl Native); Carbonic anhydrase B (human) -
6.55 (pl Native); Myoglobin, acidic band - 6.85 (pl Native); Myoglobin, basic band - 7.35 (pl Native);
Lentil lectin, acidic - 8.15 (pl Native); Lentil lectin, middle - 8.45 (pl Native); Lentil lectin, basic - 8.65 (pl
Native) and Trypsinogen - 9.30 (pl Native)); 2: feed sample of CHO DP-12 supernatant; 3: elution
fraction from Protein A purification; 3S: elution fraction from PBA chromatography (0.5 M D-sorbitol, 150
mM NacCl in 10 mM Tris-HCI, pH 7.5); 3T: elution fraction from PBA chromatography (1.5 M Tris-HClI,

Figure 1.4 Activity of purified anti-IL8 monoclonal antibodies from clarified serum-containing CHO DP-
12 cell culture supernatants determined by competitive ELISA. (A) Elution fraction from protein A
chromatography; (B) Elution fraction from PBA chromatography using as elution buffer 1.5 M Tris-HCI,
all at pH 7.5; C — Elution fraction from PBA chromatography using as elution buffer 0.5 M D-sorbitol, 150
mM NaClin 10 mM Tris-HCI, all at pH 7.5. Results are displayed as mean £ STDV......................... 111
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chromatography of (A) anti-IL8 mAb from clarified serum-free media CHO DP-12 cell culture
supernatants and (B) anti-HCV mAb from clarified serum-free CHOEBNALTS85 cell culture supernatants,
using as adsorption buffer 20 mM HEPES with 150 mM NaCl at pH 7.5, as wash buffer 100 mM D-
sorbitol in 10 mM Tris-HCI at pH 7.5 and as elution buffer 0.5 M D-sorbitol with 150 mM NacCl in 10 mM
Tris-HCl at pH 7.5. Lanes ID: 1: Precision Plus Protein™ Dual Color Standards (from top to bottom: 250,
150, 100, 75, 50, 37, 25, 20, 15 and 10 kDa); 2: feed sample of serum-free CHO supernatants; 3: flow-
through fraction; 4: wash fraction; 5: elution fraction. Position of IgG heavy (H) (50 kDa) and light (L) (25
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3.50 pl (Native); Methyl red (dye) - 3.75 (pl Native); Trypsin inhibitor - 4.55 (pl Native); b-Lactoglobulin
A - 5.20 (pl Native); Carbonic anhydrase B (bovine) - 5.85 (pl Native); Carbonic anhydrase B (human) -
6.55 (pl Native); Myoglobin, acidic band - 6.85 (pl Native); Myoglobin, basic band - 7.35 (pl Native);
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Figure Ill.7 Effect of residence time in the dynamic binding capacity of PBA resin. (A) Frontal analysis
for a residence time of 2 minutes and a pure 1gG feedstock of 1 g/dm3. Absorbance at 280 nm (—). (B)
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slope of the respective breakthrough curves, displayed in (B). Results are displayed as mean %
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Figure 111.8 Silver stained SDS-PAGE of fractions collected during IgG purification from clarified serum-
free CHO DP-12 cell culture supernatants, by PBA chromatography. IgG concentration on the feedstock
was of 74 mg/dmé. (A) Superficial velocity study using 5.1 cm3/min in adsorption, wash and elution steps.
(B) Superficial velocities study using 5.1, 15.3 and 25.5 cm3min in adsorption, wash and elution steps,
respectively. Lanes ID: 1: Precision Plus Protein™ Dual Color Standards (from top to bottom: 250, 200,
150, 100, 75, 50, 37, 25, 15, and 10 kDa); 2: feed sample of CHO DP-12 supernatant; 3: flow-through
fraction; 4: wash fraction; 5: elution fraction. Position of IgG heavy (H) (50 kDa) and light (L) (25 kDa)
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determined by the difference between the total amount of molecules in the feedstock and in the elution
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different clarified serum-free CHO DP-12 cell culture supernatants using PBA ligands. Each individual
run took 8.7 minutes. IgG concentration in the different runs were: (I and Il) 65 mg/dm3; 73.9 mg/dm3 (11l
and 1V) and 58.3 mg/dm? (V). I and Il are duplicatesas Hland IV..............cocoiiiiiiiiiiiiiiiciea, 119
Figure 111.11 (A) Chromatographic profiles at different scales: 4 cm? (—), 16 cm?® (—) and 40 cm? (—)
and (B) performance parameters: recovery yield (™), protein purity (M), protein removal (™), HCP
removal (M) and gDNA removal () obtained for the IgG capture from clarified serum-free CHO DP-12
cell culture supernatants by PBA chromatography. IgG concentration on the feedstock was 57.8 £ 0.3
mg/dm3. Results are displayed as mean + STDV (except for gDNA removal: + standard error). Protein
purity was assessed by the ratio between IgG and protein concentration. Protein, HCP ang gDNA
removal were determined by the difference between the total amount of molecules in the feedstock and
in the elution pools divided by the same total amount of molecules on the feedstock........................ 121
Figure 111.S1 Analytical chromatogram from SEC-HPLC analysis of the purified 1gG fractions from 2.5%
serum-containing CHO DP-12 cell culture supernatants. (A) Protein A chromatography. Adsorption
buffer: 10 mM PBS, pH 7.4; elution buffer: 100 mM glycine-HCI, pH 2. (B) PBA chromatography:
Adsorption buffer: 20 mM HEPES, 150 mM NacCl, pH 7.5; wash buffer: 100 mM D-sorbitol in 10 mM
Tris-HCI, pH 7.5; elution buffer: 0.5 M D-sorbitol and 150 mM NacCl in 10 mM Tris-HCI, pH 7.5. (C) PBA
chromatography: Adsorption buffer: 20 mM HEPES, 150 mM NacCl, pH 7.5; wash buffer: 100 mM D-
sorbitol in 10 mM Tris-HCI, pH 7.5; elution buffer: 1.5 M Tris-HCL, pH 7.5, 126
Figure 111.S2 Analytical chromatogram from SEC-HPLC analysis of the purified 1gG fractions from
serum-free CHO DP-12 cell culture supernatants. (A) Protein A chromatography. Adsorption buffer: 10
mM PBS, pH 7.4; elution buffer: 100 mM glycine-HCI, pH 2. (B) PBA chromatography: Adsorption buffer:
20 mM HEPES, 150 mM NacCl, pH 7.5; wash buffer: 100 mM D-sorbitol in 10 mM Tris-HCI, pH 7.5;
elution buffer: 0.5 M D-sorbitol and 150 mM NaCl in 10 mM Tris-HClL, pH 7.5............ooii . 127
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Figure 111.S3 Analytical chromatogram from SEC-HPLC analysis of the purified IgG fractions from
serum-free CHOEBNALTSS5 cell culture supernatants. (A) Protein A chromatography. Adsorption buffer:
10 mM PBS, pH 7.4; elution buffer: 100 mM glycine-HCI, pH 2. (B) PBA chromatography: Adsorption
buffer: 20 mM HEPES, 150 mM NacCl, pH 7.5; wash buffer: 100 mM D-sorbitol in 10 mM Tris-HCI, pH
7.5; elution buffer: 0.5 M D-sorbitol and 150 mM NaClin 10 mM Tris-HCL, pH7.5..........coiiiiiinni, 128
Figure IV.1 Mobile phase modulators concentration required to promote complete elution of the different
glycoproteins under study. Studies were performed using a ProSep®-PB resin. Adsorption of
glycoproteins was performed using 20 mM CHES, 300 mM NaCl, pH 9.0. Results are based on the
mobile phase concentration present in the elution buffer at which was obtained the maximum peak
height. Acidic invertase (M), acidic amyloglucosidase (M), neutral cellulase (") and basic RNase B (O).
Results are displayed as average £ STDV . ... 140
Figure 1V.2 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial
mixture containing 1 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM
CHES, 300 mM NaCl at pH 9.0. Five different gradient slopes were performed considering an elution
buffer containing 0.5 M Tris as displacer agent (a-e). The gradients were performed under the rates of
(@) 5 % Tris/min, (b) 2.5 % Tris/min, (c), 1.25 % Tris/min, (d) 0.75 % Tris/min and (e) 0.6 % Tris/min
giving rise to five distinct chromatograms — C1 to C5, respectively. The times at which the system was
imposed to start to pump 100% (v/v) of the elution buffer are marked with a yellow arrow. C5 presents
five peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4),
from left to right. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during glycoproteins
separation by PB chromatography using a ProSep®-PB resin and an elution gradient strategy
accomplished by the use of 0.5 M Tris as displacer agent at a rate of 0.6% Tris/min. Lanes ID: 1:
Precision Plus Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25,
20 and 10 kDa); 2: artificial mixture containing 5 g of each glycoprotein under study; 3: flow-through
(FT)fraction; 4: PL; 5: P2; 6: P3; 7: P ... e e e e 141
Figure 1V.3 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial
mixture containing 1 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM
CHES, 300 mM NacCl at pH 9.0. The elution process was performed using a series of step gradients —
2.0%, 4.5%, 8.5%, 15% and 100% (v/v). The elution buffer used was obtained by addition of 0.5 M Tris
to the adsorption buffer. The chromatogram presents six peaks denominated as flow-through (FT), peak
1 (P1), peak 2 (P2), peak 3 (P3), peak 4 (P4) and peak 5 (P5), from left to right. (B) Coomassie Blue
stained SDS-PAGE of the fractions collected during glycoproteins separation by PB chromatography
using a ProSep®-PB resin and an elution strategy accomplished by the use of a series of step gradients
— 2%, 4.5%, 8.5%, 15% and 100% (v/v). Lanes ID: 1: Precision Plus Protein™ Dual Color Standards
(from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial mixture containing
5 ug of each glycoprotein under study; 3: flow-through (FT) fraction; 4: P1; 5: P2; 6: P3; 7: P4, 8: P5...142
Figure IV.4 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial
mixture containing 2.5 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM
CHES, 300 mM NaCl at pH 9.0. The elution process was performed using a linear gradient performed

at a rate of 0.6% Tris/min. The elution buffer used was obtained by addition of 0.5 M Tris to the
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adsorption buffer. The chromatogram presents five peaks denominated as flow-through (FT), peak 1
(P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to right. (B) Coomassie Blue stained SDS-
PAGE of the fractions collected during glycoproteins separation by PB chromatography using a
ProSep®-PB resin and an elution gradient strategy accomplished by the use of 0.5 M Tris as displacer
agent at a rate of 0.6% Tris/min. Lanes ID: 1: artificial mixture containing 5 pg of each glycoprotein under
study; 2: flow-through (FT) fraction; 3: Precision Plus Protein™ Dual Color Standards (from top to
bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 4: P1;5: P2;6: P3; 7:P4...........cccevene.n. 143
Figure IV.5 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial
mixture containing 2.5 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM
CHES, 300 mM NaCl at pH 9.0. The elution process was performed using a series of step gradients —
2%, 4.5%, 8.5%, 15% and 100% (v/v). The elution buffer used was obtained by addition of 0.5 M Tris to
the adsorption buffer. The chromatogram presents six peaks denominated as flow-through (FT), peak 1
(P1), peak 2 (P2), peak 3 (P3), peak 4 (P4) and peak 5 (P5), from left to right. (B) Coomassie Blue
stained SDS-PAGE of the fractions collected during glycoproteins separation by PB chromatography
using a ProSep®-PB resin and an elution strategy accomplished by the use of a series of step gradients
- 2%, 4.5%, 8.5%, 15% and 100% (v/v). Lanes ID: 1: artificial mixture containing 5 pug of each
glycoprotein under study; 2: flow-through (FT) fraction; 3: P1; 4: Precision Plus Protein™ Dual Color
Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 5: P2; 6: P3; 7: P4;

Figure IV.6 Sodium citrate concentration required to promote complete elution of the different
acidic/neutral proteins under study. Studies were performed using a ProSep®-PB resin. Adsorption of
acidic/neutral proteins was performed using 50 mM acetate, pH 5.0.Results are based on the sodium
citrate concentration on the elution buffer at which was obtained the maximum peak height. Results are
displayed as average £ ST DV ... . 145
Figure IV.7 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial
mixture containing 1 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer
50 mM citrate at pH 5.0. Four different gradient slopes were applied considering an elution buffer
containing 0.5 M citrate as displacer agent (a-d). The gradients were performed under the rates of (a) 5
% citrate/min, (b) 2.5 % citrate/min, (c), 1.25 % citrate/min and (d) 0.75 % citrate/min giving rise to four
distinct chromatograms — C1 to C4, respectively. Immediately after the elution, the column regeneration
was conducted using 1.5 M Tris-HCI, pH 8.5. C4 presents five peaks denominated as flow-through (FT),
peak 1 (P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to right. (B) Coomassie Blue stained
SDS-PAGE of the fractions collected during acidic/neutral proteins separation by PB chromatography
using a ProSep®-PB resin and an elution gradient strategy accomplished by the use of 0.5 M citrate as
displacer agent at a rate of 0.75% citrate/min. Lanes ID: 1: Precision Plus Protein™ Dual Color
Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial mixture
containing 5 pg of each acidic/neutral protein under study; 3: flow-through (FT) fraction; 4: P1; 5: P2; 6:

Figure IV.8 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial

mixture containing 1 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer
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50 mM citrate at pH 5.0. The elution process was performed using a series of step gradients — 1.5%,
4%, and 15% (v/v). The elution buffer used was obtained by addition of 0.5 M citrate to the adsorption
buffer. The chromatogram presents five peaks denominated as flow-through (FT), peak 1 (P1), peak 2
(P2), peak 3 (P3) and peak 4 (P4), from left to right. The time at which the system was imposed to start
to pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI, pH 8.5 — is marked with a yellow arrow.
(B) Coomassie Blue stained SDS-PAGE of the fractions collected during acidic/neutral proteins
separation by PB chromatography using a ProSep®-PB resin and an elution strategy accomplished by
the use of a series of step gradients — 1.5%, 4%, and 15% (v/v). Lanes ID: 1: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial
mixture containing 5 pg of each acidic/neutral protein under study; 3: flow-through (FT) fraction; 4: P1,;
B P, B: P 3, 7 P . s 147
Figure IV.9 (A) Chromatogram obtained using a ProSep®-PB resin for the separation of an artificial
mixture containing 2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption
buffer 50 mM citrate at pH 5.0. The elution process was performed using a linear gradient performed at
a rate of 0.75% citrate/min. The elution buffer used was obtained by addition of 0.5 M citrate to the
adsorption buffer. Immediately after the elution, the column regeneration was conducted using 1.5 M
Tris-HCI, pH 8.5. The chromatogram presents five peaks denominated as flow-through (FT), peak 1
(P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to right. (B) Coomassie Blue stained SDS-
PAGE of the fractions collected during acidic/neutral proteins separation by PB chromatography using
a ProSep®-PB resin and an elution gradient strategy accomplished by the use of 0.5 M citrate as
displacer agent at a rate of 0.75% citrate/min. Lanes ID: 1: artificial mixture containing 5 pg of each
cidic/neutral protein under study); 2: flow-through (FT) fraction; 3: P1; 4: P2; 5: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa; 6: P3; 7:

Figure IV.10 (A) Chromatogram obtained using a ProSep®-PB resin for the separation of an artificial
mixture containing 2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption
buffer 50 mM citrate at pH 5.0. The elution process was performed using a series of step gradients —
1.5%, 4%, and 15% (v/v). The elution buffer used was obtained by addition of 0.5 M citrate to the
adsorption buffer. The chromatogram presents five peaks denominated as flow-through (FT), peak 1
(P1), peak 2 (P2), peak 3 (P3), and peak 4 (P4), from left to right. The time at which the system was
imposed to start to pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI, pH 8.5 — is marked
with a yellow arrow. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during
acidic/neutral proteins separation by PB chromatography using a ProSep®-PB resin and an elution
strategy accomplished by the use of a series of step gradients — 1.5%, 4%, and 15% (v/v). Lanes ID: 1:
artificial mixture containing 5 pg of each acidic/neutral protein under study; 2: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 3: flow-
through (FT) fraction; 4: PL; 5: P2; 6: P3; 71 P ..o 148
Figure 1V.11 pH gradient curves obtained for the elution of glycosylated proteins from (A) ProSep®-PB
and (B) P6XL matrices. pH gradients were performed using BGly buffer formulation, based on Krdner

et al. (2013) [24]. Column regeneration was achieved using 1.5 M Tris-HCI, pH 8.5. 1 mg/mL of each
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glycosylated protein - amyloglucosidase (red circle), cellulase (green square), RNase B (yellow triangle)
and invertase (orange diamond) - were separately loaded in each column. The elution points
represented, correspond to the maximum peak height obtained. ..., 150
Figure IV.12 Percentage of each glycoprotein recovered from (A) ProSep®-PB and (B) P6XL matrices
during the employed elution pH gradient (®) or at the regeneration step (). pH gradients were
performed using BGly buffer formulation, based on Krdner et al. (2013) [24]. Column regeneration was
achieved using 1.5 M Tris-HCI, pH 8.5. 1 mg/mL of each glycosylated protein - amyloglucosidase (AMY),
cellulase (CEL), RNase B (RB) and invertase (INV) - were separately loaded in each column. Results
correspond to the ratio between the areas of the peaks obtained during the elution peak gradient and

regeneration step and the total peak area of the chromatogram. Results are displayed as average +

Figure 1V.13 pH gradient curves obtained for the elution of acidic/neutral proteins from ProSep®-PB (A
and B) and P6XL matrices (C and D). pH gradients were performed using two different buffer
formulations — BAN1 (A and C) and BAN2 (B and D) - based on Kréner et al. (2013) [24]. Column
regeneration was achieved using 1.5 M Tris-HCI, pH 8.5. 1 mg/mL of each acidic/neutral protein -
amyloglucosidase (red and orange circles), cellulase (green square), pepsin (dark and light blue
triangles) - were separately loaded in each column. The elution points represented, correspond to the
maximum peak height obtained. ... ... 153
Figure IV.14 Percentage of each acidic/neutral protein recovered from ProSep®-PB (A and B) and
P6XL matrices (C and D) during the employed elution pH gradient (® and =) or at the regeneration step
(). pH gradients were performed using the buffer formulations BAN1 and BAN2, based on Krdner et
al. (2013) work [24]. Column regeneration was achieved using 1.5 M Tris-HCI, pH 8.5. 1 mg/mL of each
glycosylated protein - amyloglucosidase (AMY), cellulase (CEL) and pepsin (PEP) - were separately
loaded in each column. Results correspond to the ratio between the areas of the peaks obtained during
the elution peak gradient and regeneration step and the total peak area of the chromatogram. Results
are displayed as average £ STDV. ... 154
Figure IV.S1 Coomassie Blue stained SDS-PAGE of the commercial proteins constituents of the protein
library under study. Lanes ID: 1: Precision Plus Protein™ Dual Color Standards (from top to bottom:
250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: Invertase (glycosylated and acidic protein), 3:
Amyloglucosidase (glycosylated and acidic protein), 4: Pepsin (hon-glycosylated and acidic protein), 5:
Cellulase (glycosylated and acidic/neutral protein), 6: RNase B (glycosylated and basic protein). The
Mass Of Protein iN [ANES 210 B 1S 5 g« - e niniee i e 158
Figure IV.S2.1 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture
containing 2.5 mg/mL of each glycoprotein under study, prepared in the adsorption buffer 20 MM CHES,
300 mM NacCl at pH 9.0. The elution process was performed using a linear gradient performed at a rate
of 0.6% Tris/min. The elution buffer used was obtained by addition of 0.5 M Tris to the adsorption buffer.
The chromatogram presents five peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2),
peak 3 (P3) and peak 4 (P4), from left to right. The time at which the system was imposed to start to
pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI, pH 8.5 — is marked with a yellow arrow.

(B) Coomassie Blue stained SDS-PAGE of the fractions collected during glycoproteins separation by
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PB chromatography using a P6XL resin and an elution gradient strategy accomplished by the use of 0.5
M Tris as displacer agent at a rate of 0.6% Tris/min. Lanes ID: 1: artificial mixture containing 5 pg of
each glycoprotein under study; 2: flow-through (FT) fraction; 3: P1; 4: Precision Plus Protein™ Dual
Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 5: P2; 6: P3;

Figure IV.S2.2 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture
containing 2.5 mg/mL of each glycoprotein under study, prepared in the adsorption buffer 20 mM CHES,
300 mM NaCl at pH 9.0. The elution process was performed using a series of step gradients — 2%,
4.5%, 8.5%, 15% and 100% (v/v). The elution buffer used was obtained by addition of 0.5 M Tris to the
adsorption buffer. The chromatogram presents six peaks denominated as flow-through (FT), peak 1
(P1), peak 2 (P2), peak 3 (P3), peak 4 (P4) and peak 5 (P5) from left to right. The time at which the
system was imposed to start to pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI, pH 8.5 —
is marked with a yellow arrow. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during
glycoproteins separation by PB chromatography using a P6XL resin and an elution strategy
accomplished by the use of a series of step gradients — 2%, 4.5%, 8.5%, 15% and 100% (v/v). Lanes
ID: 1: Precision Plus Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50,
37, 25, 20 and 10 kDa); 2: artificial mixture containing 5 pg of each glycoprotein under study; 3: flow-
through (FT) fraction; 4: P1; 5: P2; 6: P3; 7: P4, 8. PO ... 160
Figure IV.S3.1 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture
containing 2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50
mM citrate at pH 5.0. The elution process was performed using a linear gradient performed at a rate of
0.75% citrate/min. The elution buffer used was obtained by addition of 0.5 M citrate to the adsorption
buffer. Immediately after the elution, column regeneration was conducted using 1.5 M Tris-HCI, pH 8.5.
The chromatogram presents 3 peaks denominated as flow-through (FT), peak 1 (P1) and peak 2 (P2),
from left to right. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during acidic/neutral
proteins separation by PB chromatography using a P6XL resin and an elution gradient strategy
accomplished by the use of 0.5 M citrate as displacer agent at a rate of 0.75% citrate/min. Lanes ID: 1:
artificial mixture containing 5 ug of each cidic/neutral protein under study); 2: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa; 3: flow-
through (FT) fraction; 4: P L, B: P 2. ... e 161
Figure IV.S3.2 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture
containing 2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50
mM citrate at pH 5.0. The elution process was performed using a series of step gradients — 1.5%, 4%,
and 15% (v/v). The elution buffer used was obtained by addition of 0.5 M citrate to the adsorption buffer.
The chromatogram presents five peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2),
peak 3 (P3), and peak 4 (P4), from left to right. The time at which the system was imposed to start to
pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI, pH 8.5 — is marked with a yellow arrow.
(B) Coomassie Blue stained SDS-PAGE of the fractions collected during acidic/neutral proteins
separation by PB chromatography using a P6XL resin and an elution strategy accomplished by the use

of a series of step gradients — 1.5%, 4%, and 15% (v/v). Lanes ID: 1: artificial mixture containing 5 pg
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of each acidic/neutral protein under study; 2: flow-through (FT) fraction; 3: P1; 4: Precision Plus
Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa);
B P B P, 7. P e 162
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Thesis Scope and Outline

The present thesis was developed in the framework of the Biotechnology and Biosciences PhD
program of Instituto Superior Técnico (IST) (Lisbon, Portugal) and was performed in the context of the
PureMAD project (PTDC/QEQPRS/0286/2014) funded by FCT - Fundacgé&o para a Ciéncia e Tecnologia.
The experimental work was mainly carried out at Institute for Biotechnology and Bioengineering, IST
(Lisbon, Portugal) in a close collaboration with the Professor Cristina Dias-Cabral group located at the
Health Sciences Research Centre hosted at Faculdade de Ciéncias da Saude, Universidade da Beira
Interior (Covilhd, Portugal). This collaboration was essential to proceed with the flow microcalorimetry
studies carried out.

The main goal of this thesis was to develop a cost-effective process based on the multimodal
phenylboronic acid chromatography as an alternative to the well-established protein A capture step used
in the purification train of monoclonal antibodies (mAbs) with the ultimate goal of reducing the cost of
mAb-based products and, consequently fostering the accessibility of these biomolecules to the general

population.

This thesis has been divided into five chapters. Chapter | provides a literature review where the
production platform currently used to manufacture mAbs is described with particular detail in the
downstream processing. The current trends to intensify and integrate the whole process are also
described. Furthermore, some of the techniques currently used to study ligand-protein molecular
interactions and protein conformational changes will be presented.

In Chapter I, on-line flow microcalorimetry (FMC) studies were performed in order to try to disclose
the phenomena underlying the adsorption of an anti-IL8 mAb onto an m-aminophenylboronic acid (m-
APBA) ligand, in the absence and in the presence of different mobile phase modulators. The
measurements of instantaneous heat energy transfers accomplished using the FMC technique gave
insights about the contribution of specific and non-specific interactions to the adsorptive process under
different pH values and in the absence and presence of salts such as NaCl, NaF, MgClz and (NH4)2SOa.
The combination of FMC and chromatographic assays revealed to be essential to understand (i) the
multimodal behaviour of the m-APBA ligand at the different conditions studied and that (ii) salt tolerance
of the bond established between ligand and mAb can be enhanced by manipulating the chromatographic
conditions. Indeed, higher salt tolerance of the bond was observed at pH values above ligand’s pKa in
the presence of NaF and (NH4)2SOa4 due to their ability to diminish electrostatic interactions between
ligand and biomolecule, when compared to the commonly used NaCl. Also, it could be concluded that
specific cis-diol interactions are predominant at pH values below the pKa of ligand, contrarily to what
has been reported.

Chapter 1l describes the successful development and optimization of a process using the
multimodal m-APBA ligand for the direct capture anti-IL8 mAb from real Chinese Hamster Ovary (CHO)
cell culture supernatants. Firstly, the study was focused on the development of a washing step and in
the optimization of the elution step using a serum-containing supernatant with anti-IL8 mAbs. The best
recoveries - 99% - and purifications — protein purity of 81% and a purification factor of 16 (out of a

maximum of 20) - were achieved using 100 mM D-sorbitol in 10 mM Tris-HCI as washing buffer and 0.5



M D-sorbitol with 150 mM NaCl in 10 mM Tris-HCI as elution buffer. Results comparable to the ones
obtained using protein A chromatography that revealed a recovery of 99%, 87% of protein purity and 29
(out of a maximum of 33) of purification factor. Consequently, and since the industrial upstream process
setting is engaging the use of serum-free cultures, the m-APBA ligand was used for the purification of
two different mAbs (both IgG1) — an anti-IL8 mAb and an anti-HCV mAb — from serum-free CHO cell
cultures with higher protein purities being achieved (94.9 -100%) at the elution fraction. At last, the
feasibility of scaling-up PBA chromatography for the purification of anti-IL8 mAbs from clarified serum-
free CHO cell cultures was addressed. Here, column performance optimization regarding superficial
velocity was extremely important to accomplishment a faster process not neglecting the good
performance parameters already achieved at every scale tested (0.4 to 40 cm? resin volume). The 100-
fold scale-up was successfully achieved with a recovery yield of 97.7%, a protein purity of 82.6% and a
gDNA removal higher than 96%.

The work developed and presented in both Chapter Il and 11l was of major importance in order to
demonstrate the potential of the multimodal phenylboronic acid chromatography for the capture of

monoclonal antibodies.

Then, in Chapter IV, the multimodal behaviour of m-APBA potential was further exploited in order
to understand if phenylboronic acid chromatography can be used as a useful tool for the capture and
effective separation of a wider range of proteins from glycoproteins, differing in overall charge, to
acidic/neutral proteins (glycosylated or not). From previous studies, it was known that the different
proteins studied adsorb to the m-APBA ligand and that, depending on the adsorption conditions, different
types of interaction between proteins and ligand would be involved in the adsorptive and, consequently,
in the elution process. Understanding which of the interactions play a major role in the adsorptive
process was determinant to develop effective elution strategies for (i) glycoproteins, comprising a broad
range of isoelectric points and (ii) acidic/neutral proteins, including glycosylated and non-glycosylated

proteins, by the use of displacers as Tris and citrate, respectively.

The thesis ends with Chapter V, where the main results obtained are summarised and analysed
and future perspectives are discussed. Overall, the results obtained are expected to contribute towards
the adoption of phenyl boronate chromatographic process either for (i) mAb capture and/or polishing
steps or as a pre-chromatographic step for a longer life-time of the costly protein A or for (ii) analytical

purposes, envisaging the separation of protein isoforms.



Chapter I - General Introduction

Abstract: In this chapter, the relevance of protein therapeutics as monoclonal antibodies (mAbs) to the
biopharmaceutical market is addressed and the evolution of these molecules throughout the last decades as
well as the unique features responsible for their successful implementation in the treatment of cancer,
autoimmune and inflammatory disorders, are described. Special emphasis will be given to the manufacturing
process of mAbs describing the major developments achieved at upstream processing and the challenges
that downstream processing has been suffering. Accordingly, the technology trends that have been arising in
antibody purification will be described and discussed. Firstly, the trends in non-chromatographic methods that
aim to reduce or even replace chromatographic operations in the purification pipeline will be addressed.
These new approaches based on an ABC-Anything But Chromatography strategy have been rising, and
turning into feasible alternatives to overcome chromatography limitations such as high resin cost, diffusion
and capacity constraints, and at the same time, to cope with high titres and volumes produced at upstream.
Nevertheless, chromatography continues to be widely used and subjected to continuous advances in order
to meet future industrial needs. Chromatographic methods will be also covered along this chapter. Trends in
the bed formats and stationary phase configurations of the fixed bed media will be presented, with the most
recent advances in size exclusion (SEC), anion-exchange (AEC), cation-exchange (CEX), hydrophobic
interaction (HIC), immobilized metal affinity (IMAC), multimodal (MMC) and affinity chromatography being
described. In the last section of this chapter, the type of techniques currently used to study ligand-protein
molecular interactions and protein conformational changes during the adsorptive process of biomolecules
onto a chromatographic bead will be presented. Calorimetry and non-calorimetry methods will be discussed
in order to present some of the available methods that can contribute for a broader biomolecules adsorption
elucidation, with a special focus towards the mAbs case.

Keywords: Protein therapeutics, Monoclonal antibodies, Downstream processing, Purification trends,

Methods for biomolecules adsorption elucidation
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I.1. Protein therapeutics overview

The protein therapeutics field has grown significantly since the introduction of the first human insulin,
obtained by recombinant DNA (rDNA) technology and marketed under the tradename Humulin® R
(rapid) and N (NPH, intermediate-acting), in 1982 [1, 2]. Currently, the protein therapeutics market
counts with a large variety of biomolecule types (Figure 1.1) that have shown to be highly effective and
to serve as modernized treatment for rare and chronic diseases by offering a custom-made treatment
approach. The goal of such therapies is to support a specifically targeted therapeutic process by
compensating the deficiency of an essential protein. Human insulin for diabetes, erythropoietin (EPO)
for anemia and chronic renal failure, interferon-beta and gamma for cancer, Interleukin-2 (IL-2) for AIDS,
Prourokinase for heart attacks, tissue plasminogen activator (enzyme) for strokes, factors VIl and 1X for
haemophilia A and B, respectively, and different kinds of monoclonal antibodies (mAbs) for diagnosis
and treatment of different types of cancer, are just a few examples of how these biomolecules are
powerful and diverse in terms of application treatments [3].

plasma protein
growth factor

fusion

enzyme
coagulation
factor /

Figure 1.1 Distribution of FDA-approved therapeutic proteins (2011-2016) by drug class [4].

The global protein therapeutics market was valued at $140 billion in 2016, and is projected to reach
$217 billion by 2023, growing at a CAGR of 6.5% from 2017 to 2023 [5]. This growth rate is expected to
be bolster by advances in protein engineering strategies aiming to the enhancement of particular
functional attributes while maintaining product safety and efficacy [6]. Engineering proteins enable
modifications towards maximization of the clinical potential of the protein-based product. For example,
a protein with additional glycosylation sites or changes in its glycosylation pattern can improve the
protein’s receptor-binding properties and overall effector function [7, 8]. On the other hand, strategies
as the addition of signalling peptides or the generation of antibody-drug conjugates (ADCs) [9] could be
employed to target drugs with the aim of limiting toxicity and increasing drug efficacy. Also, derivatization
approaches have been explored with Fc-fusion [10, 11], albumin-fusion [12], and PEGylation [13], being

reported to be used to extend drug’s circulating half-life.
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According to the National Center for Biotechnology Information (NCBI) data of 2017, the U.S. Food
and Drug Administration (FDA) approved over 140 recombinant therapeutic proteins for human use with
several hundred currently under development [6]. The majority of these proteins are recombinant mAbs.
Therapeutic monoclonal antibody (mAb) products are the major class of biopharmaceutical products
with 76 mAbs already approved by regulatory agencies (FDA, EMA) for the treatment of different
diseases, including cancer, autoimmune and inflammatory disorders [14] and worldwide sales expected
to reach $125 billion by 2020 [15].

I.1.1. Introduction to therapeutic monoclonal antibodies

Antibodies are large (~150 kDa) glycoproteins belonging to the immunoglobulin (Ig) superfamily that
are secreted by B cells in order to identify and neutralize foreign organisms or antigens [16].

Mammalian antibodies are typically made up of four polypeptide chains: two identical heavy chains
(H) and two identical light chains (L), arranged in a Y-shaped conformation (Figure 1.2). The antibody
variable regions (V; Figure 1.2), which are the sections that make up the tips of the Y's arms, vary greatly
from one antibody to another, creating a pocket uniquely shaped to enfold a specific antigen. On the
other hand, the constant regions (C; Figure 1.2) constitute the stem of the Y and serves to link the
antibody to other participants in the immune system. This region is identical in all antibodies of the same
class.

Complement and e i
Fc receptor binding

Figure 1.2 Immunoglobulin (Ig) molecule. All immunoglobulin monomers are composed of two identical light (L)
chains and two identical heavy (H) chains. Light chains are composed of one constant domain (CL) and one variable
domain (VL), whereas heavy chains are composed of three constant domains (CH1, CH2 and CH3) and one
variable domain (VH). The heavy chains are covalently linked at the hinge region and the light chains are covalently
linked to the heavy chain by disulphide bonds. The variable domains of both the heavy and light chains compose
the antigen-binding of the molecule (Fab), termed Fv. Within the variable domains there are three loops designated
complementary-determining regions (CDRs) 1, 2, and 3, which confer the highest diversity and define the specificity
of antibody binding. The Fc portion is glycosylated and contains the sites for interaction with effector molecules.[17]
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The five classes of antibodies in humans and other placental mammals differ in their heavy chain
sequences, with heavy chain types y, &, y, € and a found in IgM, IgD, IgG, IgE, and IgA antibodies,
respectively (Table I.1). Each heavy chain can pair with one of two types of light chain, called A or «.
The IgM class can also exist as a pentamer, with a resultant 10 heavy and 10 light chains held together
by interconnected disulfide bonds in the Fc region and by a J chain (a joining chain with around 20
kDa), while IgA can occur in a form called secretory IgA, where an additional J chain stabilizes the
dimerization of two antibodies, to give a total of four heavy and four light chains [18] (Table 1.1).

The majority of antibodies found in the serum belong to the IgG class, and most structural
information has been derived for this class of antibody [19]. An intact IgG molecule has two heavy chains
(=55 kDa each) and two light chains (=24 kDa each) that fold into three large domains: two Fab
fragments (one light and the N-terminal half of a heavy chain) and one Fc fragment (two C-terminal
heavy chain halves). Fab and Fc are abbreviations for fragment-antibody binding and fragment-
crystallizable [18].

Table 1.1 Different antibodies classes and their characteristics concerning function, structure and availability on

serum. [20]
Name Function Molecular structure Location %Serum
Plays an important role in mucosal Monomer
surfaces, such as lungs and ‘ (160 kDa)
A gastrointestinal tract. External .
g N . .
Prevents colonization by pathogens. QA S Dimer secretions
Also found in saliva, tears, sweat and = o (390 kDa)
breast milk.
Acts as an antigen receptor on B cells.
. o . Monomer
IgD  Involved in the activation of basophils and : B-cells surface <1
o ) (175 kDa)
mast cells to produce antimicrobial factors.
Helps in the protection against parasites. Serum, Mast
i o Monomer
IgE Binds to mast cells or basophils in cells surface or <1
) ) ‘ (190 kDa) )
response to allergic reactions. basophils
Plays a crucial role in protecting against
invasion of bacteria and viruses. Serum,
o Monomer )
IgG  The only antibodies capable of pass intracellular 85
o . (150 kDa) .
through the placenta to give immunity to fluids
the fetus.
et
First antibody produced in an immune N
response. r‘:ﬁOQﬂ Pentamer
IgM . _ L s Serum 5-10
Protects against bacterial and fungal ye (950 kDa)
infections.
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1.1.1.1. Evolution of monoclonal antibodies

Whilst the immune response to an antigen or organism is usually polyclonal in nature, in 1975 Kohler
and Milstein were the first to describe the in vitro production of murine mAbs from hybridomas [21].
While polyclonal antibodies identify several epitopes, mAbs only recognize one epitope on the surface
of the antigen. Hybridoma technology development was the first important step towards the development
of human mAbs as therapeutic agents. In a first step, a mouse is immunized with the target antigen. The
spleen is removed and antibody-producing cells (B-cells) are isolated. B-cells are then fused with
myeloma cells and the resulting hybrid cells are named hybridoma cells. This fusion is very important
because it links the specific production of mAbs with a faster and immortal process of growth. The next
step consists on screening hybridomas for the target antibody production. Positive clones are then
selected and expanded ex vivo [21].

In the late 1980s, murine mAbs (suffix: -omab; Figure 1.3) were in clinical development; however,
they had significant drawbacks. Murine mAbs were often associated with allergic reactions, and the
induction of anti-drug antibodies (ADASs). Nonetheless, in 1986, Orthoclone OKT3® (Muromonab- CD3),
produced in hybridoma cell lines, became the first mAb approved by the FDA. At the same time, E. coli
was being used as host for the production of recombinant pharmaceuticals with Eli Lilly obtaining
approval for recombinant human insulin in 1982, as previously mentioned [1]. Later, in 1988, it was also

reported the expression of an antibody fragment in E. coli [22].

Murine Chimeric
(-omab) (-ximab)

Humanized
(-zumab)

Figure 1.3 Monoclonal antibody types and nomenclature. Therapeutic mAbs can be murine (suffix: -omab), chimeric
(suffix: -ximab), humanized (suffix: e.g. —zumab) or human (suffix: e.g. —umab) and are named accordingly. [16]

Genetic engineering made possible to design and produce less immunogenic products such as
chimeric ("-ximab") and humanized ("-zumab") mAbs [23]. Chimeric mAbs have around one-third of
murine sequence and two-thirds of human sequences, with a human constant region (Figure 1.3). This

configuration results in a lower immunogenicity compared to murine mAbs. The first chimeric mAb to
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reach the market was ReoPro® (Abciximab), produced in its chimeric form and then cleaved to the
corresponding Fab molecule. Rituxan® (Rituximab) was the first complete chimeric mAb to reach the
market [24].

The production of high-affinity murine mAbs against human antigens became a routine process in
the mid 1990s, which in this decade was achieved through the humanization of mice. Surface amino
acids for human and murine variable region heavy (VH) and light (VL) chains are conserved with 98%
fidelity across species [25].Therefore, only a few amino acids needed to be changed by resurfacing to
convert a murine Fv surface to a human one. In this way, a human sequence that retains its full antibody
binding capacity is obtained (Figure 1.3). The first humanized mAb to reach the market was Zenapax®
(Daclixumab), licensed by Roche and prescribed for transplant rejection.

State-of-the-art genetic engineering today focuses on producing fully human mAbs ("-umab™), which
have the advantage of having practically negligible secondary effects on the host (Figure 1.3). Fully
human mAbs can be produced using human Ig transgenic mice or phage display libraries. Humira®
(Adalimumab) was the first fully human mAb to be approved by the FDA. It is a TNF inhibitor obtained
from a phage display library. Other examples include Simponi® (Golimumab), which is prescribed for

inflammatory diseases and Stelera® (Ustikinumab), prescribed for psoriasis.

I.2. Manufacturing platforms: an overview of the advances and bottlenecks

The combination of an ever-growing patient population with the relatively low potency of mAbs has
led to the demand for large quantities of pharmaceutical-grade mAbs [26]. In order to meet the
requirements, mammalian cell lines have become the dominant antibody expression system, with
Chinese Hamster Ovary (CHO) cells being the main choice [27, 28]. The continuous discoveries in
molecular biology, genetics and protein engineering [29-31], combined with new advances in medium
and feed development, higher cell culture productivities and antibody titres over 10 g/L were achieved
with CHO expression systems [32].

The ability to identify high productivity clones has been streamlined through the use of different
selection systems. Antibiotic selection has been used for some years, but the requirement to maintain
cells in antibiotics is costly and requires removal of the antibiotic from the production media during
downstream steps. Consequently, the use of gene amplification systems as the dihydrofolate reductase
(DHFR) using methotrexate (MTX) resistance and more recently, glutamine synthetase (GS) using
methionine sulfoxamine (MSX) resistance, have become the preferred methods by industry [33, 34].

The DHFR enzyme catalyses the conversion of folate to tetrahydrofolate, a precursor necessary
for the de novo synthesis of purines, pyrimidines, and glycine [35]. If the expression of DHFR is reduced
trough chemical or genetic means, cells will die unless they are either cultured in media supplemented
with glycine, hypoxanthine, and thymidine or have an alternative DHFR exogenously expressed. For the
selection of highly productive CHO cells using the DHFR/MTX system, cells are commonly transformed
with recombinant DNA (rDNA) consisting of the gene of interest closely linked to the gene for DHFR.
When undergoing gene amplification, cells are cultured in increasingly higher levels of MTX, drug which

is an analogue to folate. MTX will then bind to DHFR, inhibiting the production of tetrahydrofolate. Those
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CHO cells that have increased copies of the DHFR gene, and therefore higher levels of the enzyme, will
survive and be selected [36].

The GS/MSX system operates in a similar basis to the DHFR/MTX system. The GS enzyme
catalyses the production of glutamine from glutamate and ammonia. Here if GS content decrease, cells
will not be able to survive unless glutamine is present in the media or have an alternative GS
exogenously expressed. In this case, cells are previously transfected using plasmids containing the
gene of interest and the GS gene. During gene amplification, cells are then subjected to increasing
concentrations of MSX, a compound that will bind to the GS enzyme preventing the production of
glutamine. The surviving cells will be then selected since they are the ones comprising the cassette
stably integrated into the genome which will confer an expression of the protein of interest (e.g. a
monoclonal antibody) proportional to the high amounts of GS expressed, responsible for cell viability at
the described conditions [36].

Furthermore, gene amplification systems using MTX or MSX are often performed using a number
of amplification steps to increase copy number and expression levels of clones, which has led to some
concerns over the long-term stability of the final producer clone. Together with the increased
downstream processing burden, null cell lines are a preferable technology for using selection through
DHFR or GS. Using null cells for the DHFR gene, such as CHO DG44 cells, there is no need to add
MTX to the media [37]. The selection of the high producing cells is achieved by using a GHT- minus
medium [38].Those expressing insufficient DHFR, and by extension a low level of monoclonal antibody,
will be unable to survive. In the case of null cells for the GS gene, as CHO K1, its selection is
accomplished by placing cells into media that lacks glutamine [39]. These null cells have been
engineered using different gene editing technologies as (i) recombinant adeno-associated virus (rAAV)
technology, used by Horizon Discovery, (i) meganucleases, used by Lonza and (iii) Zinc Fingers (ZFNs)
used by Sigma-Aldrich [40-42].

As expression technologies have developed, focus on increasing titre has mainly been achieved
through process development (e.g., batch, fed-batch, perfusion, etc.) and medium optimization.

CHO cell cultures used for the production of mAbs are commonly adapted suspension cultures.
The ability of CHO cells to grow in suspension cultures decrease (i) the waste produced since no culture
flasks or roller bottles have to be used and (ii) the clarification burden by eliminating the need to use
structures as microcarriers to maintain adherent cultures in stirred-tank bioreactors. Considering all
these developments, CHO cell cultures are typically carried out using stirred-tank bioreactors operating
under fed-batch or perfusion modes [43]. Fed-batch still dominates the CHO cell culture in the
biopharmaceutical sector due to practical factors including: (i) good lot consistency, (i) easy
implementation, (iii) lower risk of contamination and (iv) small footprint, compared to perfusion mode
[44]. However, a considerable number of mAbs are being produced using perfusion/continuous systems,
such as ReoPro® (abciximab) and the blockbuster mAb Remicade® (infliximab).

Moreover, in order to increase mAbs titre, as well as to reduce batch-to-batch variability and to
ensure that the product is not contaminated with any adventitious agent that can be in the serum, CHO
cells are currently being grown in serum-free media. The fetal bovine serum (FBS) components, e.g.

growth factors, hormone, vitamins, lipids, etc, essential to ensure proper cell growth, especially in
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adherent cell cultures, are now being substituted for products of non-animal origin such as recombinant
albumin produced in Saccharomyces cerevisiae, recombinant insulin produced either in E. coli or S.
cerevisiae, protein hydrolysates derived from microorganisms (yeast derived proteins) or plants (soy or
rapeseed), among others [45]. The goal is to reach chemically defined animal-free media formulations
(Figure 1.4) that could increase batch-to-batch consistency and protein therapeutics titres at the same

time that the downstream complexity is reduced and the fluctuating costs are stopped [46, 47].
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Figure 1.4 Evolution of mammalian cell culture media. [48]

However, despite all accomplishments obtained at upstream process, the general access to these
biopharmaceuticals is still barred by high selling prices with downstream processing (DSP) being
considered the bottleneck in the manufacturing of mAbs.

Due to the conserved domains of mAbs (Figure 1.2), a general purification process based on a
common sequence of unit operations is currently employed by many companies [49]. The established
downstream processing of mAbs follows a platform-based approach that encompasses a protein A
affinity chromatography capture step and two polishing steps to ensure a high clearance of impurities
as host cell proteins, DNA, viruses, aggregates and low molecular clipped species (Figure 1.5) [49, 50].
Protein A chromatography exploits the specific interaction between the Fc region of the antibodies and
the immobilized protein A, a cell wall associated protein exposed on the surface of the Gram-positive
bacterium Staphylococcus aureus [51]. Given its high selectivity for antibodies, purities greater than
98% are typically achieved in a single step from a clarified complex cell culture medium [52]. However,
despite being highly stable, reliable, and reproducible, protein A capture step is considered to be a
productivity bottleneck and especially expensive, representing more than 70% of the total downstream
process [53] and up to 25% of the total mAbs manufacturing process [54, 55]. Coupled with the high
costs associated, it present other drawbacks as ligand leaching, instability at high pH and the formation
of product aggregates under low pH standard elution conditions [56]. Therefore, the design of novel and
cost-effective operations and their implementation in the current industrial technological apparatus

constitutes a pressing need.
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Harvest
centrifugationfiltration

Protein A affinity chromatography

Low pH hold for viral inactivation
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(CEX, HIC)
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Ultrafiltration/diafiltration

Figure 1.5 Platform approach employed in the downstream processing of mAbs at industrial scale (AEX: Anion-
exchange chromatography; CEX: Cation-exchange chromatography; HIC: Hydrophobic interaction chromatography;
SEC: Size exclusion chromatography). [22]

Another driving-force for innovation on the DSP of mAbs-based products is the emergence of
biosimilars, also known as “follow-on pharmaceuticals” in the US and Japan. These terms arise from
the loss of patent protection by many first generation products in the last few years, enabling the entry
of competing manufacturers. Importantly, the need for a competitive advantage may drive innovation
beyond cheaper and faster ways to achieve current levels of purification and extend to quality
improvements in the antibody products themselves. [57, 58]

Alternatives to the current DSP methodology used in recovery and purification of mAbs range from
non-chromatographic techniques, like tangential flow filtration, aqueous two-phase extraction, high
gradient magnetic fishing, precipitation or crystallization [53, 59-63], to novel affinity-based separations
that have emerged from the development of synthetic ligands including biomimetic peptides obtained

by combinatorial libraries and artificial ligands generated by de novo process designs [64, 65].

12



Chapter | — General Introduction

[.3. Trends in non-chromatographic methods

Non-chromatographic methods have been more and more considered as valuable alternatives to
some of the chromatographic steps. Several promising methodologies have been described in the
literature, including, high performance tangential flow filtration, affinity precipitation, crystallization and
liquid—liquid extraction (e.g. aqueous two-phase partitioning). These alternative technologies, and in
particular aqueous two-phase partitioning, aim at high throughput and seek to avoid problems
associated with most chromatographic supports, such as high cost, limited capacity and diffusional

limitations.

[.3.1. High performance tangential flow filtration (HPTFF)

HPTFF is an emerging technology that can combine protein purification, concentration and
formulation in a single step. This technique is based on electrostatic interactions between proteins and
charged ultrafiltration membranes with a large molecular weight cut off (=100-300 kDa) membrane,
compare with the 10-30 kDa used with neutral membranes for ultrafiltration/diafiltration (UF/DF) [66-69].
In this way, HPTFF performance is governed by membrane properties, such as pore size and surface
charge-density and process parameters, such as filtrate flow-rate, number of diafiltration volumes, load
pH and ionic strength [68].

Although this kind of membranes could be exploited as an ion exchange adsorber, here the antibody
selectivity is mediated by ion exclusion (Figure 1.6). Protein impurities are separated by exploiting

differences in their size as well as charge [66, 67, 70, 71].

Positively
Charged
Membrane

. Filtrate
. CHOP (To Drain)

Figure 1.6 HPTFF schematics for separation of mAbs and host cell proteins. In this case, CHO host cell proteins
(CHOP). [68]

In the case presented in Figure 1.6, a positively charged ultrafiltration membrane rejects positively
charged proteins such as mAbs, despite them being small enough to pass through the pores. This
permits their selective retention and concentration while weakly alkaline, neutral, and weakly acidic
impurities pass through the membrane. However, strongly acidic contaminants pose an apparent
challenge. At conductivity values low enough to repel 1gG, positively charged surfaces can bind
negatively charged molecules such as DNA. If present at high concentration, DNA binding could reduce

the charge potential on the membrane surface sufficiently to reduce the intensity of antibody exclusion
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[71]. This means that consistently effective use of HPTF as a capture method could require a sample-
conditioning step to remove DNA. Another limitation concerns variability among antibodies since only

the most alkaline mAbs will be excluded to the greatest degree.

[.3.2. Flocculation / Precipitation

Processes employing flocculants and precipitants have been a topic of interest for almost 30 years
now [72, 73]. These processes not only purify the target product as may offer further economic benefit
of significant volume reduction in cases where the precipitated product is readily soluble at high
concentrations in another buffer system [74]. In order to get higher clearance, these procedures are
usually followed by depth filtration [57, 74].

Singh and co-workers [74] recently reviewed the use of different precipitants and flocculants as
alternative technologies for clarification. Among them, it can be found several precipitants, as cationic,
anionic and mixed mode flocculants. IgG recoveries ranging from >80% to >90% followed by impressive
impurity reductions have been reported. A polyallylamine precipitation-based multistep purification
process achieved overall purity and recovery roughly equivalent to protein A-based process [75].

The most promising results came from the use of flocculants as polydiallyldimethylammonium
(P DADMAC; cation flocculation) [75-77] and modified benzyl poly(allylamine) (mixed-mode flocculation)
[78-80] . For the first, the mode of action is based on electrostatic interactions and hydrogen bonding
(Figure 1.7). The second also accounts with hydrophobic effects to increase selectivity towards non-IgG
impurities such as host cell proteins, DNA and whole cells and cell debris.

Cell Culture Flocculated Cell Culture

NH,+
® N ©® i
; v NH+

Cationic flocculation
(Polymer)

o'va -
® 4 Y oo o
Virus  Healthy Cell ~ Apoptotic Cell CellDebris ~ Antibody ~ DNA HeP

Figure 1.7 Outline of the flocculation mechanism for cationic flocculants. Negatively charged particles such as cells,
cell debris, nucleic acids, and host cell proteins bind to the positively charged polymers, leaving the protein of
interest in solution. [74]

Despite the impressive results achieved, theses methodologies still need to demonstrate effective
clearance to an acceptable residual level in the final drug substance to ensure safety of the drug product.
McNerney et al. have recently ranked four flocculants based on their hemolytic and toxic behaviour:
polyethylene amine (PEI) > chitosan > pDADMAC > DEAE dextran [81]. In general, polymer toxicity
correlates directly with an increase in molecular weight, charge density, and hydrophobicity and a

decrease in order of amines (primary > quaternary) [74].
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Nevertheless, recent developments point out pPDADMAC and SmP (EMD Millipore, Bedford, MA)
such as biopharmaceutical grade flocculants since they present reduced levels of low molecular weight
polymer, < 0.1% monomer and < 10 CFU/mL microbial count. These features will result in low variability
and help to meet GMP requirements [74]. Chitosan [82] and coagulation reagents as calcium chloride
and potassium phosphate [83] have also been studied to avoid potential issues related to polymer or
residual monomer toxicity and the need of their removal through subsequent purification steps.

Finally, several other factors such as (i) scalability, (ii) impact on product quality attributes such as
mAb charged variants and clipped species, (iii) effects on resin’s lifetime used in the capture step of
mADbs, especially protein A, (iv) step yield and (v) HCP removal should be assessed for successful

implementation and scale-up.
[.3.3. Crystallization

The interest in crystallization from a purification point of view increased due to the low costs
associated, the ability to cope with high volumes, and with high concentrations of the target molecule.
Therefore, crystallization has the ability to integrate protein purification, stabilization and concentration
in one single step what is of real importance for the application in the downstream processing of
biopharmaceuticals [63].

Crystallization is mostly applied in protein structure analysis and is already used as a cost effective
and scalable purification procedure for small molecules such as insulin. Insulin is a small and extremely
stable peptide able to refold easily into its native structure even after exposure to organic solvents. It is
crystallized late in the purification sequence where most of the impurities have already been removed
[63]. Additional benefits of protein crystallization from a formulation perspective are the higher stability
of crystalline proteins in comparison to protein solutions, making crystalline formulations an attractive
alternative with potentially longer shelf life, and the possibility to control delivery of a protein by making
use of crystal dissolution kinetics [84].

However, the application of crystallization in antibody purification is limited due to product size and
heterogeneity due to their different glycosylation patterns [85]. Zang and colleagues first demonstrated
the feasibility of having a crystallization step in the downstream process of mAbs at a pL scale [86]. In
this study, 1gG4 crude extract was purified by protein A chromatography and dialyzed to 20 mM Tris
buffer pH 7.0 before the crystallization step. As precipitant solution, 5% (w/v) PEG 8000, 0.2 M
Ca(OAc)2, 0.1 M imidazole at pH 7.0 was used and crystals were obtained after 5 days at room
temperature. After mAb 1gG4 solubilization, the final solution presented very high of protein purity (90%)
with a recovery yield of 31.3%. Following, Smejkal and collaborators were able to crystallize an IgG1 in
1 h using 5 mM histidine/acetate buffer, 10 mM NacCl, pH 6.8 at 4 °C. Here, a scale-up from pyL to L in
batch conditions was successfully accomplished, with a final protein purity and recovery yield of 96.9%
and 90%, respectively [87]. The results obtained were similar to those obtained with protein A
chromatography with crystallization presenting a reduce cost (in two orders of magnitude) and a higher
capacity towards IgG (2.5 fold) [63].
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[.3.4. Liquid-liquid extraction

Aqueous two-phase extraction (ATPE) has been widely studied for the purification of
biopharmaceuticals such as mAbs since protein A affinity capture step began to reveal productivity
limitations. ATPE rely on systems capable of creating two separate phases in solution. These systems
are formed spontaneously by mixing two different polymers (e.g., PEG, dextran, ethylene oxide
propylene oxide co-polymer [EOPO], polyacrylates), or a polymer and a kosmotropic salt (e.g.,
phosphate, sulphate, citrate), above a certain concentration [88]. The composition of these systems (70-
90% of water) turns ATPE into a very biocompatible technique, which at the same time supports protein
structure stability conferred by the polymers and some salts used [88].

Partition of biomolecules depends on intrinsic and extrinsic parameters, which should be considered
for optimization purposes. Intrinsic parameters are related to the size, electrochemical properties,
surface hydrophobicity and conformation of the target biomolecule. Extrinsic parameters to have into
consideration are the type of aqueous two-phase system (ATPS) used. The molecular weight and
concentration of phase forming compounds, ionic strength, pH, temperature and the presence of
additives such as affinity ligands, among other, have to be thoroughly analysed [89].

The use of PEG-salt systems was already exploited for the extraction of IgG. In early studies, PEG-
phosphate systems were applied to the extraction of antibodies showing good partition coefficients when
higher concentrations of a neutral salt, such as NaCl, were added [90, 91]. However, the phosphate
streams were known to have a strong impact on the environment [53]. Alternatives were then pursued
and the biodegradable salt citrate was chosen. Overall yields greater than 95% and a final protein
purities ranging 74 to 95% were achieved having as feedstock hybridoma [92] and CHO cell
supernatants [93], with IgG being recovered in the citrate-rich phase. To further increase purity,
hydrophobic interaction chromatography and size-exclusion chromatography were used as polishing
steps for the removal of excess salt and IgG aggregates [94]. The strategies used in PEG—salt systems
to enhance the partition of antibodies to the PEG-rich phase, whenever this is required to achieve a
selective purification, include the use of PEG molecules with low molecular weights or of increasing salt
concentrations [53].

The feasibility of operation in continuous mode is another important feature that characterize ATPE
especially when continuous manufacturing of mAbs is been seek and presented as the future [95]. A
continuous ATPS process incorporating three different steps (extraction, back-extraction, and washing)
was set up and validated in a pump mixer-settler battery. This ATPS process allowed the recovery of
IgG from a CHO cell supernatant with a global recovery yield of 80%, a HPLC purity of 97% and protein
purity of more than 99%. A PER.C6 cell supernatant was also processed with a total recovered yield of
100%, a final total purity of 97% and an HCP purity of 95% [96]. The economic viability of this ATPS
process has been evaluated and compared with the currently established platform based on protein A
chromatography [97].

In ATPS composed of two structurally different polymers, such as PEG and dextran, most proteins
(including antibodies) partition preferentially to the more hydrophilic, dextran-rich phase. Hence, to
enhance the affinity of antibodies towards the PEG-rich phase, PEG molecules have been modified with

a wide range of ligand molecules. This strategy is not feasible in polymer—salt systems because of the
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high concentration of salt, which masks any affinity or electrostatic interaction between the ligand and
biomolecule [53]. Reports describing affinity extraction using protein A [98], iminodiacetate with different
metal chelators [99], dye [100] and hydrophobic [101-104] ligands were described. Although these
modifications increase partition efficiency, they impose the requirement for a dissociation step to remove
the ligand-bearing polymer from the antibody. Nevertheless, more affordable and efficient affinity tags
are breaking into ATPS. For example, the use of the dual tag ligand LYTAG was successfully
established using affinity driven extraction towards PEG-rich phase [105, 106]. The integration of such
separation with quaternary amine matrices allowed (i) a more efficient process with higher recovery yield
and purity of the final product (95% yield and 91.4% purity vs. 89% yield with 42% purity [106]); (ii) the
recovery of the LYTAG-Z dual ligand with high purity; (iii) the recovery of the final mAb-product in a mild
solution and, consequently with the removal of the ATPS phase-forming compounds [105].

Further advances in ATPS can arrive from the use of non-conventional phase-forming components,
such as ionic-liquids, surfactants and stimuli-responsive polymers, including temperature-, pH- and
photo-responsive polymers.

The key advantage that keep ATPS as a viable alternative to traditional techniques is the possibility
of handling solid-containing feedstock, and consequently, its application in the early stages of the
purification, thereby integrating the clarification and capture of mAb in a single unit operation [88].
Nonetheless, it must be noted that system composition can be affected by the presence of a
fermentation broth [88]. Zijlstra and collaborators [107, 108] were the first to developed an extractive
fermentation using ATPSs, in which animal cells (hybridoma and CHO cells) were grown in the bottom
phase and an IgG2a was recovered in the top phase [109]. This extractive fermentation was performed
in a polymer—polymer system composed of dextran and PEG. Also using PEG-dextran system with and
without added NacCl, revealed cell clearances of 100% at different conditions for hybridoma cell cultures
as reported by Silva and colleagues [94] and Campos-Pinto et al. [106]. These kind of polymer-polymer
systems similarly performed remarkably when used for the isolation of human hematopoietic
stem/progenitor cells (hHSCs) from umbilical cord blood [110]. In the later, an immunoaffinity ligand — a
monoclonal antibody against the CD34 antigen marker (anti-CD34) - was introduced into the two-phase
system with the purpose of obtaining the specific partition [110]. Considering the therapeutic potential
of hHSCs (i.e. bone marrow transplantation) and the high purity that the same have to present, costs

associated with the use of an immunoaffinity ligand are not seen as a limitation.

I.4. Trends in chromatographic methods

Despite all the alternatives based on the ABC (Anything But Chromatography) strategy,
chromatography continues to be widely used and subjected to continuous advances with the goal of
meeting future industrial needs. In this section, current trends in bed formats and stationary phase
configurations will be covered. Also, most recent advances in size exclusion (SEC), anion-exchange
(AEC), cation-exchange (CEX), hydrophobic interaction (HIC) immobilized metal affinity (IMAC),

multimodal (MMC) and affinity chromatography will be reviewed.
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[.4.1. Chromatographic bed format

1.4.1.1. Fluidized bed

Currently, the two most promising adsorptive techniques based in fluidized beds are expanded bed
adsorption (EBA) and high gradient magnetic fishing (HGMF) [111]. Both methodologies involve the use
of adsorbent particles dispersed in a liquid medium and could be used for direct product recovery from
crude feedstocks. One version relies on expanded bed chromatography. The simplest example is batch
chromatography, with industry preference involving highly engineered up-flow columns that maintain the
particles in an evenly dispersed state throughout equilibration, sample application, and washing. Once
the unclarified feedstock is introduced within the column of the fluidized adsorbent, cells and cell debris
pass unhindered through the interstitial voids created in the expanded bed and ultimately escape
through the top of the column. The target adsorption onto the chromatographic media takes place in this
stage. Elution, cleaning, and sanitization can be performed in packed bed mode or otherwise in the

expanded bed mode at reduced superficial velocity [4, 5], with the first approach more commonly used
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Figure 1.8 Expanded adsorption chromatography principle.[112]

The particles are engineered to embody a narrow range of densities. When they are dispersed
upwards by the flowing buffer, denser particles tend to stratify towards the bottom of the bed, and less
denser particles towards the top. Stable stratification permits the formation of theoretical
chromatographic plates that enable fair gradient fractionation of complex samples. Therefore, fluidized
beds operation is considerably more complex than traditional packed beds. Nonetheless, they offer the
valuable feature of integrating clarification and pre-capture of proteins in a single step since it has the
ability to selective capture, for example, mAbs and mAb products, while cells and debris pass between
the dispersed chromatography particles [88]. The economical and practical benefits of this shortcut have
been discussed, but technical limitations in first generation materials stopped a broader implementation.
One of the problems resided in the fact that the density of the chromatography particles was partially

overlapped with the density of cells and debris that were intended to pass through. In this way, the
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chromatographic media was virtually impossible to clean with frit fouling being common [113]. These
problems aside, general cost-effectiveness issues include higher equipment and media costs, plus
higher buffer consumption than packed beds.

Second generation systems have overcome the physical limitations [88]. A rotating arm at the inlet
port achieves effective flow distribution without requiring a frit. Cellulose-coated tungsten carbide
particles increase the density differential between cells and chromatography particles, and allow faster
flow rates that achieve more efficient flow of debris through the system [114, 115].

EBA chromatography’s higher process and energy efficiency as compared to conventional
technigques [116] has led to several applications ranging from the purification of therapeutic and
commercial proteins from bacterial [117, 118] and mammalian [119] expression systems. Besides ion-
exchange systems and protein A based affinity interactions, multimodal ligands are gaining more and
more interest with studies demonstrating the ability to purify polyclonal human IgG from plasma with
80% purity and 93% recovery [120].

The use of magnetic particles represents another branch of the fluidized bed lineage. High gradient
magnetic fishing (HGMF) is based on batch adsorption of the product followed by a recovery process of
the product-loaded adsorbent using high gradient magnetic separation [121]. In contrast to
chromatographic resins, magnetic adsorbents are generally micron-sized and non-porous, and thus
combine a high surface to volume ratio with reduced fouling tendency. Comparative studies between
these techniques indicate that HGMF expresses a faster (4 to 8-fold) and more robust processing
(uncoupling of product capture and separation from the feedstock), whereas EBA shows the advantage
of higher resolution and probably lower buffer consumption (multistage column procedure) [122].

Initial applications have evaluated immobilized protein A [123, 124], achieving purity and recovery
similar to conventional and fluidized bed applications, but requiring less time. Thiophilic magnetic
microspheres were also used to extract IgG from a variety of feed streams, including cell-containing
culture media and whole blood [125]. The authors highlighted purity and recovery similar to protein A,
with 1gG binding capacity up to about 30 mg/mL of particles in solution. Applications using phenylalanine
and imidazole as ligands were also studied with IgG binding capacities ranging 780 to 843 mg/g of
particles with 150 and 158 nm, respectively [126, 127]. Borlido and colleagues were able to selectively
capture mAbs from a CHO supernatant using silica magnetic particle functionalized with phenylboronic
acid with an overall yield of 86% while removing 88% of CHO host cell proteins and more than 97% of
CHO genomic DNA [128].

1.4.1.2. Fixed-bed

Fixed-bed applications continue to dominate the chromatography field, whether conducted with
membranes, monoliths, or porous particles packed in columns. Most applications are run with a single
bed under axial flow. Bed dimensions can be increased if greater capacity is required, but
chromatographic media and buffer costs increase proportionally. Cycling can increase capacity without
increasing media costs. However, it could multiply buffer costs and process time. Simulated moving bed

(SMB) chromatography can provide continuous (cyclic) operation for the separation of binary mixtures
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by differential chromatography, for example, for removal of product variants or oligomers [129]. SMB
systems use multiple packed columns with periodic switching of the feed, mobile phase, and recovery
ports in a fashion that simulates countercurrent flow (but without any motion of the solid phase). A typical
4-column configuration is shown in Figure 1.9A. At the start of the process, the feed (a binary mixture of
product and impurity) is loaded to Column 1 in the upper right hand corner. Both components migrate
through the column, with the more weakly bound species (in this case the product) recovered through
the port at the column exit. Additional mobile phase is added between Columns 2 and 3, with the more
strongly bound component being recovered from Column 3. When the product has migrated much of
the way through Column 1, the location of the feed, mobile phase, and recovery ports are rotated
clockwise (in the same direction as the flow) to simulate the countercurrent movement of the solid phase.
This type of continuous operation is only possible if the loading time is greater than the regeneration
time. SMB operates cyclically, with the concentration of recovered product decaying from its maximum
value at the start of each cycle to its minimum right before switching.

SMB chromatography has been successfully implemented in large-scale manufacturing for the
separation of enantiomers [130], fructo-oligosaccharides [131], and lysine [132], among others. Several
SMB systems have also been developed for protein purification, including the Semba Octave
Chromatography System and Tarpon Biosystems BioSMB. Bisschops and co-workers [133] showed an
SMB model that required 90% less protein A media and 37% less buffer than required by a traditional
process. In experimental comparisons at the 5 mL column scale, SMB throughput was double the
traditional format, buffer consumption was 27% less, and host cell protein reduction was improved by
15%. In other works, 3-column SMB formats for IgG capture by cation-exchange chromatography, for
high-resolution cation-exchange separation of antibody charge-variants [134, 135], and for 2-step IgG
purification procedures of cation-exchange capture followed by polishing on a mixed mode column [136]
were evaluated.

Nevertheless, commercial applications have been limited due to concerns about system complexity
and potential issues with the large number of switching valves. Zobel and colleagues [137] have recently
described a single-column SMB system with six containers and two pumps to collect and distribute the
feed, product, and impurities. Also, Shinkazh and co-workers [138] developed a novel physical format
that merges the principles of SMB with fluidized bed chromatography. They pumped slurried porous
particle media through a series of static mixers and tangential flow membrane modules. Purification,

recovery, and reduction of buffer volumes were similar to fixed bed SMB systems.
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Figure 1.9 Schematics of two different chromatographic systems: (A) 4-column simulated moving bed (SMB)
chromatography and (B) Rotating annular chromatography. [139]

In contrast to SMB, annular chromatography provides truly continuous purification using a rotating
column [140]. The feed is introduced at a fixed location in the annular space between two rotating
concentric cylinders (Figure 1.9B) with the product being recovered at fixed outlet ports at the bottom.
Annular chromatography has been used for removal of protein aggregates from an intravenous (serum)
immunoglobulin preparation by size exclusion [141] and for the continuous purification of recombinant
Factor VIII produced in a perfusion bioreactor using a weak anion-exchange resin [142], among others.

The bigger challenges of this type of chromatography remain in obtaining a uniform column packing
and flow distribution. Therefore, the technology has not yet been implemented for large-scale protein
purification.

Radial flow chromatography has many similarities to annular chromatography except that the flow
in the annular bed is in the radial direction, moving from the outer radius to the inner collection area
(Figure 1.10) [143]. Flow from the inner to outer cylinder is also possible. The feed, wash buffer, and
elution buffer are introduced at different fixed angular positions, with the product (and impurities)
collected at different angular positions [143]. Continuous operation can be achieved by rotating the

annulus past the fixed positions of the feed and buffer inlets and product collection ports [143].
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Figure 1.10 (A) Comparison of liquid flow through the axial (A.1) and radial (A.2) columns. (B) CRIO-MD 62: side
view and upper view.[144]
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Radial flow chromatography systems have short bed heights, allowing operation at relatively low
pressure drops. In addition, the radial configuration provides high cross-sectional area that can more
easily accommodate high feed flow rates than conventional columns [144]. Although a number of
companies provide radial flow chromatography systems for batch operations, e.g., Sepragen (Hayward,
CA) and Proxcys (Nieuw-Amsterdam, Netherlands), there do not appear to be any commercial-scale
continuous (rotating) radial flow chromatography systems available for bioprocessing applications.
Nevertheless, batch radial chromatography using protein A for the purification of mAbs revealed to
reduce processing times without compromising recovery, when comparing with axial chromatography
[145]. This reduction in time consumption is due to the lower pressure drops obtained at every step of
the process at bench and pilot scales, which turns possible to increase working flow-rates at all process
steps [145]. Recently, batch radial chromatography using large beads with immobilized metal affinity
(IMAC) ligands (Ni, in this case) was also used for the direct capture of His-tagged carcinoembryonic
antigen (CEA) from a CHO unclarified feed, without detrimental effects on cell viability (96%).
Recoveries of 71% and host cell proteases and DNA concentrations of =8 U/mL and 2 pg/uL were

respectively reached [146].

I.4.2. Stationary phase design

1.4.2.1. Diffusive and perfusive beads

In conventional liquid chromatography (diffusion chromatography) (Figure 1.11), molecules move to
the outer surface of the stationary phase particles by convection, which constitutes a rapid step.
Nevertheless, the transport of molecules through a stationary phase of porous particles occurs by
molecular diffusion, which constitutes a very slow process, especially in the case of polypeptides and
proteins that present high molecular weights and low diffusion coefficients. As a consequence, a
significant loss in resolution could occur, since molecules still in the convective stream or bound to the
outside of the particles could elute before those diffusing to the inner of the particle. Furthermore, binding
capacity could also decrease, since part of the sample may pass through the column before all of the
binding sites deep within the particles were occupied [147]. Nevertheless, diffusive beads still offer the
highest IgG-accessible surface areas and dynamic binding capacities of all fixed-bed stationary phases
[57].

A) B) C) D)

Solid
core
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Figure 1.11 Types of chromatographic beads. (A) Non-porous, (B) Porous (dead-end porous),
(C) MesoPorous (perfusion beads) and (D) solid core beads.
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In perfusion chromatography, stationary phase particles used are designed to enable a better access
of molecules to the inner of these through two classes of pores: throughpores (6000-8000 A), which
cross the stationary phase particle from side to side and allow the transport of molecules into the interior
of the particle by convective flow and diffusive pores (800—1500 A), interconnecting the throughpores
network and enabling the transport by diffusion (Figure 1.11). In this way, molecules travel by convection
through the column to the stationary phase particle, such as in conventional chromatography. Since
there, molecules cross the stationary phase particles by means of a combination of convective and
diffusive transport, thus, accelerating the transport of molecules through the particle [147]. Another
strategy to overcome the limitations of diffusive beads is to use solid-core beads containing a thin porous
layer in the surface.

Appropriate media for perfusion chromatography must possess outstanding chemical and
mechanical stability. Although suitable media could consist of alumina, silica or even hydroxyapatite,
most frequently, the matrix of perfusion media is constituted by highly crosslinked polystyrene—
divinylbenzene. Their absolute capacities are generally lower than the highest capacity diffusive

particles, and they are still burdened with eddy dispersion and turbulent shear in the void [57].

1.4.2.2. Adsorptive microfiltration membranes

Membrane adsorbers have a purpose similar to packed chromatography columns, but in the format
of conventional filtration modules. Membrane chromatography uses microporous membranes, usually
in multiple layers that contain functional ligands attached to the internal pore surface throughout the
membrane structure.

The benefit of membrane chromatography over conventional bead chromatography is the
elimination of diffusive pores. For membrane chromatography, binding sites are located along the
flowthrough pores rather than inside long diffusive pores [148]. Accordingly, mass transfer of
biomolecules to binding sites depends mainly on convection instead of diffusion and, consequently,
binding capacities in membrane chromatography are largely independent of flow-rate.

Membranes used for chromatography consist of a polymeric substrate to which a functional ligand
is chemically coupled. The polymer substrate is composed of multilayers of polyethersulfone,
polyvinylidene fluoride or regenerated cellulose membrane. The most widely used functional ligands are
the same as those used in traditional chromatography, including ion exchange, affinity, reverse-phase,
hydrophobic interaction and anionic multimodal ligands [149, 150].

Among the adsorptive membranes commercially available, the Q membrane adsorber has attracted
a lot of industry interest, especially in mAb purification processes [148, 151, 152]. Q membranes
commercially available include Intercept™ (Millipore), Sartobind® (Sartorius) and Mustang® (Pall). Q
membranes are normally exploited as polishing steps in flowthrough mode to remove trace amounts of
impurities. The cation-exchanger Mustang® S from Pall is already capable to support IgG binding
capacities of 60 mg/mL [150]. Recently available commercial anionic multimodal membrane such as
ChromaSorb (Millipore) improves impurity binding capacity or impurity removal function at a higher

loading conductivity range and broadens anionic membrane operation conditions [150].
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Besides membranes being a considerable alternative to chromatographic beads, they present some
limitations such as (i) irregular flow distribution, (ii) non-identical membrane size distribution, (iii) uneven
membrane thickness, (iii) low binding capacities [70] and (iv) high dilution of the eluted fractions [151],
that varies with the modulus under use. Nevertheless, improved binding capacities and flow distribution
have been achieved by optimizing pore size, membrane chemistry, membrane thickness or the number
of membrane layers and employment of tentacle ligands (as the one used in beads, e.g. Fractogel®

technology from Millipore)[149].

1.4.2.3. Monoliths

Monoliths are fixed chromatography beds cast as a single unit, characterized by a network of large
highly interconnected channels (Figure 1.12) [153]. They offer the uniform flow distribution of packed
particle beds and the convective mass transport efficiency of membranes. This translates into consistent
capacity and high-resolution fractionation regardless of solute size, buffer viscosity, or flow-rate [154].
These structures are commonly composed by silica, polymethacrylate, polyacrylamide, or even
cellulose that are being commercialized by companies as BIA Separations, Bio-Rad, Sepragen, Merck
and Isco [155].

Film
diffusion

Figure 1.12 Transports mechanisms in a perfusive bead and monoliths. (A) Perfusive bead, (B) Monolith.

Monoliths easily accommodate flow-rates of 10 bed volumes per minute without loss of
performance. A valuable corollary of independence from flow rate is that dynamic binding capacity is
largely liberated from the residence time requirements that burden porous particles exhibit. It also
eliminates eddy dispersion, which is a major impediment to high-resolution fractionation in bead-based
columns. The lack of eddy dispersion effect and diffusive mass transfer limitations allows monoliths to
achieve high-resolution fractionation with short beds, which combined with a high porosity further
enables low operating pressures at high flow rates. At large-scale, monoliths short beds are maintained
by employing a radial-flow format.

The current marketed monoliths for industrial applications have average 2 pm channels, optimized
for purification of large solutes as monoclonal antibodies, DNA plasmids and virus particles. Barroso
and colleagues [156] reviewed the monolithic materials used for antibody purification. From there it can
be found that monolithic materials are wide spread and new and more sustainable materials are arising,
e.g. the chitosan derivatives [157, 158]. The type of ligand used range from affinity to multimodal being
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the ionic exchange ligands the most used as polishing step in a mAb purification platform. Monoliths
have intrinsic features that make them ideal for polishing situations. Monoliths, comparing to
membranes, have a higher degree of pore diffusion which facilitates the binding of smaller impurities
and, in comparison with resin-based columns, hold larger pores providing an adequate binding capacity
for large biomolecules [151].

Very high recoveries (<90%) and purities (<94%) have being achieved using different affinity ligands
immobilized in a plethora of different materials [156]. Dynamic binding capacities from 20 to 150 mg
IgG/g monolith were described being the best result provided by using a chitosan-PVA material with a
protein A mimetic ligand immobilized [157].

Ultramacroporous monoliths have been synthesized with channel sizes of 10—200 um [159, 160]
with the aim of turning monoliths in another option for bypassing clarification of cell culture supernatants.
An ultra-macroporous protein A monolith achieved 88 mg 1gG/g [159]. One with a histidyl chelating
ligand bounded more than 100 mg polyclonal IgG/g from serum [160].

1.4.2.4. Fibres

In the recent years, only a few limited studies can be found on the activation of membrane fabrics
by surface grafting as an alternative to cotton fabric for bioseparations. However, despite the effort the
throughput and dynamic binding capacities of those remain low with values ranging lower to equal
parameters than those obtained with commercial bead packed columns [161-164].

Recently, a consortium established between ChiPro Gmbh, the Jacobs University in Bremen and
the University of Buenos Aires came out with a technology based on non-woven materials, gPore, for
the application in the recovery and purification of various molecules, e.g. recombinant proteins and
monoclonal antibodies.

This composite fiber (gPore) was synthesized by a specific method using chitosan [165] and
presented characteristics that turn it in a chromatography media candidate. The composite fibres give
rise to irreversible open compact structures with internally grafted homogeneous hydrogel, where
reactive groups could be directly introduced to perform ion exchange or affinity ligand immobilization to
the fibre surface, and thus reducing diffusion limitations as the process fluid is transported across the
fibre. The presence of this hydrogel provides mechanical and chemical stability to the medium and also
exhibits high swelling ratio, particularly good flow and adsorption properties can be ascertained [166].

The characterization of this type of fibres was already published elsewhere [166-168]. In these
cases, the fibre was synthesized by gamma irradiation what created a grafted material. These materials
were further immobilized with a strong cation-exchanger - SP [166] and a strong anion-exchanger - Q
[168]. Results were promising for both ligands. However, gPore Q presented the best results with
dynamic bonding capacities (DBC) surpassing the one obtained for a traditional bead system Q
Sepharose FF [168].

Composite fibres also offer promising prospects in developing single use disposable bioseparation
devices in process scale operations due to low production cost and relative inexpensiveness of cotton
fabric materials. The integration of this kind of chromatographic media in the process platform

established for the downstream processing of monoclonal antibodies was tested. Preliminary results
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showed that exits room for improvements in order to increment the DBC towards IgG [105].
Notwithstanding, gPore revealed to be a good alternative to use in integrated platforms where polymers
are used, e.g. aqueous-two-phase systems, since these devices present lower pressure drop when

compared to traditional agarose beads.

1.4.3. Chromatographic processes

1.4.3.1. Size-exclusion chromatography (SEC)

SEC is not usually used in the manufacturing process of mAbs since it presents low productivity
[26]. Nonetheless, it remains an extremely important part of IgM purification, at lab scale, and for the
analysis of IgG and IgM and the removal of their aggregates.

During SEC analysis is essential to evaluate if the mobile phase in use affects retention and recovery
of the target proteins. Salts may suppress undesirable electrostatic interactions between the protein and
resin, but they also may enhance hydrophobic interactions due to the high concentrations used. The
occurrence of such interactions could lead to an underestimation of IgG aggregates present and/or
contamination of IgG monomer fractions since aggregate flow is retarded by the non-specific interactions
mentioned. Arginine, in the other hand, showed to be able to affect multiple modes of protein-resin
interaction [169]. However, it is important to ensure that mobile phase changes that enhance

chromatographic performance do not alter the aggregation state of the protein.

1.4.3.2. Hydrophobic interaction chromatography (HIC)

The most frequent application of HIC has been for aggregate removal. Some examples have been
reported on porous particle media [56], others on membrane adsorbers [170-172] with both essentially
operating in flowthrough mode. HIC is also effective for removal of DNA and host protein contaminants
[173], but applications tend to be restricted because of the high salt concentrations at which antibodies
elute. However, it has already published that purification of mAbs by HIC under no-salt conditions is
possible [174]. A very hydrophobic resin is selected as the stationary phase and the pH of the mobile
phase is modulated to achieve the required selectivity. Playing with the effect of the working pH on mAbs
polarity and overall surface hydrophobicity, it can be possible to obtain the mAb in the flowthrough

fractions with impurities such as aggregates and host cell proteins bound to the column. [174]

1.4.3.3. Anion-exchange (AEX) chromatography

AEX chromatography uses positively charged groups (weakly basic such as diethylamino ethyl —
SEAE or dimethylamino ethyl — DMAE; or strongly basic such as quaternary amino ethyl — Q or
trimethylammonium ethyl — TMAE) immobilized to the resin. It is powerful tool to remove process-related
impurities such as host-cell proteins, DNA, endotoxins and leached protein and product-related
impurities such as dimers/aggregates, endogenous retrovirus and adventitious viruses such as

parvovirus and pseudorabies virus [175, 176].
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Applications in flowthrough mode can be a better choice to remove impurities, however, for acidic
to neutral antibodies, as the majority of the humanized IgG4, bind and elute mode can be used to remove
process-related and product related impurities from the product [49].

Flowthrough operations are commonly conducted on membrane exchangers due to their higher
throughput without compromising DNA or virus removal and for being frequently used as disposables
[177, 178]. Nevertheless, the majority of applications are still conducted on porous particles because
they offer higher capacity for protein contaminants with host cell protein removal usually being the
limiting factor [57].

Displacement mode applications represent an extension beyond weak partitioning chromatography
(WPC). In the latter, the process in run isocratically and in a bind-and-elute mode, taking the advantage
of the fact that impurities to be removed are more acidic than the product [49]. The objective of WPC
implementation is to achieve a two chromatography recovery process comprising protein A and AEX for
different mAbs [179]. Challenges in WPC resides on the less efficient removal of high molecular weight
species compared to recovery processes employing a third chromatographic step such as cation-
exchange (CEX); and, on the pH and counterion conditions that cannot be the same to all products [49].

In displacement mode, mAbs are loaded continuously under conditions that promote a weakly bind
of the product. On other hand, sample components that interact strongly with the exchanger accumulate
and displace weakly retained antibody from the chromatography support. IgG recoveries greater than
99% were achieved with this methodology [180] that can be improved by being applied in monoliths
since they have been demonstrated to produce sharp solute boundaries in displacement applications
[181].

1.4.3.4. Cation-exchange (CEX) chromatography

CEX chromatography uses resins modified with negatively charged functional groups. They can be
strong acidic ligands such as sulfopropyl, sulfoethyl and sulfoisobutyl groups or weak acidic ligand as a
carboxyl group with the maximum binding capacity attained can be as high as >100 mg/mL of resin
volume [57]. Considering this, CEX chromatography has been applied for purification processes for
many mAbs with pl values ranging from neutral to basic (most humanized IgG1 and 1gG2 subclasses)
[49]. The most negatively charged process related impurities such as DNA, host cell proteins, leached
protein A and endotoxin are removed in the flowthrough and wash fractions, with the removal depending
on the loading density [49].

Application of cell supernatants typically requires that conductivity and pH be reduced to achieve
good binding capacity. In order to achieve these optimal conditions, strategies as (i) diafiltration to
equilibrate filtered supernatants [182], (ii) PEG precipitation followed by resuspension in the target buffer
[172] or in-line dilution through the chromatography pumps [183] can be applied.

CEX can also provide separation power to reduce antibody variants from the target antibody product
such as deaminated products, oxidized species and N-terminal truncated forms, as well as high
molecular weight species [49]. Aggregates removal is also accomplished by CEX chromatography using
salt or pH linear gradient elution. Salt gradient elution is the most used [184] however, higher pH

encourages more effective elimination of host cell proteins in all cases [185].
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The dynamic binding capacity of the antibodies was shown to be significantly reduced at low
conductivities and low pH due to strong antibody binding that reduces the surface charge potential on
the exchanger [71]. Moreover, pH control has emerged as an unexpected challenge for CEX
applications [186, 187]. Positively charged hydrogen ions condense opposite negatively charged cation-
exchange ligands during equilibration. Sodium ions have a higher affinity for the exchange groups than
hydrogen ions, so when salt is introduced, for example upon sample loading or elution, it displaces
hydrogen ions into the mobile phase, causing pH to drop. Response is more intense with weak cation-
exchangers than strong ones however, it is important to note that some strong cation-exchangers have
significant concentrations of carboxyl groups on their polymer backbones that can turn them susceptible

to the same problems correspondent to weak cation-exchangers [186, 187].
1.4.3.5. Immobilized metal affinity chromatography (IMAC)

IMAC is chemically more complex because of (i) the diversity of adsorbents that may be used to
immobilize the metal ion, (ii) the diversity of metals ions that may be employed to mediate selectivity,
and (iii) the diversity of elution methods that may be applied [57]. IgG binding is dominated by a highly
conserved histidyl cluster at the junction of the second and third constant domains of the heavy chain
(Figure 1.2) [188].

Many combinations of adsorbent-metal-elution method permit IgG to be purified to greater than 90%
in a single step, but capacities are frequently less than 10 mg/mL. Most applications are conducted on
supports substituted with iminodiacetic acid (IDA) and loaded with nickel or copper [189, 190]. Use of
cobalt, zinc, and iron are less frequent. Prasana and Vijayalakshmi reported 1gG binding capacities of
14-16 mg/mL for either polyclonal or monoclonal IgG on copper-loaded IDA monoliths at flow rates up
to 9 bed volumes per minute [189].Capacity with nickel was barely half that. Alternative metal adsorbents
are occasionally used, such as nitriloacetic acid [191], aspartic acid [192], or Tris(2-aminoethyl)amine
[193]. Other group, instead of immobilizing a chelating ligand to an inert support, they used a histidyl
methacrylate derivative to synthesize chelating groups directly into the polymer backbone [159, 194]
which showed to improve IgG capacity over IDA-based supports.

Despite IMAC’s potential as an inexpensive alternative to biological affinity it is important to note
that ligand leakage could be a serious problem and that polynucleotides, endotoxin, [195] and virus
[196], have all been shown to bind various immobilized metals. Nonetheless, IMAC has also been used

to selectively bind antibody fragments while endotoxin was removed by washing with a surfactant [197].

1.4.3.6. Multimodal chromatography (MMC)

Multimodal chromatography (MMC) exploits multiple types of interaction between the stationary
phase and the mobile phase, in which the different solutes are present. The binding modes that are
more frequently employed in multimodal ligands comprise ion exchange, hydrogen bonding and
hydrophobic interaction groups [198], although others may be included for specific purposes, and the
strength of each individual interaction can be manipulated accordingly.

Selectivities and specificities that differ from those of traditional ligands gives MMC the versatility

needed to deal with challenging purification problems. However, considering secondary interactions as
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metal coordination, 1 bonding, hydrogen bonding, and van der Waals forces that can be promoted
with the ligand, and all the factors that govern the different selectivities, the optimization of conditions to
be employed may be a complex process, in which several studies are required.

Despite these variations, multimodal ligands can be grouped by their dominant functionalities into
three subsets that produce characteristic results with mAbs: those that augment anion-exchange with
hydrogen bonding; metal coordination with electrostatic interactions, and those that augment

hydrophobic charged induction interactions.

1.4.3.6.1. Metal coordination multimodal ligands

Hydroxyapatite (HA) chromatography is definitely the classic of MMC, with studies in protein
purification dating back from the 1950s [199]. Hydroxyapatite chromatography is a technique that
contains ceramic crystals of hydroxylated calcium phosphate — Caio(POa4)s(OH)2 — in the stationary
phase. The presence of those crystals confers two types of binding sites: positively charged calcium
groups that interact mainly through metal coordination; and negatively charged phosphate groups that
act as cation-exchangers [50]. Calcium residues are capable of participating in metal coordination bonds
with protein polycarboxyl domains or phosphate residues on nucleotides, endotoxins, and lipid envelope
viruses [200].

HA has continued to be explored as a step in the purification of different recombinant proteins,
particularly mAbs [200]. HA can be employed as a polishing step in mAbs purification, since it has
demonstrated to be effective in removing aggregates [201] or other impurities [202], as well as host cell
impurities and leached protein A [203]. The characteristic calcium coordination is largely unaffected by
conductivity, endowing HA with a high degree of NaCl tolerance at low phosphate concentrations [204].

Murakami et al. [205] explored the use of HA modified with polyethyleneimine (PEI) and found that
it increased retention of nucleotides and acidic proteins. PEI is believed to bind to HA phosphate and
replace its native cation-exchange ability with a PEI-mediated anion-exchange functionality that works
cooperatively with calcium coordination. Since calcium coordination is little affected by conductivity, this
creates another class of salt-tolerant anion-exchangers. 1gG binding via calcium coordination can be
weakened or suspended by the presence of modest phosphate concentrations.

The multimodal potential of HA chromatography can also be explored by changing the immobilized
metal ion [206].

1.4.3.6.2. Hydrogen bond-enhanced anion-exchangers

Ligands of this class are commonly called salt-tolerant anion-exchangers. Their ability to bind virus
and DNA at moderate salt concentrations makes them strong candidates to replace traditional anion-
exchangers as the preferred final polishing media in IgG purification. A polishing step that, with this kind
of ligand, dispenses dilutions of buffer exchanges offers great advantages. An example of these types
of ligands is N-benzyl-N-methyl ethanolamine, commercial name Capto Adhere (GE Healthcare), that
already demonstrate to be efficient in terms of aggregates, host cell protein (HCP) and leached protein
A removal [136, 207]. In batch processes, yields of around 80% and final HCP and aggregates

concentrations of 14.5 ppm and 2.6% were obtained [207]. Better results were achieved when the
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feedstock was an elution pool from continuous chromatography using protein A as ligand. Purities higher
than 99.7% were achieved with HCP concentrations not exceeding 3 ppm [136]. The continuous process
used was a multicolumn countercurrent solvent gradient (MCSGP) purification.

With a similar ligand, Bresolin and co-workers [208] obtained purities of 90-95% when purifying IgG
from human serum. They immobilized Tris(2-aminoethyl)amine on agarose beads, producing a twin

ethylamino ligand in order to use it for a low conductivity flowthrough purification of 1gG.

1.4.3.6.3. Hydrophobic charge induction chromatography (HCIC)

Hydrophobic charge induction chromatography (HCIC) is based on the pH-dependent behaviour of
ligands that ionize at low pH [209]. This technique employs heterocyclic ligands at high densities
(typically a pyridyl ring) from which pend for instance an alkylthiol, alkylamine or hydroxylalkyl
nucleophilic group so that adsorption can occur via hydrophobic interactions without the need for high
concentrations of lyotropic salts [210]. To overcome the problem of harsh elution conditions, which are
typically used with very hydrophobic resins, desorption in HCIC is facilitated by lowering the pH to
produce charge repulsion between the ionizable ligand and the bound protein [209].

One of the most known and used member of the heterocyclic compounds family is the mercapto-
ethyl-pyridine (MEP HyperCel™, Pall Corporation), a cellulose-based media with 4-mercaptoethyl
pyridine as the functional group. MEP exhibits a binding mechanism that includes a mild hydrophobic
effect, an electrostatic group effect caused by the charge on the heterocyclic ring and also a thiophilic
effect provided by the sulphur group [211].

Due to the high cost of protein A resins and their somewhat lower resistance to extreme conditions,
HCIC resin has been suggested as a potential alternative to protein A resins for the initial capture and
purification of mAbs. Salt-independent antibody binding and successful elution at a higher pH range
than what is possible with protein A chromatography has been demonstrated [212, 213] however, one
critical drawback of HCIC is that it has stronger non-specific binding and can be less efficient than protein
A chromatography in reducing impurities such as host cell proteins. Nevertheless, in combination with
other orthogonal purification steps that can provide sufficient removal of residual impurities, such as ion
exchange chromatography, precipitation and crystallization, could have a prominent role in antibody

purification process development in the future.
1.4.3.7. Affinity chromatography

Affinity separation is the most selective type of chromatography used in biotechnology. It separates
proteins on the basis of a reversible interaction between a protein and a specific ligand covalently
coupled to a chromatography matrix.

After successful harvesting, protein A affinity chromatography is the first step of choice for most

industrial processes [214, 215].

1.4.3.7.1. Protein A

Protein A affinity chromatography is a well-known process in the pharmaceutical industry because

of its high binding affinity to antibodies and the purity levels that can be obtained with it. This type of
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chromatography uses a native or a recombinant protein ligand obtained from Staphylococcus aureus or
E. coli, respectively. The native protein A is a polypeptide found anchored in the wall of S. aureus with
a molecular weight (MW) of 54 kDa. Typically, the recombinant protein A used for IgG purification,
produced as a secreted extracellular protein in E. coli, has been engineered to have the cell wall domain
deleted. Therefore, its MW is reduced to around 42 kDa [215]. Regardless of its source, protein A binds
to IgG at its Fc region, specifically at the junction between CH2 and CH3 (Figure 1.2) [216], characterized
as being a hydrophobic region. The binding and specificity of the binding towards 1gG is accomplished
through the five homologous domains (E, D, A, B and C) that protein A contains [217]. The IgG-protein
A binding mechanism consists on hydrophobic effects related to specific hydrogen bonds that are
established as a function of pH. At alkaline pH, histidyl residues on the binding site of IgG—protein A
remain uncharged. This contributes to bonding involving hydrophobic effects comprising van der Waals
and electrostatic interactions. At low pH, these histidyl residues become charged and mutuay repellent
[215], thereby providing a mean for easy detachment of the 1gG from protein A. Low pH elution usually
takes place at pH values between 2 and 3.

A major issue in large-scale antibody purification is based on the harsh conditions required to
achieve pyrogen removal and antiseptic management to low resin fouling [218]. For this purpose,
sodium hydroxide in concentrations up to 0.5 M is the most commonly used cleaning agent. However,
most proteins are sensitive to alkaline solutions. Therefore, repeated binding-elution cycles and
continuous cleaning and sanitization will result in protein A three-dimensional tertiary structure
modifications and in a consequent change in affinity towards IgG binding domain [218]. In order to
improve the stability of protein A resins, staphylococcal protein A variants have been engineered. One
example is the Z domain, a mutated analogue of B domain [219]. The Z domain contains two amino
acid substitutions relatively to the B domain that confers a higher stability. The change of the Ala residue
at position 1 by a Val was essential to furnish a non-palindromic restriction site [219] and the substitution
of Gly by Ala, at position 29, prevented the presence of the dipeptide Asn-Gly, which has been reported
to be the most sensitive amino acid sequence to alkaline conditions [220]. Consequently, the Z domain
is not susceptible to protease degradation and has greater alkaline stability, thus allowing harsh elution
or CIP conditions. Additional site-directed mutagenesis studies of Z domain have allowed the
development of novel versions with additional improved characteristics. On one hand, the tolerance to
alkaline conditions was further increased by the exchange of Phe30 for Ala or Asn23 for a Thr [221].
This improvement avoided deamination processes, which causes protein instability at alkaline pH value
[218]. On the other hand, new protein A variants capable of allowing antibody elution at milder conditions
were obtained. For instance, the double-mutation variant PAZ02 (GIn11His and Asn11His) exhibited
higher pH sensitivity, enabling elution under milder conditions while maintaining affinity, thermal stability
and alkaline tolerance [222].

Other examples of protein A ligands modifications comprises the so-called “Thermal Responsive
Protein A” (TRPA) and PEGylation of protein A ligands [218, 223]. In order to achieve TRPAs, mutations
are made in the core structure of protein A aiming to reduce its thermal instability. The goal is to obtain
a protein A mutant with native structure at 2-10 °C, which unfolds at 40 °C. This phenomenon allows the

IgG binding at low temperatures and its elution at higher temperature. After elution, TRPA will be able
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to refold as a decrease in temperature occur. The refolded proteins will be able to participate again in
the adsorption of antibodies. This strategy allows for the entire process to occur at neutral pH diminishing
the protein A leakage promoted by the acidic conditions commonly used at the elution step of such
biomolecules.[223] On the other hand, PEGylation has been applied as a mean to improve mostly the
protein A ligand performance by reducing the non-specific binding of culture media components. In the
work developed by Gonzalez-Valdez et al. [224] it is possible to observe that indeed, ligand PEGylation
improved the selectivity towards antibodies with the mass of media-associated contaminants being
reduced by a factor of =2 2 and an increase of 15% in the IgG recovery on elution being observed.
However, more studies and developments have to be conducted in this area since DBC was reduced
due to a decrease in IgG pore diffusion and slower IgG association kinetics for the PEGylated ligands
were obtained.

Overall, the re-engineering of random coil sequences of protein A ligands that eliminate the most
vulnerable residues to proteolysis and alkaline hydrolysis led to the achievement of new recombinant
protein A variants presenting several operational advantages such as: conformational stability; wide
working pH range (2.0-11.0); compatibility with the use of reducing agents, such as urea or guanidinium
hydrochloride; possibility of cleaning with reducing agents due to its lack of cysteine residues; and
possibility of achieving potentially high recovery (>95%) and high purities (around 99%, in some cases)
[28]. The dynamic binding capacity (DBC) for protein A resins can be as high as 50 g of IgG per mL of
resin at industrial scale (from 100 to 1,000 kg) [225]. For instance, the Toyopearl® AF-rProtein A HC-
650F from Tosoh Biosciences presents a DBC for IgG higher than 65 g/L at 5 min residence time and
10% breakthrough [218]. Features achieved by the use of a recombinant and alkaline stable protein A
hexameric ligand with multiple coupling sites.

Although the purity of the eluted recovered pool is usually higher than 95%, other compounds, such
as nucleic acids, HCP, leached protein A, and 1gG aggregates, are still present in concentrations that
need to be further reduced through polishing operations, most commonly by ionic exchange
chromatography. Examples of mobile phases used for elution are: 0.1 M glycine-HCI pH 2.0, 20 mM
HCI, 0.1 M sodium citrate pH 2.5, and 1 M propionic acid. The use of arginine and NaCl in the adsorption
of mAbs as in intermediate washing steps and elution steps, have been also exploited. When used in
the adsorption buffer, arginine was reported to enhanced virus removal and even inactivation [226].
Indeed, it was described that the use of L-arginine disrupt the interaction between the xenotropic murine
leukemia virus (XMRV) and the mAb during the load or on the MabSelect™SuRe™ column [227]. Since,
in this case, the virus interacted with the resin backbone and the protein A ligand, and it was co-eluted
with the mADb, the use of arginine was of great importance virus removal. In intermediate washing steps,
the use of arginine could reduce the amount of host-cell proteins (HCPs) non-specifically bonded
towards protein A resins, decreasing the amount of HCPs co-eluted with the mAb during the elution step
[228]. Finally, its use in the elution buffer demonstrated to favour recovery of non-aggregated IgG [226,
229].

The main industrial manufacturers of protein A resins are GE Healthcare, with agarose-based
matrices and Millipore®, with glass or silica-based backbones. Applied Biosystems® has their market

more turned for analytical chromatography using organic polymer-based matrices as polystyrene-
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divinylbenzene. However, other companies as Tosoh Biosciences, JSR Life Sciences and Kaneka have
been revealing new products with matrices of polymethacrylate, methacrylic acid polymers and
cellulose, respectively, that present some advantageous features in comparison to the agarose-based

matrices, for example in terms of flow-rates of operation [218].

1.4.3.7.2. Synthetic biomimetic ligands

Despite protein A improvements, problems associated with its susceptibility to hydrolysis by
chemicals and to proteolytic enzymes commonly present in animal plasma or other biologicals fluids still
need to be overcome. Therefore, a new class of synthetic ligands with affinity towards the Fc region of
antibodies has been developed. These synthetic ligands are obtained either by screening chemical
combinatorial libraries based on nonpeptide backbones or by rationally designing small functional
mimetics of natural Ig-bonding proteins [230]. The latter approach relies on de novo design of
compounds able to mimic the molecular interaction that occurs between the staphylococcal protein A
(SpA) and antibodies. Through the analysis of the native molecular interaction it was concluded that the
dipeptide motif Phel132-Tyr133 present on SpA is essential to the specific bond that occur between the
ligand and antibodies (Figure 1.13A) [231]. Therefore, and since triazine rings allow the attachment of
natural or artificial amino acid side-chain residues, this compounds have been used as scaffolds [232].
The first synthetic low-molecular weight affinity ligand, the artificial protein A (ApA) ligand was composed
by the Phe and Tyr residues coupled to a triazine scaffold such as 1,3,5-trichloro-sym-triazine conferring
to it the hydrophobic properties of the core exposed on a helical twist of the B domain of SpA (Figure
1.13B) [231]. Based on the ApA structure, further developments were achieved by combinatorial
synthesis, allowing the development of a library of 88 IgG-binding ligands coupled to an agarose solid
phase. One particular ligand, the 22/8 ligand, composed by two aromatic amines (3-aminophenol and
4-amino-1-naphtol) linked to a triazine scaffold, stood out by the impressive features that presented
(Figure 1.13B) [232]. The 22/8 ligand demonstrated high bonding affinity (Ka= 1.4 x 105 M), high stability
and a broad-range specificity [232].
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Figure 1.13 Chemical structures of ligands used for immunoglobulin isolation and purification. (A) Dipeptide motif
present in native SpA, (B) Artificial protein A (ApA) and (C) Ligand 22/8. (B) and (C) are triazine-based ligands.[223]
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Besides the well-defined triazine scaffold, ligands based on products product of Ugi reactions have
been developed for purification of IgG as other glycoproteins. The Ugi scaffold presents advantages
over a common affinity matrix since it is formed directly within the matrix reducing the number of steps,
the time and the reagents consumption needed for the production of the matrix [223]. For instance, an
aldehyde-functionalized Sepharose™ solid support can constitute one component (aldehyde, or in other
cases a ketone) in the four-component reaction, while the other three components (a primary/secondary
amine, a carboxylic acid and an isonitrile-group-containing, as isocyanide) are varied in a combinatorial
fashion to generate a tri-substituted Ugi scaffold. Thus, these scaffolds can adopt different degrees of
rigidity by the possibility to develop branched, cyclized or even 3D affinity ligands [233]. This structural
flexibility will be highly important in order to achieve an even more real mimicry to the native dipeptide
bond established between native affinity ligands and antibodies [233]. To date, only one mimetic of the
Fc-bonding domain has been develop based on Ugi reactions, the A2C11I1 ligand [234]. This ligand
particularly mimics the Fc-bonding domain of protein G with the advantage of being used in the
purification of all mammalian immunoglobulins, including camelid IgGs with a Kq of 4.78 uM [234].

Since synthetic ligands represented cheap, scalable, and stable versions of ligands for affinity
chromatography, a major number of novel synthetic ligands have been developed with some being
already commercialized (e.g. MAbSorbent A1P and A2P from Prometic Life Sciences).

Taking advantage of the features of Ugi scaffolds, Lowe and co-workers have been studying the
possibility of increasing the affinity towards the glycosylation site of glycoproteins, other than antibodies
[235, 236]. For that purpose, boronic acid groups added to the Ugi scaffold structures turned out to be
essential for glycoprotein binding [235]. Further studies have been carried out and demonstrated the
possibility to identify high performance Ugi scaffold that bind specifically to the cis-diol groups of
carbohydrates at physiological pH using Wulff-type boronic acids such as benzoboroxoles [236].

1.4.3.7.3. Phenylboronic acid

Boronate affinity chromatography has been rising as an alternative to protein A capture step.
Phenylboronic acid (PBA) is the most commonly used in this type of chromatography as it contributes
for the specific capture and effective enrichment of a large diversity of target cis-diol-containing
molecules, such as carbohydrates, glycoproteins, RNA, nucleotides and nucleic acids [128, 237-240].
The described affinity relies on the boronate ligand ability to form a pair of covalent bonds with molecules
containing cis-diols via a reversible esterification reaction [241]. Antibodies are glycoproteins bearing an
N-linked glycosylation site at the Asn?®” of CH2 domain of the Fc region of each heavy chain (Figure 1.2)
with oligosaccharides composed by 1,2- cis-diol saccharides as fucose, mannose and galactose
typically found in these sites [242-244].

In acidic to neutral environments, boronic acids adopt a trigonal planar form which can be reverted
to a tetrahedral boronate anion upon hydroxylation in alkaline conditions. Both the acid and its conjugate
base can bind to diol compounds (Figure 1.14) [245]. However, since the equilibrium constant for the
tetrahedral (Ktet) is usually higher than that of the trigonal form (Ktig), complexes are less stable in acidic
conditions [246, 247].

34



Chapter | — General Introduction

H0 FFD H@oH
B(OH), Ka-acia B
o el
1 2
Diol Diol
Keg-trig Keg-tet
2H0 2 H,0
My ,0 i

0 R,
o = I

3

Figure 1.14 Schematic of the interaction between phenylboronic acids and cis-diol containing compounds. 1 and 2
— PBA trigonal and tetrahedral conformations, respectively. 3 and 4 - illustration of the esterification bond between
cis-diol containing compounds and the trigonal and tetrahedral conformation of PBA ligands, respectively. [202]

Additionally, ligands as PBA could present a more complex character with affinity being induced by
non-specific interactions related to its intrinsic structure. For example, PBA are aromatic ligands and are
thus able to establish hydrophobic and -1 interactions. Secondary ionic interactions between
boronates and diols are also possible through coulombic attraction or repulsion effects, turning PBA in
a weak cation-exchanger [248, 249]. Hydrogen bonding and charge transfer interactions are other types
of interactions that can also occur. The latter is more prone to take place in acidic conditions, since in
the trigonal uncharged form, the boron atom has an empty orbital and can thus serve as an electron
receptor for a coordination interaction, enabling Lewis acid-base interactions to occur with negatively
charged carboxylated (aspartate and glutamate) or unprotonated amino groups (asparagine and
glutamine) present in the protein structure [238, 250].

Considering all the different interactions that PBA is able to trigger depending on the pH, ionic
strength and target molecule properties, PBA should be described as a multimodal ligand and not simply
as an affinity ligand towards cis-diol containing molecules. Recovery yields and purities achieved for
mAbs are comparable to those obtained with protein A chromatography however, using milder elution
conditions [237, 251]. PBA presents a lower DBC (22 mAb g/L resin), however being 12 times cheaper
than protein A, larger column volumes can be used without compromising the cost-effectiveness of the
process [252]. PBA is also competitive in the sense that it has a lifespan of around 400 cycles, a value
2 to 4 times higher than that of protein A [252]. The challenge therefore relies on understanding and
consequently predict the adsorption behaviour of proteins, including mAbs, onto PBA chromatographic
matrices. This knowledge combined with the already known economic advantages [252] could led
industry to adopt such chromatographic process as a reliable alternative to protein A-based capture

step.

I.5. Methods for biomolecules adsorption elucidation

The effective application of strategies aiming at the development of ligands and resins with

improved performance can only be successful if the phenomena that occur during the adsorption
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process of biomolecules are known and disclosed. For example, protein adsorption onto a surface is a
complex process controlled by a series of sub processes with synergistic and antagonistic effects, where
several types of driving forces are involved. The understanding of the protein adsorption phenomena,
particularly at the molecular level, is crucial for the development of new and more cost-effective ligands
and chromatographic supports. The knowledge retrieved will be of great importance to optimize
adsorption conditions in order to achieve high resin capacities, affinity constants and product quality.
Thus, it is also essential to characterize ligand-protein as protein-protein interactions that could occur at

linear and overloaded conditions.

Surface plasmon resonance (SPR) is one of the most used techniques to study molecular
interactions. SPR is a detection method that makes possible to measure interactions in real-time with
high sensitivity and without the need of labels. SPR detects refractive index changes close to the surface
and, since all biomolecules have refractive properties, no labelling is required. Furthermore, the
accumulation of 1 pg/mm? gives a change of 1 response unit (RU), facilitating real-time measurements
as a basis for acquiring kinetic data related to the adsorption process. The kinetic data is retrieved by
the relation that exists between rate constants (time dependent) and equilibrium constants (time
independent).

SPR occurs on the surface of a chip that is usually a polymer with functional groups with a gold
layer beneath it (Figure 1.15A). For the analyses to occur, two molecules are required: a ligand (an
interaction reagent immobilized on the surface) and an analyte (an interaction reagent flowed over the
surface). The mass changes during the analyte binding and dissociation at various concentrations are

measured during time with sensorgrams of RU vs time being obtained (Figure 1.15B).
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Figure 1.15 (A) Principle of SPR instrument and (B) typical SPR sensorgram showing the steps of an analytical
cycle. [253]

From sensorgrams acquired at different analyte concentrations, it is possible to get rates and/or
equilibrium constants of adsorption and desorption of the analytes by fitting curves to mathematical
models. The RU values withdrawn from the steady-state of each sensorgram give rise to a binding

isotherm from which the equilibrium dissociation constant (Kd) can be determined. With the Ka calculated
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it is possible to obtain the affinity constant of the bond established between the ligand and the analyte
and, consequently some thermodynamic parameters as AG (see Equation 2) can also be obtained.

Among the advantages already cited, SPR presents low sample consumption, reusability of the
ligand and most importantly, can be used as a high-throughput system for screening a multitude of
analytes and ligands. Accordingly, this technique has been applied to diverse studies including: (i) the
evaluation of the interaction of antibodies and multimodal ligands [254], (ii) the glycosylation
fingerprinting of glycosylated proteins using lectins as ligands [255, 256] and (iii) the impact of 1gG
modifications on the its interaction with Fc receptors and vice-versa [257].

Equipments as Biacore, ForteBio Octets, Bionavis and ProteOn systems are commercially

available to perform SPR measurements.

Conventional isotherm models are a good starting point, however they cannot completely
characterize the complex phenomena underneath adsorption mechanisms of biomolecules in liquid
chromatography since they do not consider non-ideal effects associated with the adsorption of large
biomolecules and/or in overloaded conditions [258]. Thermodynamic parameters related to adsorption
of biomolecules onto chromatographic supports have been accessed by performing batch equilibrium
experiments or by analysing chromatographic data through the Van’t Hoff analysis [259, 260]. More
recently, calorimetric measurements have been used showing to be more reliable and capable to
distinguish isolated events related to the adsorption mechanism of different biomolecules onto

chromatographic supports, both in linear and non-linear conditions [261-264].
I.5.1. Thermodynamics of biomolecules adsorption in chromatography

For an accurate interpretation of results, it is important to have into consideration thermodynamic
concepts and the processes that can contribute to enthalpy and entropy changes during protein
adsorption. The possibility of a protein to be reversibly adsorbed (at constant pressure and temperature)

is determined by the change in standard Gibbs free energy (AG") of the system (Equation 1).
AG" = AH" —TAS’
Equation 1

Where AH® and AS® are the standard enthalpy and entropy changes, respectively. Exothermic events
(AH"<0) result in heat released by the system, while endothermic events (AH >0) leads to the absorption
of heat.

For a spontaneous process, such as protein adsorbing to a chromatographic support, AG" must be
negative. In this way, the adsorption process is enthalpically driven when a negative net heat (AH’<0)
is observed. Affinity and pseudo-affinity chromatography types are examples of this case. On the other
hand, when the adsorption process results in an overall increase of enthalpy (AH >0), the entropic
effects are considered to be the driving force. In a entropically driven process, the binding strength of
the protein towards the sorbent is generally expected to be enhanced by increases in temperature, as
often occurs in the case of hydrophobic interaction (HIC) [265] and ion-exchange (IEX) chromatography
[260, 266].
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The equilibrium binding affinity constant (K) can be related to the standard Gibbs free energy (AG")

change for a specific protein-solid phase as described in Equation 2.
AG’ = —RTInK
Equation 2
where R is the gas constant (8.314462 J K- mol™*) and T is the absolute temperature in Kelvin.

From Equations 1 and 2, it is possible to conclude that the binding affinity constant (K) is related
with AG” and, consequently, the enthalpy and entropy events involved in protein adsorption process.
Therefore, the binding affinity of a protein can be evaluated and better understood in terms of energetic
events involved in the binding process.

1.5.1.1. Van’t Hoff plot analysis

Van’t Hoff plots using linear and nonlinear regressions have been widely employed to obtain
thermodynamic parameters from retention chromatographic data [265, 267-270]. While a linear Van't
Hoff plot (obtained by Equations 1 and 2) is associated with a zero heat capacity (AC,,°) process, a
nonlinear plot is a result of positive or negative values of ACp°. Horvéath and co-workers [267], using
Kirchhoff's relations, derived the logarithmic equation that compensates for nonlinear Van’t Hoff plots
when ACp° is a negligible function of temperature. However, temperature invariant heat capacity change
has been shown to be a crude assumption [265]. Because of this, the same authors [267] proposed

Equation 3 that corrects for the variation of AC,,° with temperature.
, b ¢
Ink =a+?+ﬁ+ln(p
Equation 3

In this equation k' is the retention factor, T is the temperature in Kelvin, ¢ is the phase ratio and a,
b and c are parameters obtained by least squares fitting. k' and ¢ are obtained according to Equations
4 and 5.

kK = tr - tO
to
Equation 4
where t, is the solute retention time and ¢, the hold-up time (obtained with an inert tracer).
_ V - toV
(N7
Equation 5

where V is the column volume and V the volumetric flow-rate.
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From Equation 3, changes in standard-state enthalpy, entropy and heat capacity can be obtained
respectively from Equations 6 to 8.

. 2c
AH = —R (b +—)

T
Equation 6
AS"=R(a- %)
Equation 7
. 2Rc
AC, = Tz
Equation 8

Nevertheless, appreciable differences between the calorimetric enthalpy values, obtained
experimentally, and the Van’t Hoff enthalpies have been reported in other studies [265, 268-272]. These
data illustrate the limitations of Van’'t Hoff method when assessing thermodynamic quantities. Van't Hoff
analysis is based on the assumption that a reversible equilibrium exists between the bound and the free
protein [271], which is not always true. Also, the Van’t Hoff analysis is limited to the linear region of the
isotherm, and effects present at higher surface coverage cannot be quantified. For example, the
influence of protein loading on thermodynamic parameters cannot be evaluated by this analysis [271].

1.5.1.2. Calorimetry techniques

Biomolecules adsorption and desorption processes have small, but measurable related thermal
signals. Thus, through direct adsorption enthalpy measurements, calorimetry can provide valuable

understanding of the adsorption mechanisms onto chromatographic media [263-265].

1.5.1.2.1. Isothermal titration calorimetry (ITC)

In recent years, calorimetric methods have gradually become a more and more powerful technique
for label-free indication and quantification of binding events [273]. In contrast to label based methods
(e.g. nuclear magnetic resonance), isothermal titration calorimetry (ITC) offers the major advantage of
simple sample preparation combined with a fast calorimetric response and thermal equilibration [274,
275].

Furthermore, the major advantage of this technique is that the entire set of thermodynamic
parameters, i.e. enthalpy AH, the free energy AG, entropy AS, the association constant K and the
stoichiometry of the interaction n can be quantified by a single experiment [276]. This feature makes
ITC truly important for the understanding of biological processes based on different kinds of interactions,
including (i) protein—protein, (ii) protein—peptide, (iii) protein—drug, (iv) DNA—drug, (v) protein—-DNA (vi)
protein—carbohydrate interactions [277, 278] and more recently (vii) biomolecule-solid phase

interactions in chromatography [262, 279-281]. In this way, ITC data can provide crucial information in
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order to improve and design new systems capable of predict thermodynamic parameters for

biomolecular processes what will fasten, for example drug screening and development [277].

An ITC equipment operates under batch mode and consists of a sample cell, in which the host is
placed and a guest molecule is injected via a syringe (Figure 1.16). The power change, which depends
on the interaction between the host and the guest, is compared with a reference cell which only contains

the solvent.
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Figure 1.16 Schematic drawing of an isothermal titration calorimeter. The guest molecule is stepwise inserted via
syringe into the sample cell which contains the receptor or ligand. [278]

Using a feedback mode, the temperature of the sample cell is either increased or decreased to
maintain a temperature difference of zero between the sample and the reference cell [282]. The primary
analytical signal is therefore the power g, which is proportional to the concentration of the ligand AL in
it each step combined with the volume of the sample cell v and the binding enthalpy AH for this reaction

(Equation 9).
qi ="V" AH - ALL
Equation 9

The heat for each injection can then be calculated by integration of the peaks obtained from a
diagram of g versus time (Figure 1.17B). The data processing will be performed by the software, which
will present a Wiseman isotherm, fitted to the raw data, in a diagram of AH [kcal/mol of injectant] vs
molar ratio. Enthalpy of adsorption is directly obtained from the Wiseman isotherm as the stoichiometry
of binding n that is the molar ratio at the inflection point of the binding isotherm. The association constant
K is model dependent and is extracted from the slope at the inflection point of the binding isotherm. AG

and AS can be obtained by the use of Equation 2 and 1, respectively.
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Figure 1.17 lllustrative ITC data example. (A) Control experiments performed with chromatographic particles titrated
against buffer (1) and the biomolecule (2), and the biomolecule against only buffer (3). (B) ITC experiments with
two different types of ligands titrated against the biomolecule in buffer system. The data were corrected against the
dilution experiments. [278]

From an ITC experiment an additive signal is obtained which is composed of many types of actions
(Figure 1.17). Most obviously, a contribution comes from the interaction under investigation. Apart from
that, the heat observed during ITC titration results can also have contributions from:

¢ Dilution effects: heat released/adsorbed when the ligand is titrated into de buffer;
e Background heats due to buffer mixing. To avoid them, buffers with the same pH, salt
concentration, etc. should be used in the cell and in the syringe;

e Heats of ionization of various buffers.

Therefore, crucial for the experimental design are the reference measurements in order to
determine the different contributions that commonly occur when injecting the molecule under study into
the buffer without receptors or ligands (Figure 1.17).

Nevertheless, ITC based studies present some limitations as regards its use for the understanding
adsorption mechanism in chromatography. An ITC cell does not replicate accurately the dynamics of a
chromatographic process nor does it allows the observation of distinct events during adsorption period.
Also, biomolecule rearrangements after interaction and desorption processes cannot be observed nor
thermodynamically studied and consequently ITC cannot be applied to the study biomolecules
interactions at overloaded conditions.

In order to overcome such disadvantages Flow microcalorimetry (FMC) is used. With this
technique, it has been achieved the evidence of exothermic and endothermic peaks at different times
during the complex phenomena of protein adsorption what can lead us to disclose the isolated events
involved [261, 263, 264].
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1.5.1.2.2. Flow microcalorimetry (FMC)

Flow microcalorimetry (FMC), just like ITC, seeks to measure enthalpy changes during interaction
between two molecules at a constant temperature. However, in this case, measurements are done
under a specific flow-rate.

A flow microcalorimeter has the ability to simulate a packed-bed chromatographic system at micro-
scale. It allows a direct, dynamic and precise measurement of the heat signal, since the signal is
measured within the column during the adsorption and desorption processes of a biomolecule that flows
through a small column packed with the adsorbent of interest. Thus, the whole profile can give an
overview on the kinetics of process adsorption and desorption. By integrating the obtained values,
energy change can be determined and associated to mass transfer phenomena involved in the whole
interaction process as for the isolated events occurring, by data de-convolution [268, 272, 283]. These
characteristics allied to the fact that FMC does not interfere with the thermodynamic and kinetic
adsorption equilibrium, turn it into the only experimental technique to date, that can be used for in-situ
studies of molecular adsorption interactions during chromatography, allowing a better understanding of
the driving forces, mechanisms and kinetics involved.

Flow microcalorimetric methods allow the measurement of the heat flow during the interaction
occurring in any type of chromatography with several studies already reported for hydrophobic
interaction [283], ion exchange [260, 263, 284] and metal affinity chromatography [285], under linear or
overloaded conditions [263, 264, 269], and with different biomolecules such as proteins [260, 263, 285]
and more recently pDNA [264].

The commonly used flow microcalorimeter, Microscal FMC 4 Vi (Microscal Limited, London, UK)
(Figure 1.18), was constructed to be operated in the heat conduction mode, contrarily to ITC operation
mode. The equipment possesses a 171 pL cell located internally that is interfaced with two highly
sensitive thermistors capable of detecting small power changes (in the order of 107 W [280]) produced
during the protein adsorption process. The heat evolution during the process is indicated by changes in
potential (imbalance in the thermistor bridge in which the two thermistors measure power changes in
the cell), with no power compensation present. Thus, when an exothermic reaction occurs, the
calorimeter will sense an increase in energy and a positive signal will appear in the thermogram. The
opposite is observed for an endothermic reaction.

Energy changes are converted to heats of adsorption using an experimentally determined
calibration factor [261]. The calibration is performed in order to evaluate the energetic pulse propagation
under the resin equilibrated, with the chosen buffer system, in flow mode. For this, several electrical
pulses are imposed for determined periods of time, which result in characteristic calibration peaks.
Posteriorly, those are used to determine the relation between peak areas and its corresponding energy,
allowing the conversion of power changes assessed by the thermistors in heats of adsorption. The
calibration factor obtained is a result of the data treatment performed using CALDOS 4 software
(Microscal, Limited, UK).
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Figure 1.18 Schematics of a flow microcalorimeter system and its components. [286]

1.5.1.2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) presents similarities towards ITC, regarding the equipment
operation mode, however, the data retrieved is related to the folded and unfolded states of biomolecules.
It is possible to reliably retrieve the transition midpoint between folded and unfolded protein state
(melting temperature - Tm). At Tm, the concentration of the unfolded and folded species is equal. This
parameter describes the susceptibility of the protein to thermal denaturation, i.e. the higher the Tm is,
the more stable is the protein.

DSC provides other useful parameters that can be used to characterize protein stability, including
the unfolding enthalpy (AH), which is measured by the area under the curves represented in Figure 1.19.
DSC also determines:

e the Tonset, temperature at which starts the unfolding transition (usually 5 to 10 °C lower
than the Tm);

o the ACp, heat capacity change of unfolding;

e the Tz, width at peak half height. This parameter is indicative of the broadness of the
transition, with typical values of 1-15°C, which is correlated with protein packing. A broader

transition corresponds to a less compact protein and vice-versa.

Since the equipment works in a power compensation mode and protein unfolding is an endothermic
event, a positive peak will appear (Figure 1.19). Protein unfolding is an endothermic event [287] since
energy input is needed to break the secondary non-covalent bonds that keep the protein folded.
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Figure .19 Representative DSC thermogram of a monoclonal antibody, with CH2, Fab, and CH3 domains
identified. The dashed red lines are the deconvoluted peaks of each domain transition, with the three melting
temperatures (TMs) indicated. [288]

Also, in DSC, it is of high importance to perform a blank run. In this case, the blank run will be
performed in the reference cell simultaneously and at the same conditions that the measurement of
protein stability is being accomplished. The parameters that have to be chosen in order to carry out an
experiment include (i) the number of runs, (ii) the scan rate and (iii) the temperature interval desired.
The recorded signal will be transformed into heat capacity (Cp) as function of temperature by the
software. The results can be then normalizes in function of the number of moles present in the measuring
cell. Previously to the deconvolution of the thermogram to obtain the correct Tm and to the integration of
the thermogram to obtain AH, a baseline is created and subtracted. Cp is pressure dependent as

described in Equation 10 but under adiabatic conditions, the integration of the results can be done as in

C_aAH
”_<6T>p

Equation 11.

Equation 10

Equation 11

The application of this technique to chromatography studies turns possible to understand if
conformational changes of a protein is occuring upon adsorption and if those are transient or not. For
example, Beyer et al. [289] could conclude that the conformational changes occurring in an antibody
upon adsorption to HIC media are directly proportional to the hydrophobicity of the stationary phase and
that upon elution, the protein returns to its original conformation. On the other hand, Krepper et al. [290]
employed DSC to analyse the eluted mAb from protein A affinity resins. Slight variations in the unfolding

temperatures were observed but it was confirmed by circular dichroism (CD) that structural changes in
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IgG are fully reversible. Moreover, in this study DSC measurements showed that the antibody undergoes
structural changes during the adsorption and that those are dependent on the chromatographic material
used. In both cases, the conformational changes were addressed by differences in the Tm of the proteins
upon adsorption or desorption.

Comparing adsorption behaviour towards different types of stationary phases and other factors
such as temperature and salt concentration can facilitate finding the optimal setup for a chromatographic
process before fine-tuning other running conditions. The further insight about what happens to a
molecule during the adsorption process to different kinds of surfaces can be also used for accurately
modelling the type of interaction(s) in question in order to make predictions about chromatographic
behaviour.

The use of DSC and ITC has been implemented as an alternative to attenuated total reflectance
Fourier transform infrared (ATR FT-IR). Contrarily to DSC, ATR FT-IR measurements are heavily
dependent on the optical characteristics of the stationary phase particles. While good results could be
achieved for Sepharose-based materials [291], polymetacrylate particles, as the ones used by Beyer et
al. [289], could not be analysed at all due to a lack of translucency and high background signals.
Nevertheless, this non-calorimetric method was successfully used by Ueberbacher et al. [291] to identify
in situ structural changes that occur in proteins upon adsorption to hydrophobic agarose-based media.
The infrared spectra of the loading sample is compared to the samples that are undergoing adsorption.
Knowing the absorption maximum for the secondary structures of antibodies, it is possible to understand
if their conformation has changed. Complementary studies, as CD and ELISAs, are then necessary to
understand if the changes that antibodies experienced are irreversible or not and if this implies a
reduction in its biological activity.
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Chapter Il - Thermodynamic evaluation of the mechanisms underlying the
adsorption of monoclonal antibodies in phenylboronate chromatography:

The influence of different mobile phase modulators*

Abstract: Phenylboronate chromatography has been employed for bioseparation applications, though
details concerning the mechanisms of interaction between the ligand and large macromolecules as
monoclonal antibodies (mAbs) remain widely unknown. Here, the phenomena underlying the adsorption of
an anti-human IL-8 (anti-IL8) mAb onto an m-aminophenylboronic acid (m-APBA) ligand, in the absence and
in the presence of different mobile phase modulators, is investigated. On-line flow microcalorimetry (FMC)
was applied to measure instantaneous heat energy transfers, providing insights about the role of specific and
non-specific interactions involved in the adsorptive process under different pH values and in the absence or
presence of salts such as NaCl, NaF, MgClz and (NH4)2SOa. Results showed that the adsorption of anti-IL8
mAb to m-APBA is enthalpically driven (AHaus<0), as expected for the predominant reversible esterification
reaction between boronates and cis-diol-containing molecules. Nevertheless, for all mobile phase modulators
studied, shifts in thermogram profiles were observed, as a decrease from 55% to 75% in the net heat of
adsorption (AHads), when increasing the pH from 7.5 to the pH values of 8.5 and 9.0. The AHags obtained at
conditions where the ligand was poorly negatively charged (pH 7.5) was approximately -243 + 38 kJ/mol, in
the absence and presence of NaCl, and -352.3 + 29.5 kJ/mol, when using NaF, MgCl. and (NH4).SO4 as
mobile phase modulators. Overall, the outcomes of this work suggest that (i) whereas the binding of the PBA
ligand to mAb molecules has been described for decades as being affinity-based, this interaction presents
multimodal behaviour and (ii) the salt tolerance of the bond under study could be enhanced using mobile
phase modulators as NaF, MgCl> and (NH4)>SO4 by the promotion of the specific cis-diol interactions and
reduction of the non-specific interactions contribution to the anti-IL8 mAb adsorption onto the ligand. The last
feature was more noticeable at pH values above ligand’s pKa, mainly by the ability of NaF and (NH4)2SOa to
diminish electrostatic interactions between ligand and biomolecule, when compared to the commonly used
NacCl.

Keywords: Monoclonal antibodies, Adsorption process, Phenylboronate chromatography, Mobile phase

modulators, Flow microcalorimetry

1 The work present in this chapter resulted in the articles: (1) Rosa, S.A.S.L., da Silva, C.L., Aires-Barros,
M.R., Dias-Cabral, A.C., Azevedo, A.M., 2018. Thermodynamics of the adsorption of monoclonal antibodies
in phenylboronate chromatography: affinity versus multimodal interactions. Journal of Chromatography A,
1569, 118-127 and, (2) Rosa, S.A.S.L., Wagner, Alexandra, da Silva, C.L., Aires-Barros, M.R., Azevedo,
A.M., Dias-Cabral, A.C., 2019. Mobile phase modulators as salt tolerance enhancers in phenylboronate
chromatography: thermodynamic evaluation of the mechanisms underlying the adsorption of monoclonal
antibodies. Biotechnology Journal, 14(10): e1800586.
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II.1. Background

Phenylboronate chromatography has been extensively used for the capture of cis-diol containing
molecules. However, detailed knowledge about the mechanisms of interaction between the ligand and
complex biomolecules such as monoclonal antibodies (mAbs) is limited and needs deeper investigation.

The phenylboronic acid (PBA) is the most commonly used ligand in boronate chromatography, and
it was first described as an affinity ligand able to promote the specific capture and effective enrichment
of target cis-diol containing molecules from carbohydrates and glycoproteins (e.g. mAbs) [1, 2] to
nucleotides and nucleic acids [3-5]. The affinity is based on the ability of the ligand to establish a pair of
covalent bonds with diol groups via a reversible esterification reaction [6]. In the case of mAbs, this
interaction occurs with the N-linked oligosaccharides present at the Fc region of each heavy chain [7,
8].

Interestingly, PBA ligand can be present in two different conformations, both able to bind diol
compounds [9]. At pH values below its pKa (8.8), the boronic acid adopts a trigonal form, which can be
converted in a tetrahedral boronate anion upon hydroxylation of the ligand, at pH values higher than the
ligand pKa. The latter conformation presents a higher equilibrium constant (Ktt) and consequently, a
higher stability when compared to the trigonal form (Ktig), predominant in acidic and neutral
environments [10]. Nevertheless, due to the nature of PBA, the adsorption of cis-diol containing
molecules can also be driven by non-specific interactions. Since PBA ligands are aromatic, these can
establish hydrophobic and -1 interactions. Secondary interactions such as ionic, through coulombic
attraction or repulsion effects, are also possible to occur, as well as hydrogen bonding and charge
transfer interactions. The latter are more prone to take place under acidic/neutral conditions with the
empty orbital of the trigonal uncharged form of the boron acting as an electron acceptor for a
coordination interaction that will enable Lewis acid-base interactions with proteins [2, 11]. Considering
all the interactions described, the multimodal behaviour of the synthetic ligand phenylboronic acid (PBA)
has been studied in the last years [2, 4] with some works describing exciting results about the PBA
potential for the capture of mAbs [12, 13].

Therefore, the challenge lies in understanding and consequently predicting the adsorption behaviour
of proteins, including mAbs, onto PBA-chromatographic matrices. In order to depict the complex
phenomena involved, the evaluation of the interaction between solutes and the chromatographic
matrices is critical. The knowledge acquired in this context will contribute towards a better understanding
of the process, essential to ensure process consistency under the quality attributes established by the
Quality by Design (QbD) initiative [14]. Consequently, a deeper understanding of the phenomena
involved in mAbs adsorption, combined with the economic advantages of employing the PBA ligand
[15], could change the paradigm in mAbs downstream processing pushing the industry to adopt such
chromatographic process either for mAb capture and/or polishing steps or even as a pre-
chromatographic step for a longer life-time of the costly protein A resin. Isothermal titration calorimetry
(ITC) [16, 17], surface plasma resonance [18], confocal laser scanning microscopy (CLSM) [19],
attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy [20], nuclear magnetic

resonance (NMR) [21, 22], small-angle x-ray scattering (SAXS) [23, 24] and flow microcalorimetry (FMC)
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[25-27] are some of the techniques that have been employed to study the mechanisms behind the
adsorption of biomolecules. From the up mentioned techniques, only few can operate in situ, i.e. in the
chromatographic column and consequently, account directly for the dynamics of the chromatographic
process. One of these techniques is FMC, which is able to simulate a packed-bed chromatographic
system at a micro-scale. The heat signal profile obtained can provide an overview on the driving forces
of the adsorption of biomolecules from small proteins [25, 28, 29] to larger molecules such as mAbs [27]
and pDNA [26].

The aim of this work was to understand the complex phenomena underlying the adsorption of a full
anti-human IL-8 mAb (pl=9.3) obtained from a clarified supernatant of Chinese Hamster Ovary (CHO)
cell cultures, towards the synthetic m-aminophenylboronic acid (m-APBA) ligand (pKa=8.8). To this
end, as well as to elucidate the role of non-specific interactions during the adsorptive process,
FMC was exploited as an emergent tool for thermodynamic in-situ and on-line evaluation of the
mechanisms associated with the adsorption of an IL-8 mAb in boronate chromatography. Considering
the ligand structure and possible conformations of m-APBA, studies were performed in the absence and
presence of different mobile phase modulators such as sodium chloride (NacCl), sodium fluoride (NaF),
magnesium chloride (MgClz) and ammonium sulfate ((NH4)2S04) at ionic strengths of 0.15 M and under

different pH values as 7.5, 8.5, 9.0, except otherwise stated.

I1.2. Material and Methods

I1.2.1. Chemicals

Tris(hydroxylmethyl)aminomethane (Tris), sodium citrate monobasic, 4-(2-hydroxyethyl)-1-
piperazinepropanesulfonic acid (EPPS) and 2-(cyclohexylamino)ethanesulfonic acid (CHES) were
purchased from Sigma—Aldrich (St. Louis, MO, USA). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), sodium chloride (NaCl) and hydrochloric acid were obtained from Fisher Scientific
(Waltham, MA, USA). Ammonium sulfate, sodium azide, sodium phosphate monobasic anhydrous and
sodium phosphate dibasic were acquired from Panreac (Barcelona, Spain). Sodium fluoride was
purchased from Merck (Darmstadt, Germany) and sodium hydroxide from José Manuel Gomes dos
Santos Lda. (Odivelas, Portugal). All chemicals used were analytical or HPLC grade. Water used in all

experiments was obtained from a Milli-Q purification system (Millipore, Bedford, MA, USA).

[1.2.2. Production, purification, concentration and diafiltration of anti-IL8 mAb

Anti-human interleukin-8 (anti-IL8) monoclonal antibodies (from IgG1 family) were produced by
CHO DP-12 clone#1934 (ATCC CRL-12445) using DHFR minus/methotrexate selection method (LGC
Standards, Middlesex, UK). CHO DP-12 cells were grown in serum-free medium formulated with 0.1%
Pluronic® F-68 and without L-glutamine, phenol red, hypoxanthine or thymidine (ProCHO™5, Lonza
Group Ltd, Belgium). The cell culture medium was supplemented as described in [12, 13]. The cultures
were carried out in single or multi T-175 flasks (BD Falcon, Franklin Lakes, NJ) at 37°C and 5% CO:
with an initial cell density of 2.8x10% cells/cm?. Cell passages were performed every 6 to 8 days. Cell

supernatants were centrifuged at 350 g for 7 minutes, collected and storage at -20 °C. The produced
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anti-IL8 mAb presents an isoelectric point (pl) of ~9.3, and its concentration in the serum-free cell culture
supernatants varied between 50 and 100 mg/L.

Afterwards, anti-IL8 mAb purification was performed by protein A affinity chromatography using a
HiTrap MabSelect Xtra pre-packed 1 mL column from GE Healthcare (lllinois, Chicago).
Chromatographic runs were performed in two different AKTA systems: (i) an AKTA pure 25 L, from GE
Healthcare (Section 11.3.1.) and (i) an AKTA Purifier 10, from Amersham Biosciences (Uppsala,
Sweden) (Section 11.3.2.). 150 mM NacCl in 20 mM phosphate at pH 7.2 and 100 mM sodium citrate at
pH 3-3.6 were used as adsorption and elution buffers, respectively. To avoid denaturation of the eluted
mAb, 10% (v/v) 1 M Tris—HCI at pH 8 was added to the elution fractions collected. Prior to injection, the
column was equilibrated with 10 column volumes (CVs) of the adsorption buffer. The cell culture
supernatants were directly injected at 1 mL/min using a S9 sample pump, when working with the AKTA
pure 25 L system or using a third line of the AKTA Purifier 10. Before elution, the unbound or weakly
bound samples were washed-out with 5 CVs of adsorption buffer. The bound material was eluted
following a step gradient of 20-30 CVs. Column regeneration was achieved with a step gradient of 10%
(v/v) elution buffer for 5 CVs followed by a second equilibration step with 5 CVs of adsorption buffer.
The data collection and processing were accomplished using Unicorn 6.3 and Unicorn 5.11 softwares,
depending on the AKTA system used. Chromatographic parameters such as conductivity, pH and UV
absorbance at 280 nm of the outlet sample were continuously measured. Flow-through and eluted
samples were collected using a F9-R or a Frac-950 fraction collector, and further analysed for IgG
concentration determination.

Elution fractions from anti-IL8 mAb purification were then pooled (final volume of 30 mL),
concentrated and diafiltered in 20 mM HEPES, pH 7.5 using Amicon Ultra-15 centrifugal filter units
(MWCO of 50 kDa) from Merck Millipore, for 20 min at 4000 g in a swinging-bucket rotor centrifuge. The
process was repeated 4 to 5 times. Buffer exchange to the different adsorption buffers under study was
further performed using Amicon Ultra-4 or Ultra-0.5 centrifugal filter units (MWCO of 10 kDa) also from
Merck Millipore. The units were used for 3 to 4 cycles of 10 min at 4000 g and 14000 g, respectively.

After these steps, the final concentration of the mAb solutions were 1 and 5 mg/mL.

11.2.3. Flow Microcalorimetry (FMC) assays

Thermodynamic studies were performed in a flow microcalorimeter (Microscal FMC 4 Vi, Microscal
Limited, London, UK), operated in heat conduction mode. The 171 pL microcalorimeter cell is interfaced
with two highly sensitive thermistors capable of detecting power changes with a magnitude of 107 W,
resulting in an energy resolution in the order of 10-° J. The flow-rate through the cell is controlled by
precision syringe pumps (Harvard Apparatus, UK). A block heater is used to monitor and control the cell
temperature. The FMC is also equipped with a multiport valve and an automated injection system, as
with a conductivity monitor and a UV detector from Pharmacia (Uppsala, Sweden).

Data acquisition, storage and processing were achieved using CALDOS 4 software (Microscal,
Limited, UK). The calibration factor was obtained from the correlation between the areas of the peaks
and the energy of heat pulses (3 mJ) resulting from electrical impulses of known power and duration.

Peak de-convolution and peak area determination were performed with PeakFit 4.12 software (Seasolve
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Software Inc., San Jose, USA) using the Exponentially Modified Gaussian (EMG) model. The latter was
employed due to its ability to model asymmetric signals. The exothermic and endothermic contributions

to the overall heat of adsorption were calculated from the area of the respective de-convoluted peaks.

[1.2.3.1. Evaluation of the adsorption of anti-IL8 mADb

Anti-IL8 mAb adsorption studies were performed in the Microscal FMC 4 Vi equipment, using the
resin Aminophenylboronate P6XL from Prometic Bioseparations Ltd. (Cambridge, UK) with a ligand
density of 76 pmol/gmoisture gel. Different adsorption buffers were screened in order to understand the
thermodynamic phenomena involved in the adsorption process of anti-IL8 mAb onto m-APBA agarose
beads at different pH values and salt types at ionic strengths of 0 and 0.15 M, using at least two
independent replicated assays per each condition. The tested adsorption buffers were: (i) 20 mM
HEPES, pH 7.5; (ii) 20 mM HEPES, 150 mM NaCl, pH 7.5; (iii) 20 mM HEPES, 150 mM NaF, pH 7.5;
(iv) 20 mM HEPES, 50 mM MgClz, pH 7.5; (v) 20 mM HEPES, 50 mM (NH4)2SO04, pH 7.5, (vi) 20 mM
EPPS, pH 8.5; (vii) 20 mM EPPS, 150 mM NacCl, pH 8.5; (viii) 20 mM EPPS, 150 mM NaF, pH 8.5; (ix)
20 mM EPPS, 50 mM MgClz, pH 8.5; (x) 20 mM EPPS, 50 mM (NH4)2SO4, pH 8.5, (xi) 20 mM CHES,
pH 9.0; (xii) 20 mM CHES, 150 mM NacCl, pH 9.0; (xiii) 20 mM CHES, 150 mM NaF, pH 9.0; (xiv) 20
mM CHES, 50 mM MgClz, pH 9.0 and (xv) 20 mM CHES, 50 mM (NHa4)2SOa, pH 9.0; (xvi) 20 mM CHES,
pH 9.5; (xvii) 20 mM CHES, 150 mM NaCl, pH 9.5; (xviii) 20 mM CHES, pH 10.0; (xix) 20 mM CHES,
150 mM NacCl, pH 10.0. Elution was performed with 1.5 M Tris-HCI, pH 8.5 since Tris has been reported
to effectively disrupt specific and non-specific interactions with m-APBA [30]. Before injection, the cell
was equilibrated overnight with the chosen adsorption buffer. Diafiltered solutions of anti-IL8 mAb (5
mg/mL) were then injected using a sample loop of 100 pL. The unbound or weakly bound material were
washed-out with 17 CVs and, the strongly bound material was eluted following a step gradient with the
elution buffer for 17 CVs. All the steps were performed at a constant flow-rate of 1.5 mL/h. The flow-
through and eluted fractions were collected in conical tubes, and further analysed for IgG mass balance.
Absorbance was monitored at 280 nm. Cleaning-in-place was accomplished with 0.5 M NaOH between

each injection.

11.2.3.2. Thermodynamic profiling of cis-diol interactions using D-sorbitol

In order to obtain and confirm the thermodynamic profiles of typical cis-diol esterification, D-sorbitol
adsorption studies were conducted with the resin Aminophenylboronate P6XL. The measurements were
performed in duplicate for each condition. 20 mM of D-sorbitol was added to the adsorption buffers (i),
(i), (vi), (vii), (xi) and (xii) of the previous section. The samples were injected at a flow-rate of 1.5 mL/h,
using a sample loop of 100 pL. Cleaning-in-place was accomplished with 0.5 M NaOH between each

injection.
11.2.4. Structural characterization of anti-IL8 mADb

For all the conditions tested, anti-IL8 mAb was characterized in terms of secondary and tertiary
structure by circular dichroism (CD) [31, 32] and fluorescence [33, 34] measurements, respectively. The

hydrodynamic diameter (du) was also evaluated by dynamic light scattering (DLS).
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11.2.4.1. Circular Dichroism

The secondary structure of the anti-IL8 mAb was evaluated by circular dichroism using an Applied
Photophysics spectropolarimeter (Leatherhead, United Kingdom), model PiStar-180 containing a Peltier
temperature control unit (Melcor MTCA). Suprasil Quartz cells from Hellma with an optical path of 1 mm
were used. Far-UV (195-250 nm) measurements consisted of an accumulation of 6 scans with an
integration time of 1.15 s and a scan rate of approximately 0.87 nm/s. The monochromator bandwidth
was set to 5 nm and the analysis performed at room temperature. Each spectrum was corrected with
the corresponding control. Samples were prepared in 5 mM of the different buffers under study with a
mAb concentration of 0.3 mg/mL (2 uM). The mean residue ellipticity was calculated considering a mean
residue weight of 113.16 Da [35].

11.2.4.2. Fluorescence measurements

Fluorescence measurements were performed in order to assess the tertiary structure of the anti-I1L8
mAb. Samples were prepared in 5 mM of the different buffers under study with a mAb concentration of
0.375 mg/mL (2.5 uM). The intrinsic fluorescence spectra characteristics of tryptophan and tyrosine
were exploited using a Varian (Palo Alto, CA, USA) Cary Eclipse fluorescence spectrophotometer.
Emission and excitation spectra of tryptophan were measured at Aex = 296 nm and Aem = 310 and 440
nm with the photomultiplier at 700 nm. Tyrosine spectra were evaluated at Aex = 280 nm and Aem = 295
and 440 nm with the photomultiplier at 650 nm. The excitation and emission slits were set at 5 nm.
Measurements consisted on the average of three consecutive readings obtained using a quartz cuvette

with an optical path of 10 mm.

[1.2.4.3. Dynamic light scattering

The hydrodynamic diameter (dn) of anti-IL8 mAb was obtained by dynamic light scattering (DLS)
using a Zetasizer Nano-ZS system (Malvern Instruments Ltd., UK). Samples of 1 mL of anti-IL8 mAb
with a final concentration of 0.375 mg/mL (2.5 uM) were analyzed in the different buffers study.
Measurements were performed in polystyrene (PS) disposable cuvettes at 25 °C using solvent and
protein refraction indexes of 1.333 and 1.450, respectively. Each sample was measured three times
using the multimodal mode. Anti-IL8 mAb hydrodynamic diameters were calculated from the correlation
function using the dispersion technology software. Results obtained were presented considering the

number of particles in solution.

[1.2.5. Contribution of matrix and resin components to the adsorption of anti-IL8:

interaction studies

Complementary studies were performed in order to determine which types of interaction are
involved in the adsorptive process of anti-IL8 mAb onto the aminophenylboronate P6XL resin. For such
analyses, different chromatographic resins were used: (i) HiTrap Phenyl Fast Flow (high sup) 1 mL pre-
packed column (GE Healthcare); (i) Sepharose 6 Fast Flow (GE Healthcare) and (iii)

Aminophenylboronate P6XL (Prometic Bioseparations Ltd) with three independent replicated assays
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being performed. The last two resins were packed on Tricorn™ 5/50 glass columns (GE Healthcare)
with a resin volume of 1 mL. At all cases, the columns were equilibrated with 10 CVs of the adsorption
buffer. A a volume of 100 pL of purified and diafiltered anti-IL8 mAb (1 mg/mL) was then injected, except
otherwise stated. The loop was emptied with three times its volume and the unbound or weakly bound
anti-IL8 mAb was washed-out with 10 CVs of adsorption buffer. The bound anti-IL8 mAb was eluted
following a step gradient of 10 CVs. When stated, a stripping was performed using a step gradient of 10
CVs. Cleaning-in-place was achieved with 5 CVs of 0.5 M NaOH followed by 10 CVs of water and a re-
equilibration step of 5 CVs with adsorption buffer. All the steps were performed at a constant flow-rate
of 1.0 mL/min. The adsorption buffers used for screening are the same used for the FMC studies and
listed in Section 11.2.3.1., except otherwise stated. The buffer used to elute the anti-IL8 mAb, at all
conditions, was 1.5 M Tris-HCI, pH 8.5, if not explicitly stated otherwise. In boronate chromatography
assays, different strategies were followed. Firstly, in order to evaluate the contribution of ionic interaction
in the anti-IL8 adsorption in presence of NaCl, different adsorption conditions were tested. Different
buffers as (i) 20 mM HEPES, pH 7.5; (ii) 20 mM EPPS, pH 8.5 and (iii)) 20 mM CHES, pH 9.0 were used
at different salt concentrations such as 300, 450, 600, 750 mM and 1 M NacCl. In the case of the studies
were the adsorption is performed with buffers containing the mobile phase modulators NaF, MgClz and
(NHa4)2S04, the salt tolerance of the bond between the anti-IL8 mAb and the ligand was assessed by
using the buffers previously mentioned but as elution buffers. The stripping of the column was achieved
using 1.5 M Tris-HCI, pH 8.5.

All chromatographic runs were performed in an AKTA Purifier 10 system from Amersham
Biosciences (Uppsala, Sweden). The data collection and processing were accomplished using Unicorn
5.1 software. Conductivity, pH and UV absorbance at 280 nm were continuously measured at the
sample outlet. Flow-through and eluted samples were collected using a Frac-950 fraction collector from

GE Healthcare, and further analysed for IgG content.

[1.2.6. Anti-IL8 quantification

The concentration of anti-IL8 mAb present in the elution pool obtained from protein A
chromatography was determined measuring the UV absorbance at 280 nm in microtiter plate readers
as the (i) xMark equipped with the MPM 6 software, both from Bio-Rad (Hercules, CA, USA) (Section
11.3.1.) and the (ii) Spectra Max from Molecular Devices (Sunnydale, CA, USA) (Section 11.3.2.). The
measurements were performed using UV-Star® 96-well microplates from Greiner Bio-One
(Kremsmdunster, Austria). On the other hand, the anti-IL8 mAb content on the samples obtained during
FMC analyses and the complementary studies, described in Section I1.2.5., was determined by
analytical protein A chromatography using a POROS A ImmunoDetection sensor cartridge from Applied
Biosystems (Foster City, CA, USA). The adsorption buffer was composed by 50 mM phosphate, 150
mM NacCl, pH 7.4 and the elution buffer was composed by 12 mM HCI, 150 mM NacCl, pH 2—3. Analyses
were performed in (i) a LC-2010HT HPLC system from Shimadzu Corporation (Tokyo, Japan) and in (ii)
an AKTA Purifier 10 system with an A-900 Autosampler as reported in [12]. Absorbance was monitored
at 215 nm. For both quantification methods, calibration curves were obtained using a commercial human

IgG solution (product name: Gammanorm®) from Octapharma (Lachen, Switzerland).
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[1.2.7. Total protein quantification

The total protein content was determined by the Bradford method using a Coomassie assay reagent
and bovine gamma globulin (BGG) as protein standard, both from Pierce (Rockford, IL, USA).
Absorbance was measured at 595 nm in a SpectraMax microplate reader from Molecular Devices
(Sunnyvale, CA, USA). Protein purity was assessed by the ratio between the concentration of 1gG

determined by protein A HPLC and total protein content determined using the Bradford method.

11.3. Results and Discussion

The adsorption of the purified anti-IL8 mAb (purity of 99 = 1%) was performed using HEPES buffer
due to its ability to favour the binding of cis-diol-containing compounds to PBA medium [10, 36]. This
ability has been described to be due to B-N coordination between the boronic acid and the tertiary
amines from HEPES in solution, which enables the capture of cis-diol-containing compounds under
neutral conditions [12, 37]. EPPS and CHES were also selected as buffers due to the similarity that they

share with HEPES in terms of chemical structure (Figure I1.1).

Useful
Buffers Chemical structure pKa (25 °C)
pHrange
O\\Sf/o
~
HEPES (\N/\/ OH 75 6.8-8.2
N
Ho” N
N/\/\S/OH
EPPS &% 8.0 7.3-8.7
N
HO” >~
H
N OH
CHES SN 9.3 8.6-10.0
O/} \\O

Figure Il.1 Chemical structure and characteristics of the buffers used in anti-IL8 mAb adsorption studies onto a
phenylboronate chromatographic agarose-based support.

Additionally, a structural evaluation of the anti-IL8 mAb was performed under each condition studied.
Circular dichroism and fluorescence measurements were carried out with the goal of evaluating possible
changes in the secondary and tertiary structure of the anti-IL8 mAb, respectively. The results revealed
that no modifications have occurred (Figures 11.S1.1-2 and 11.S2.1-2 in Supplementary Material). In terms
of hydrodynamic diameter (dw), evaluated by dynamic light scattering, no significant changes were also

observed (Figure 11.S1.3 and 11.52.3 in Supplementary Material).
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[1.3.1. Evaluation of the adsorption of anti-IL8 mAb in the absence of added salt

and in presence of NaCl

Considering the m-APBA pKa (8.8) and the isoelectric point of the anti-IL8 mAb (=9.3), working pH
values of 7.5, 8.5, 9.0, 9.5 and 10 were chosen to perform the adsorption studies. Each pH value was
evaluated at two different salt concentrations, namely 0 and 150 mM NacCl, with the latter simulating
physiological conductivity and often being reported as a possible suppressor of non-specific interactions
[38].

[1.3.1.1. Flow Microcalorimetry (FMC) studies

Flow microcalorimetry (FMC) allows the determination of the net heat of adsorption (AHads) of mAbs
towards the m-APBA ligand as the sum of the endothermic and/or exothermic contribution of the different
events detected. The results obtained are summarized in Table I.1.

In general, results obtained show that anti-IL8 mAb adsorption on P6XL resin is enthalpically driven
(AHads<0) (AHads, Table 11.1). The AHads values obtained were significantly higher when compared to the
ones obtained by isothermal titration calorimetry (ITC) for hydrophobic charge-induction
chromatography using a 4-mercaptoethyl-pyridine (MEP) multimodal ligand (-0.43 + 0.03 kJ/mol) [16] or
to systems comprising other proteins and ligands [25]. This could be due to the fact that the interaction
between boronic acids or boronate ligands and cis-diols containing molecules relies on a reversible
esterification reaction and other enthalpically driven processes, not evaluated by ITC. In ITC,
thermodynamic quantities are not obtained under the conditions existing in the column but extrapolated
to standard-state values.

The thermodynamic profiles obtained for each condition tested are presented in Figure 1.2, where
distinct peaks were observed, thus suggesting the occurrence of different events during and after the
adsorption process. In order to depict the underlying mechanisms involved and once the peak symmetry
test [39] indicated an overlap of the observed peaks, thermogram profiles were de-convoluted. The de-
convoluted heat signals for all the experiments in the absence (A, C, E, G and I) and presence of NaCl
(B, D, F, Hand J) are also represented in Figure 11.2, for the different pH conditions tested. Dilution heat
contribution was null (data not shown) and, consequently, no corrections had to be performed to the
different heat signals obtained. In Figures II.2A to 11.2G are illustrated the results obtained using
conditions were no flow-through was observed, which can, consequently, be used to study the
adsorption process of the anti-IL8 mAb towards m-APBA and to depict the underlying mechanisms
involved. The thermogram obtained at pH 7.5 and in the absence of salt (Figure 1I.2A) shows only one
positive peak characteristic of an exothermic event (heat released to the environment). All the other
thermograms exhibit two peaks. At pH values lower than the m-APBA pKa (Figures I1.2B-D) and at pH
9 in absence of salt (Figure Il.2E), the first peak is also positive and consequently representative of an
exothermic event. However, the second peak is either related to another exothermic event (positive
peak) or to an endothermic event (negative peak), depending on the pH and ionic strength. At pH 9.0
and pH 9.5 in presence of salt (Figures II.2F and 112.H) and at pH 10.0 (Figures 1.2 and 112.J), a
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complete shift is observed in termogram profiles. In these, the first peak is negative and thus illustrative
of an endothermic event and the second peak is a positive peak, representative of an exothermic event.
Nevertheless, it is important to notice that at pH 9.5 in presence of salt, a flow-through value of around
70% was obtained and at pH 10 nearly no anti-IL8 mAb adsorption occurred (Table I1.1).

These results show that both pH and the presence of NaCl modulate the mechanisms involved in
anti-IL8 mAb’s adsorption. The pH value was already expected to be a modulatory element since the
ligand structure suffers conformational changes with the pH. Indeed, the boron atom can adopt a trigonal
or a tetrahedral form, depending on the working pH. At a pH below the m-APBA pKa (8.8), the trigonal
form of m-APBA predominates, while at pH values above the pKa, the tetrahedral boronate anion
structure is dominant [9]. Although the equilibrium constant is usually higher for the tetrahedral form
(Ktet) than for the trigonal form (Kuig), both structures are capable of interacting with cis-diol-containing
molecules via esterification reactions [10].

Furthermore, the de-convoluted thermograms obtained were analysed considering the possible
interactions between the anti-IL8 mAb and the m-APBA ligand. PBA ligands have an aromatic moiety
that confers these the ability to establish hydrophobic, -1 and cation-1r interactions, in addition to the
primary cis-diol interactions [3, 40]. Secondary electrostatic interactions with the boronate anion are also

possible, as well as hydrogen bonding and charge transfer interactions [2, 41].

Table 1.1 Heat of adsorption for the anti-human IL-8 mAb onto P6XL resin considering a sample loop, adsorbent volumes
and a protein loading of 100 pL, 171 pL and 5 mg/mL, respectively. All experiments were performed under a flow-rate of 1.5
mL/h. The amount of mAb in the flow-through (not binding to the column) is given as percentage of the total mass of mAb
loaded into the column. AH'!, AH" and AH" were determined by integration of the individual peaks obtained from the de-
convolution of thermograms using PeakFit software (Figure 11.2). Results are displayed as mean + STDV. | and FT stand for
ionic strength and flow-through, respectively. RSD stands for relative standard deviation. n.a. — not applicable.

) Endothermic Net heat of adsorption
Exothermic events (kJ/mol)
events (kJ/mol) (kJ/mol)
Buffer pH I (M) FT (%) AH' AH'" AH" AHads RSD (%)
20 mM 0 0 -282.1+61.1 0 0 -282.1+61.1 22
7.5
HEPES 0.15 0 -205.2£26.4  -27.2+228 0 -232.4+£24.6 11
20 mM 0 0 -187.6 £29.9 -29.6 +2.9 0 -217.2+32.8 15
8.5
EPPS 0.15 0 -370.2 £117.7 0 170.8 £ 83.2 -199.4 £34.6 17
0 0 -664.2 £212.5 0 380.8 £ 153.9 -283.4 +58.6 21
9.0
0.15 0 -280.4 £ 69.0 0 198.2 + 82.7 -82.22 £13.7 17
20 mM 0 0 -837.7 £223.8 0 538.0 £ 222.6 -299.7+1.2 0.40
9.5
CHES 0.15 704 | -662.4 £247.7 0 515.6 +211.6 -146.8 £ 36.0 25
0 97 +4 n.a. 0 n.a.
10.0 =0 n.a
0.15 92+3 n.a. 0 n.a.

AHads= AH' + AH'+ AH"
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Figure 1.2 PeakFit de-convolution of thermograms obtained for the anti-human IL-8 mAb (5 mg/mL) adsorption
onto P6XL resin at different pH values, in the absence and in the presence of 150 mM NacCl. Injection loop: 100 pL.
Mobile phase flow-rate: 1.5 mL/h. (A) 20 mM HEPES, pH 7.5, (B) 20 mM HEPES, 150 mM NacCl, pH 7.5, (C) 20
mM EPPS, pH 8.5, (D) 20 mM EPPS, 150 mM NacCl, pH 8.5, (E) 20 mM CHES, pH 9.0, (F) 20 mM CHES, 150 mM
NacCl, pH 9.0, (G) 20 mM CHES, pH 9.5, (H) 20 mM CHES, 150 mM NacCl, pH 9.5, (I) 20 mM CHES, pH 10, (J) 20
mM CHES, 150 mM NaCl, pH 10. Curves presented are for total peak fit (black line) and peaks resulting from de-
convolution (endothermic peaks — blue dotted lines, exothermic peaks — red and green dotted lines). Vertical dashed
lines represent the time where the protein-containing plug of solution is replaced with protein-free mobile phase.
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11.3.1.1.1. FMC studies in the absence of added salt

The thermograms obtained in the absence of salt are exhibited in Figures II.2A, 2C, 2E, 2G and 2I,
respectively for pH 7.5, 8.5, 9.0, 9.5 and 10.0. At pH 7.5, the thermogram shows a unique exothermic
peak (Figure 11.2A) that can be attributed to the cis-diol esterification reaction, and thus to the formation
of a pair of covalent bonds between the anti-IL8 mAb and m-APBA hydroxyl groups. The contribution of
non-specific interactions, as cation-Tr interactions (Section 11.3.1.2.1.) and/or hydrogen bonding (Section
11.3.1.2.2.), can be also considered having in mind that cis-diol esterification, as a covalent interaction,
will be thermodynamically more favoured. However, at pH 8.5, a second non-overlapping exothermic
peak can be observed (Figure 11.2C). Since this second peak occurs after the protein-containing solution
being replaced by the mobile phase and no flow-through is observed, this event is known to be related
to anti-IL8 mAb reorganization at the surface. At pH 8.5, both trigonal and tetrahedral conformations will
be present (m-APBA pKa = 8.8) and anti-IL8 mAb molecules primarily adsorbed to the boronic acid
ligands (trigonal conformation, dominant form) can be re-absorbed by free hydroxylated boronate
ligands (tetrahedral conformation, minor form) that establish more thermodynamically stable interactions
(Ktrig < Ktet).

When the pH is further increased to 9.0 (Figure 11.2E), the second exothermic peak, observed at pH
8.5, gives place to an endothermic overlapping peak. This change in the FMC profile is probably related
to the presence of the boronate anion in the ligand structure, which is able to promote electrostatic
interactions. For these interactions to occur, water and ions have to be released from the surface of the
adsorbent and protein, which requires consumption of energy and originates an increase of entropy [42,
43]. According to the literature, the FMC profile characteristic of an ion-exchange interaction involves a
first endothermic peak (related to the desolvation entropic process) overlapped with an exothermic peak
(related with the electrostatic interaction itself) [25, 26]. Although in the present situation we could not
isolate the exothermic peak resulting from the electrostatic interactions by de-convolution, a 2 to 4-fold
increase in the AH of the exothermic signal is observed when the pH is increased from 7.5 and 8.5 to
9.0 (AH!, Table II.1). The presence of ion-exchange interactions is further corroborated by the constant
net heat of adsorption observed as the pH is increased to 9.0 (Figures II.2A, 2C, 2E and AHags, Table
11.1) and the consequent increment on the contribution of entropy to adsorption. Since the equilibrium
constant, Ket, observed at pH 9.0, is higher than the Kuig, observed at lower pH conditions [18], the AG
of adsorption will be more negative for the tetrahedral form (AG = — RT In K). Thus, according to the
expression for the Gibbs free energy change (AG =AH —-TAS), a concomitant increase in entropy is
expected for the adsorption to occur considering the constant net heat of adsorption observed
throughout the tested conditions. Hydrophobic interactions are another type of secondary interactions
that could be promoted by increasing the working pH and that involve an increase of entropy (Section
11.3.1.2.1.). Typically, for values around the pl, protein molecules have relatively smaller hydrodynamic
diameters and thinner hydration layers on the surface due to their low net charge [44, 45], which can
favour short-range interactions such as hydrophobic interactions. Dynamic light scattering analyses
(Figure 11.S1.3 in Supplementary Material) confirmed that the anti-IL8 mAb presents the lowest

hydrodynamic diameter (dw) between pH 9.0 and 9.5. The aforementioned short-range interactions
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between the anti-IL8 mAb and the aromatic boronic acid ligand could promote entropically driven non-
specific adsorption by -1 and/or cation-1r interactions, depending on the working pH. In Sections
11.3.1.2.1. and 11.3.1.2.3., it is shown that ionic interactions associated with cation-1m and electrostatic
interactions play a major role in the adsorption of the anti-IL8 mAb to the PBA ligand, when compared
to pure hydrophobic effects. This leads us to conclude that at pH 9.0 there is a significant influence of
ionic interactions in the adsorption process, in addition to the cis-diol esterification.

At pH 9.5, repulsive interactions also have to be considered since both ligand and anti-IL8 mAb (pl
9.3) are negatively charged [46], which can contribute to the observed increase in the AH of the
endothermic peak (AH", Table 11.1). At pH 10.0, anti-IL8 mAb molecules were not retained in the column

and, consequently, the net heat of adsorption for this process is approximately zero (AHags, Table 11.1).

11.3.1.1.2. FMC studies in the presence of NaCl

In the presence of salt, considerable changes in the thermogram profiles can be seen in Figure 1.2
(I1.2B, 2D, 2F, 2H and 2J obtained, respectively, at pH 7.5, 8.5, 9.0, 9.5 and 10.0). From pH 7.5 to pH
9.0 (Figures 11.2B, 2D and 2F), a drastic change in the profile can be observed, together with a decrease
of about 60 to 70% in the net heat of adsorption (AHads, Table 11.1). At pH 7.5 and 8.5, a first exothermic
peak characteristic of the cis-diol interaction between mAbs and PBA ligands is observed in the
thermograms (Figures 11.2B and 2D). Nevertheless, the events associated with the second peak lead to
the formation of an exothermic peak at pH 7.5 (Figure 11.2B), and of an endothermic peak at pH 8.5
(Figure 11.2D). The observed thermograms are similar to the ones obtained in the absence of salt at pH
8.5 and 9.0 (Figures 11.2C and 2E), respectively, suggesting that the addition of NaCl, as the increase
in the pH, also results in the promotion of non-specific interactions. Since pH < pKa, charge transfer
interactions can occur between the chloride ion in the bulk solution and the uncharged boron in the
ligand (trigonal conformation). This boron atom contains an empty orbital, which can serve as an
electron acceptor for a coordination interaction, enabling Lewis acid—base interactions to occur [11].
Consequently, at pH 7.5, the second exothermic peak could be related to the re-adsorption of anti-I1L8
mAb molecules to free tetrahedral PBA ligands (B-CI form) rather than to its adsorption to PBA ligands
in its trigonal conformation. At pH 8.5, the overlapping endothermic peak observed is probably due to
the presence of PBA ligands in their tetrahedral conformation (not only to B-Cl coordination but also due
to the shift in the acid-base equilibrium caused by the increase in pH), which promote electrostatic
attractive forces between the positively charged protein and the negatively charged boronate ligand.
Nevertheless, it is observed a decrease of the heat signal for the exothermic peak at pH 8.5 in presence
of NaCl when compared to pH 9.0 in absence of salt (AH!, Table 11.1; Figures 11.2D and 2E, respectively).
This can be explained by the salt shielding effect towards mAb molecules promoted by the NaCl, that
masks the electrostatic attractive forces between the protein and the adsorbent [47].

A total switch in the thermogram profile was observed at pH 9.0 (Figure 11.2F), which exhibits a
profile characteristic of ionic interactions [25, 26]. In this case, as in others described in Sections
11.3.1.1.1. and 11.3.1.1.2., no flow-through was observed and it is known that cis-diol esterification occurs

since elution of the bound anti-IL8 mAb is triggered by the addition of a cis-diol competitor (1.5 M Tris-
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HCI, pH 8.5). Nevertheless, cis-diol esterification contribution to the adsorption process is not exclusive
and seems to be considerably reduced. Parallel experiments have demonstrated a decrease on salt
tolerance of the ligand at pH values higher that PBA pKa, with a fraction of the anti-IL8 mAb not being
adsorbed at salt concentrations = 300 mM (Section 11.3.1.2.3.). It is important to notice that, at this
condition, the ligand is in its tetrahedral form and bears a negative charge while the anti-IL8 mADb
molecule is positively charged and thus electrostatic interactions can be promoted. The predominance
of the electrostatic interactions explains the decrease of about 60 to 70% in the net heat of adsorption
when compared with conditions where cis-diol interactions are favoured (AHags, Table 11.1).

Heat measurements performed above the pl value for anti-IL8 mAb, at pH 9.5 and 10.0 (Figures
II.2H and 2J), show thermogram profiles very similar to the one acquired at pH 9.0 (Figure 11.2F),
however, with flow-through values of around 70% and 100% at pH 9.5 and 10.0, respectively (Table
1.1).

11.3.1.1.3. Thermodynamic profiling of cis-diol interactions using D-sorbitol

In order to confirm if the first exothermic peak obtained in the majority of the thermograms presented
in Section 11.3.1.1. (Figure I1.2) can be attributed to the cis-diol esterification reaction, the
thermodynamics of the interaction between D-sorbitol and m-APBA was studied. D-sorbitol was chosen
since the described affinity relies on cis-diol reversible esterification and it has an affinity constant
towards PBA (Keq b-somito= 370 M) higher than other carbohydrates such as D-mannitol (Keg b-mannitol=
120 M-1) [36]. The assays were performed at a concentration of 20 mM, which is the minimum amount
of D-sorbitol that is used in elution processes promoted by competition. In terms of net heat of
adsorption, all results obtained were considerably lower (up to 100x) than those obtained for anti-IL8
mAb adsorption studies, with endothermic events having a more important contribution in D-sorbitol
adsorption (AHags, Table 11.2 vs 1.1 and Figure 11.3 vs 11.2).

Table I1.2 Heat of adsorption for D-sorbitol onto P6XL resin considering a sample loop, adsorbent volumes and a
loading of 100 pL, 171 pL and 20 mM (3.64 mg/mL), respectively. All experiments were performed under a flow-
rate of 1.5 mL/n. AH', AH" and AH" were determined from the de-convoluted thermograms by PeakFit software
(Figure 11.3). Results are displayed as mean + STDV. | and RSD stand for ionic strength and relative standard

deviation, respectively.

Exothermic events Endothermic Net heat of adsorption
(kJ/mol) events (kJ/mol) (kJ/mol)

Buffer pH | 1 (M) AH! AH" AH" AHags RSD (%)
20 mM 0 -3.76 £ 0.16 0 3.69+0.17 -0.07 £ 0.00 4.1
HEPES o 0.15 -5.81 £ 0.49 0 5.37+£0.27 -0.44 £0.21 49
20 mM 85 0 -1.74 £ 0.04 -1.33+£0.01 2.70+0.15 -0.37 £0.10 26
EPPS 0.15 -1.43+£0.31 -2.31 £ 0.50 3.06 +0.21 -0.68 £ 0.01 2.1
20 mM 9.0 0 -3.61 +£0.42 -2.48 £ 0.07 5.21+£0.20 -0.88 £ 0.15 17
CHES 0.15 -4.59 + 0.15 -1.51 £ 0.08 3.71+£0.33 -2.39+£0.10 4.2

AHads= AH' + AH'+ AH"
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Figure 1.3 PeakFit de-convolution of thermograms obtained for 20 mM (3.64 mg/mL) D-sorbitol adsorption onto
P6XL resin at different pHs, in absence and in presence of 150 mM NacCl. Injection loop: 100 yL. Mobile phase
flow-rate: 1.5 mL/h. (A) 20 mM HEPES, pH 7.5, (B) 20 mM HEPES, 150 mM NaCl, pH 7.5, (C) 20 mM EPPS, pH
8.5, (D) 20 mM EPPS, 150 mM NaCl, pH 8.5, (E) 20 mM CHES, pH 9.0, (F) 20 mM CHES, 150 mM NaCl, pH 9.0.
Curves showed are for total peak fit (black line) and peaks resulting from de-convolution (endothermic peaks — blue
dotted lines, exothermic peaks — red and green dotted lines). Vertical dashed lines represent the time where the

protein-containing plug of solution is replaced with protein-free mobile phase.

By analysing the de-convoluted thermograms, it was observed that the spreading of the heat signal
was larger as the working pH increased (Figure 11.3). Nevertheless, the first peak observed was an
exothermic peak, characteristic of the cis-diol esterification, which started at the same time and had the
same profile as the first exothermic peak observed for the anti-IL8 mAb adsorption process. Also, the
time at which the solute-containing plug was replaced by mobile phase is relatively the same for both
molecules, i.e., anti-IL8 mAb (Figure 11.2) and D-sorbitol (Figure 11.3). These facts led us to conclude that

all the events occurring after the plug, i.e., after the maximum of the first exothermic peak, are not related
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to the anti-IL8 mAb adsorption itself but with additional phenomena that occur upon the main adsorption
process. Moreover, the first exothermic peak displayed in the thermodynamic analysis of the D-sorbitol
adsorption at pH 9.0 in the presence of 150 mM NaCl (Figure II.3F) corroborates that cis-diol
esterification still arise at this condition, being part of the adsorptive process (Section 11.3.1.2.3.). In
comparison, at this condition, a total shift of the thermogram profile was observed for the anti-IL8 mAb
(Figure II1.2F), reinforcing the presence of other type of interactions than besides the cis-diol

esterification.

11.3.1.2. Contribution of matrix and resin components to the adsorption of anti-
IL8 mAD: interaction studies

Control runs using phenyl Sepharose 6 FF, Sepharose 6 FF and Aminophenylboronate P6XL resins
were performed to evaluate the importance of non-specific interactions in the anti-IL8 mAb adsorption
process, respectively with (i) the phenyl group of the PBA molecule, (ii) the bare resin and (iii) the
negative charge present in the ligand at pH higher than m-APBA pKa.

11.3.1.2.1. Evaluation of aromatic interactions

The contribution of aromatic interactions to the adsorption of anti-IL8 mAb onto the m-APBA ligand
was studied using phenyl Sepharose 6 FF (Figure 11.4A) at different pH values (7.5, 8.5, 9.0, 9.5, 10.0)
and NacCl concentrations (0 and 150 mM NacCl). A strong retention is observed at pH 7.5, 8.5 and 9.0
when no NacCl is present in the adsorption buffer (Figure 11.4B), suggesting that aromatic interactions
may play an important role in the adsorptive process, for pH values lower than the anti-IL8 mAb pl. This
effect is particularly relevant at pH 7.5, at which 96 + 6% of the mAb was adsorbed against 86 + 2% at
pH 8.5 and 89 + 3% at pH 9.0. This retention is probably due to cation-1 interactions between the
positively charged anti-IL8 mAb and the electron-rich 1 system of the phenyl ring present in the ligand
(Figure 11.4A). At pH values higher than the isoelectric point of the anti-IL8 mAb (pH 9.5 and 10.0),
almost no mAb (around 1%) was retained on the column (Figure 11.4B). At these pH values, the anti-I1L8
mADb molecule is negatively charged being repelled by the aromatic 1 system. When 150 mM NaCl was
present in the adsorption buffer, the majority of anti-IL8 mAb (97 + 1%) was collected in the flow-through
fractions (Figure 11.4B). These results demonstrate that aromatic interactions are negligible under these
conditions, which indicates that the shielding effect exerted by NaCl is sufficient to suppress the
attractive forces of a cation-1r interaction. In sum, the results obtained with phenyl-Sepharose 6 FF
demonstrate the relevance of cation-1r interactions in phenylboronate chromatography at adsorption

conditions where the pH is lower than the anti-IL8 mAb pl and no salt is added.
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Figure 1.4 Contribution of the phenyl group to the interaction between m-APBA agarose-based supports and the
anti-IL8 mAb. Studies were performed under different pH and salt concentrations using a phenyl-Sepharose 6 FF
resin. (A) Schematics of boronic acid (top) and boronate anion (bottom) structures. The ligand group under study
is highlighted. (B) Recovery yields of purified anti-IL8 mAb in flow-through (=) and elution () fractions. Results are
displayed as mean + STDV.

[1.3.1.2.2. Evaluation of hydrogen bonding and van der Waals interactions

The non-specific interaction of the anti-IL8 mAb with the matrix of the stationary phase (agarose)
through hydrogen bonding and van der Waals interactions was studied using bare Sepharose 6 FF
beads, at different pH values (7.5, 8.5 and 9.0) and NaCl concentrations (0 and 150 mM NaCl) (Figure
11.5). Using bare Sepharose 6 FF beads (Figure 11.5A), no retention was observed whenever 150 mM
NaCl was present in the adsorption buffer (Figure 11.5B). Once again, a small concentration of salt shows
to be able to eliminate any type of non-specific interactions between the ligand and the anti-IL8 mAb. In
this case, considering the agarose structure, the non-specific interactions present should be van der
Waals interactions and hydrogen bonding between the hydroxyl groups from agarose and the mAb
molecule. In the absence of salt in the adsorption buffer, the anti-IL8 mAb was moderately adsorbed to
the Sepharose 6 FF beads (Figure 11.5B). At pH 7.5, 66 + 2% of anti-IL8 mAb was retained against the
15 + 3% adsorbed, on average, at pH 8.5 and 9.0. These non-specific interactions are predominant at
pH 7.5, with van der Waals forces driven by permanent dipole-induced dipole interactions potentially
playing an important role in the anti-IL8 mAb adsorption to the Sepharose 6 FF beads.

Overall, the results demonstrate the moderate importance of van der Waals forces, in particular
permanent dipole-induced dipole interactions, in anti-IL8 mAb retention during phenylboronate
chromatography, especially at pH 7.5. At this condition, anti-IL8 mAb has a high positive net charge and
only the trigonal form of m-APBA is present, which presents less steric hindrance than the tetrahedral
conformation. This would enable short-range interactions between the mAb molecules and the agarose

matrix through hydrogen bonding and van der Waals interactions.
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Figure I1.5 Contribution of the bare resin to the interaction between m-APBA agarose-based supports and the anti-
IL8 mAb. Studies were performed under different pH and salt concentrations using a Sepharose 6 FF resin. (A)
Schematics of boronic acid (top) and boronate anion (bottom) structures. The ligand group under study is
highlighted. (B) Recovery yields of purified anti-IL8 mAb in flow-through (=) and elution () fractions. Results are
displayed as mean + STDV.

11.3.1.2.3. Evaluation of ionic interactions: salt tolerance studies

Phenylboronate chromatography has been widely reported as an affinity process, especially under
alkaline conditions (pH higher than ligand’s pKa). Nonetheless, in Section 11.3.1.1., the thermogram
obtained for pH 9.0 in the presence of NaCl (Figure 11.2F) suggested that cis-diol interactions were not
exclusive and that electrostatic interactions could be playing an important role, thus raising questions
concerning the magnitude of the affinity interaction and the salt tolerance of m-APBA, under the pH
conditions studied. Considering the conformational changes of the ligand due to pH changes (Figure
I1.6A) and the results presented in Section 11.3.1.1., salt tolerance studies were performed using the m-
APBA P6XL resins at pH 7.5, 8.5 and 9.0 at increasing salt concentrations (up to 1 M NaCl) and revealed
new insights for phenylboronate chromatography (Figure 11.6B).
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Figure I1.6 Evaluation of the contribution of the negative charge present in the ligand (C) to the interaction between
m-APBA agarose-based supports and the anti-IL8 mAb. Studies were performed under different pH and salt
concentrations using an Aminophenylboronate P6XL resin. (A) Schematics of boronic acid (top) and boronate anion
(bottom) structures. The ligand groups under study are highlighted. (B) Recovery yields of purified anti-IL8 mAb in
flow-through and elution fractions. Buffers composition at pH 7.5 (m), pH 8.5 (=) and 9.0 ( ) was 20 mM HEPES,
20 mM EPPS and 20 mM CHES, respectively. Results are displayed as mean + STDV.
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Results showed a high salt tolerance of the trigonal form of m-APBA at both pH 7.5, with no flow-
through detected at salt concentrations ranging from 300 mM to 1 M NacCl, and pH 8.5, with only 3 = 2%
of anti-IL8 mAb not being retained for all salt concentrations studied (Figure 11.6B). The obtained results
are in accordance with the ones described in Sections 11.3.1.2.1. and 11.3.1.2.2., for pH 7.5 and pH 8.5,
which indicates that NaCl has the ability to mitigate non-specific interactions promoted by cation-1
interactions, van der Walls forces and hydrogen bonding, thus enhancing the specific cis-diol
esterification between the anti-IL8 mAb and the ligand. On the other hand, at pH 9.0, the majority of
PBA ligand molecules are in the tetrahedral conformation. In this case, the anti-IL8 mAb, although
positively charged, presents a low charge density (the pH is very close to the pl). These features, allied
with the increment of the salt shielding effect, led to an average anti-IL8 mAb recovery of 31 + 7%, in
the flow-through fractions, for salt concentrations ranging from 300 to 450 mM NacCl (Figure 11.6B). When
increasing the salt concentration from 600 mM to 1 M NaCl, the average anti-IL8 mAb recovery in the
flow-through increased to 58 + 3%, on average (Figure 11.6B). It is important to notice that at 150 mM
NacCl, no flow-through was observed. However, the thermogram profile (Figure 11.2F) already indicated
that electrostatic interactions were involved in the adsorptive process of anti-IL8 mAb with a profile
characteristic of an ion-exchange interaction being observed. This profile involves a first endothermic
peak (related to the desolvation process) overlapped with an exothermic peak (related with the
electrostatic interaction itself). Still, at pH 9.0, cis-diol interactions are present and anti-IL8 mAb
molecules that engage in the esterification reaction are further recovered after elution with 1.5 M Tris-
HCI. Nevertheless, at pH 9.0, the predominant type of interaction is in fact ionic, as suggested by both
FMC and salt tolerance studies.

[1.3.2. Evaluation of the adsorption of anti-IL8 mAb in presence of different
mobile phase modulators

Different strategies to manipulate the separation selectivity in boronate chromatography have been
commonly used and may include (i) choosing the appropriate binding buffer composition and (i)
designing and meticulous choosing the proper stationary phases. In the present work, the first strategy
was followed. Thus, enhancers of cis-diol esterification, such as sodium fluoride (NaF) and magnesium
chloride (MgCl.) were selected [48, 49] and the impact of using a kosmotropic salt as ammonium sulfate
((NH4)2S04), studied. The overall goals are: (i) to understand the influence of such mobile phase
modulators on the adsorption of a purified anti-IL8 mAb (purity of 99 + 1%) onto m-APBA agarose beads
and, (ii) to establish a comparison with the contribution of sodium chloride (NaCl) to the same adsorptive
process, presented in Section 11.3.1.. Hence, all the solutions were prepared in order to meet the ionic
strength (I) of a buffer containing 150 mM NacCl (I1=0.15). The aforementioned studies were performed
at pH values of 7.5, 8.5 and 9.0, considering the m-APBA pKa (8.8) and the isoelectric point of the anti-

IL8 mAb (=9.3); conditions at which no anti-IL8 mAb was detected in the flow-through fractions.
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[1.3.2.1. Flow Microcalorimetry (FMC) studies

The results show that anti-IL8 mAb adsorption on P6XL resin in the presence of the different salts
tested (Table 11.3) is enthalpically driven (AHags < 0), similarly to what was observed in Section 11.3.1..
Also, the net heat of adsorption (AHads) values determined are of the same order of magnitude that the
ones obtained previously in Section 11.3.1. indicating the presence of the reversible esterification reaction
between biomolecule and ligand, in its boronic acid or boronate forms, and probably other enthalpically
driven processes as explored in Section 11.3.1.. On the other hand, the presence of the mobile phase
modulators under study (NaF, MgClz and (NH4)2S0O4) originated thermograms with profiles rather distinct
from the ones obtained in the presence of NaCl (Figure 11.7 vs Figure 11.2) suggesting that different
mechanisms of interaction might occur. Also, when analysing and comparing the thermograms obtained
in the presence of NaF, MgClz and (NH4)2S0Ou, it is possible to perceive differences within profiles with
the majority of the thermograms presenting distinct peaks, which suggest the occurrence of different
events during and after the adsorption process (Figure 11.7). The de-convoluted heat signals for the
experiments in presence of NaF (A, B and C), MgClz (D, E and F) and (NH4)2SO4 (G, H and I), at the
different pH values studied (pH 7.5, 8.5 and 9.0), are also represented in Figure I1.7.

Thermograms obtained at pH 7.5 in the presence of MgCl. and (NH4)2SO4 (Figures 11.7D and 11.7G)
show only one positive peak, characteristic of an exothermic event. However, two positive overlapped
peaks are observed in the presence of NaF (Figure 11.7A). At pH 8.5 (Figures 11.7B, 7E and 7H) and at
pH 9.0, in the presence of (NH4)2S04 (Figure 11.71), the existence of enthalpic events with an endothermic
character, involved in the interaction between the anti-IL8 mAb and the ligand, is more prominent when
comparing to the results obtained in Section 11.3.1.. The thermograms obtained at these conditions
present three peaks, where the first and third peaks represent exothermic events and the second peak
an endothermic event (negative peak). Despite the similarities between the thermograms in terms of
profiles, it is interesting to notice that the duration of the overall process is different. For instance,
analysing the results obtained at pH 8.5, it is notorious that the duration of the overall adsorptive process
in the presence of (NH4)2S0O4is shorter than the ones taking place in the presence of NaF and MgClz,
by this order. Nevertheless, the time at which the protein-containing solution is replaced with protein-
free mobile phase shows that the heat events involved in the binding of anti-IL8 mAb are the same in
the presence of NaF and MgClz (Figures I1.7B and II.7E). In the presence of (NH4)2SO4 at both pH 8.5
and 9.0, it can be seen that the events that make part of the adsorption process might be different at
some extent since the plug occurs near the maximum of the second exothermic peak and a higher
endothermic contribution to the interaction is observed (Figures 11.7H and 11.71, Table 11.3). Considering
the thermograms obtained in the presence of NaF and MgClz at pH 9.0 (Figures 11.7C and 11.7F), both
exhibit profiles characteristic of ionic interactions [25, 26] suggesting that the pH has a key role in

modulating the adsorption process, also in the presence of these salts.
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Table 11.3 Heat of adsorption for the anti-human IL-8 mAb onto P6XL resin considering a sample loop, adsorbent
volumes and a protein loading of 100 pL, 171 pL and 5 mg/mL, respectively. All experiments were performed under
a flow-rate of 1.5 mL/h and at a constant ionic strength of 0.15. No flow-through was observed in all the conditions
tested. AH', AH" and AH" were determined by integration of the individual peaks obtained from the de-convolution
of thermograms using PeakFit software (Figure 11.7). Results are displayed as mean + STDV. RSD stands for
relative standard deviation.

Exothermic events (kJ/mol)

Endothermic

Net heat of adsorption

events (kJ/mol) (kJ/mol)
Salt
Buffer | pH Salt concentration AH' AH" AH" AHags RSD (%)
(mM)
NaF 150 -254.2 £ 8.84 -131.4+£19.6 0 -385.6 +19.4 5.0
jZ:EMS 7.5 MgCl2 50 -342.0 £47.2 0 0 -342.0+47.2 14
(NH4)2SO04 50 -329.5+18.2 0 0 -329.5+18.2 5.5
NaF 150 -33.79+£1.80 -250.3+17.5 109.3 £2.90 -174.8 +16.4 9.4
ZEOP::ZI 8.5 MgCl2 50 -55.86 £ 9.52 -287.8 £42.3 252.3+38.4 -91.35+12.7 14
(NH4)2S04 50 -76.10+£7.40 -1141 £282.7 1130 + 278 -87.22 +3.03 35
NaF 150 -625.4 £ 4.65 0 506.4 +23.1 -119.1+14.1 12
i}OHrI:hSA 9.0 MgCl2 50 -557.9£6.70 0 449.1 +11.2 -108.8 +4.38 4.0
(NH4)2S0a4 50 -75.34+2.21 -970.0 + 360.8 907.7 + 358 -137.7 £ 0.45 0.33

AHads= AH' + AH'+ AH"
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Figure 1.7 PeakFit de-convolution of thermograms obtained for the anti-IL8 mAb (5 mg/mL) adsorption onto P6XL resin at different pH values (pH 7.5, 8.5 and 9.0) and salt types
(NaF, MgClz and (NH4)2S0a4). Injection loop: 100 pL. Mobile phase flow-rate: 1.5 mL/h. (A) 20 mM HEPES, 150 mM NaF, pH 7.5, (B) 20 mM EPPS, 150 mM NaF, pH 8.5, (C) 20
mM CHES, 150 mM NaF, pH 9.0, (D) 20 mM HEPES, 50 mM MgClz, pH 7.5, (E) 20 mM EPPS, 50 mM MgClz, pH 8.5, (F) 20 mM CHES, 50 mM MgClz, pH 9.0, (G) 20 mM
HEPES, 50 mM (NH4)2S04, pH 7.5, (H) 20 mM EPPS, 50 mM (NH4)2S04, pH 8.5 and (I) 20 mM CHES, 50 mM (NH4)2S04, pH 9.0. Curves represented are for total peak fit (black
line) and peaks resulting from de-convolution (endothermic peaks — blue dotted lines and exothermic peaks — red and green dotted lines). Vertical dashed lines represent the
time at which the protein-containing plug of solution is replaced with protein-free mobile phase.

81



Chapter Il = Thermodynamic evaluation of the mechanisms underlying the adsorption of monoclonal
antibodies in phenylboronate chromatography: The influence of different mobile phase modulators

[1.3.2.2. Adsorption studies in presence of a Lewis base - NaF

In terms of heat profiles, considerable changes were observed in the presence of NaF at pH 7.5,
8.5 and 9.0 (Figures I.7A, 7B and 7C, respectively). The successive increment on the working pH
resulted in profile changes that were accompanied by a decrease of around 55% and 70% in the net
heat of adsorption (AHads, Table 11.3). This kind of response was also observed in the presence of NaCl,
from pH 7.5 to pH 9.0 (AHags, Table I1.1).

Inorganic anions such as fluoride have been used to modulate the retention of cis-diol containing
compounds. The coordination effect of this Lewis base has been shown to enhance the complexation
of saccharides with boronate under less basic conditions [3] which can be corroborated by the increment
on the net heat of adsorption at pH 7.5 in presence of NaF, when comparing to the values obtained at
the conditions studied in Section 11.3.1.1.2. (AHaas, Table 1.3 vs Table 11.1). Nevertheless, it is interesting
to note that, at pH 7.5, the enthalpy values of the first exothermic peaks obtained in the presence of NaF
and NaCl are similar (AH', Table 11.3 vs Table 11.1). As mentioned in Section 11.3.1.1.2., this exothermic
peak results mainly from the cis-diol esterification reaction between the anti-IL8 mAb and the trigonal
form of the m-APBA ligand, predominant at this condition. The second exothermic peak could be justified
by the presence of fluoroboronates (R-B(OH)zF), as illustrated in Figure 11.8B. At pH 7.5, the anti-IL8
mAb adsorbed to trigonal boronic acids (major form) can thus re-adsorb onto free tetrahedral
fluoroboronates (minor form) that establish more thermodynamically stable interactions (Kuig<Ktet). The
overlapping nature of this peak as the time at which the protein-containing solution is replaced with
protein-free mobile phase occurs, indicates that the events are taking place simultaneously and that a
small part of the interaction between some anti-IL8 mAb molecules and the ligand is performed within
the tetrahedral conformation (Figure 11.7A).

Thermogram profiles obtained at pH 8.5 and 9.0 (Figures 1.7B and 1.7C) demonstrate that
endothermic events have a major role in the adsorption process under study, which is in accordance
with the lower AHads, exhibited in Table 11.3. The profile changes are probably related to the increased
presence of the boronate anion in the ligand structure (mainly due to the shift in the acid-base equilibrium
caused by the increase in the pH), which is able to promote electrostatic interactions with the anti-1L8
mADb. For this type of interactions to occur, water and ions have to be released from the surface of the
adsorbent and protein, which leads to a consumption of energy and to an increase of entropy [42, 43].
At pH 9.0, the ligand will be predominantly present in its tetrahedral forms — the ones obtained by
hydroxylation of the boronic acid or by B-F coordination (Figures 11.8A and 11.8B). At this pH, considering
the formal charge of the boronate anion, all the structures are prone to participate in ionic interactions
with the anti-IL8 mAb. However, salt tolerance studies performed, using increasing NaCl concentrations
(300 mM to 1 M NacCl), showed that at all pH conditions, the ligand presents high salt tolerance. Even
at pH 9.0, in average, only 2.2 + 0.8% of anti-IL8 mAb was not retained (Figure 11.9). This fact
demonstrates, once more, the ability of NaF to promote the specific interactions between the boronate
and cis-diol containing molecules at all pH values, in comparison to the use of NaCl. The salt tolerance
of the ligand at pH 9.0, in the presence of NaCl, is, by far, smaller, with anti-IL8 mAb losses of around

58% being observed when 1 M NaCl is added (Section 11.3.1.2.3.). These findings are mostly due to the
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type of interaction that occur between the mobile phase modulator and the ligand. In the presence of
NaF, the cis-diol interactions are predominant, also at pH 9.0, since the effective negative charge of the
boron turns to be less available to be part of an ionic interaction with the anti-IL8 mAb [50]. As the B-F
bond is an ionic bond and the fluoride ion is the most electronegative of the atoms present, it is expected
that the boron gets less negatively charged or even positively charged [51]. This can happen because
during binding, there is a complete transfer of valence electrons between atoms. On the other hand, the
B-O and O-H bonds are strong polar covalent chemical bonds and the B-Cl is a polar bond [51]. Since
the difference in electronegativity between these atoms is smaller, the effective negative charge of the
boron anion is more available for the establishment of electrostatic interactions with the anti-IL8 mAb.
Furthermore, the contribution of the matrix and the phenyl group constituent of the m-APBA ligand
towards the adsorption process was evaluated. The results showed that non-specific interactions with
(i) the bare bead composed by Sepharose and (ii) the phenyl ring intrinsic to the m-APBA structure were
mitigated in the presence of NaF, at all pH conditions tested (data not shown). The same had been
already reported to occur in the presence of NaCl [12, 13] with the results of Sections 11.3.1.2.1 and

11.3.1.2.2. corroborating these statements.
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Figure 11.8 Schematics on the influence of the pH (A) and the presence of the mobile phase modulators NaF (B),
MgClz (C) and (NH4)2SO4 (D) on the m-APBA ligand conformation.
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11.3.2.3. Adsorption studies in presence of a chaotropic salt - MgCl2

The addition of MgCl2 to the mobile phase resulted in thermogram profiles similar to the ones
obtained in the presence of NaF, except at pH 7.5 (Figures I1.7D, 7E and 7F). Nonetheless, the net heat
of adsorption value determined at this pH is very similar to the one obtained in presence of NaF (AHads,
Table 11.3). At pH 7.5, it was expected to observe two exothermic peaks, coincident with the presence
of the PBA ligand in the trigonal and tetrahedral forms, the latter obtained through B-CI coordination
leading to the formation of a tetrahedral chloroboronate (R-B(OH)2Cl) (Figure 11.8C). Both ligand
conformations may be present; however, the contribution of the tetrahedral form seems to be neglegible
since no second exothermic peak is observed in the thermogram (Figure 11.7D). The presence of only
one exothermic peak can be justified by the ability that divalent cations as Mg?* have to stabilize the
anionic boronate complex through the formation of an ion pair [52-54]. This shielding of the negative
charge of the chloroboronate is certainly beneficial to the anti-IL8 mAb adsorption onto the ligand
through the specific cis-diol esterification. However, the specificity of the interaction can be compromised
by an increase in the divalent cation concentration since it can also contribute to the intensification of
non-specific interactions promoted by coordination interactions between the hydroxyl groups of m-APBA
and the magnesium ion [52, 54]. These conclusions are in accordance with results obtained from
experiments performed using the same buffer composition but with bare and phenyl-Sepharose beads,
that showed no anti-IL8 mAb adsorption onto the bare beads nor towards the phenyl ring, at pH 7.5
(data not shown). Nevertheless, a very small contribution of hydrophobic effects was observed at pH
8.5 and 9.0 with 5.7 £ 0.1% of the anti-IL8 mAb being adsorbed onto the phenyl-Sepharose resin, on
average. It is known that magnesium is also likely to cause a redistribution of the 1T electron cloud over
the ligand, thus possibly affecting -1 complexation [52].

Similar to what was observed at pH 9.0 in the presence of NaF and NaCl, a decrease of about 70%
in net heat of adsorption was observed in the presence of MgClz at pH 8.5 and 9.0 (AHads, Table 11.3).
Despite of the decrease in AHags Observed at pH 8.5, the high salt tolerance of the ligand was maintained
(data not shown). Nevertheless, at pH 9.0, the ligand presented a slight decrease on its salt tolerance
due to the existence of electrostatic interactions promoted by hydroxylation of the boron atom and B-Cl
coordination (Figures 11.8A and 8C, respectively). Indeed, the presence of this type of interactions was
already expected. The thermogram obtained was similar to the ones obtained, at the same pH in
presence of NaF (Figure 1.7F vs 11.7C) and NaCl (Figure 11.2F), reinforcing the idea that the pH is the
major modulatory element of the adsorption process, also in the presence of these salts. Parallel
experiments were performed in order to corroborate such conclusions using increasing NaCl
concentrations (300 mM to 1 M) on the elution buffer, which led to an increase on the loss of anti-IL8
mAb — around 8.7 + 0.4% in the presence of 1 M NacCl (Figure 11.9). Nevertheless, the addition of the
different type of salts seems to have some modulatory effect. Comparing the addition of NaCl to the
mobile phase, described in Section 11.3.1., to the addition of MgCl: in this work, the presence of the
magnesium cation led to a drastic increase in the salt tolerance of the bond between the anti-IL8 mAb
and the ligand (Figure 1.9 vs 11.6). Since the B-Cl coordination can occur in both cases (i.e. in the

presence of MgClz and NaCl, as shown in Figure 11.8C), it can be reaffirmed that is not the anion but the
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metal cation that determines the salt tolerance modulation. In addition to the shielding effect of the anion
boron charge achieved with Mg?*, it may be possible to have the divalent cation interacting with the anti-
IL8 mADb decreasing the ionic repulsion between carboxylates (e.g. from aspartic and glutamic acid
residues) and the boronate ligand [52]. Nevertheless, this last type of interactions can occur with any
negatively charged protein present. In this way, when evaluating the performance of the ligand with an
artificial mixture and/or a real cell culture supernatant, the presence of MgClz could be important to
promote the binding of the anti-IL8 mAb but could also be responsible for the adsorption of some protein
impurities which will lead to a decrease in the selectivity of the ligand towards glycoproteins such as
mADs.

95

90

Recovery Yield (%)

300 mM NaCl 450 mM NaCl 600 mM NaCl 750 mM NaCl 1 M NaCl

Figure 1.9 Evaluation of the boronate anion contribution for ionic interactions between the aminophenylboronate
P6XL resin and anti-IL8 mAb at pH 9.0 using different salts — NaF, 150 mM (=), (NH,),SO,, 50 mM (=) and MgCl,,

50 mM (m). Recovery yields of purified anti-IL8 in elution (lighter colors) and stripping fractions (darker colors) using
boronate chromatography. Adsorption and elution studies were performed with buffers containing 20 mM CHES,
pH 9.0. Column stripping was accomplished with 1.5 M Tris-HCI, pH 8.5. Results are displayed as mean = STDV.

11.3.2.4. Adsorption studies in presence of a kosmotropic salt - (NH4)2SOa4

The thermogram profiles obtained in the presence of (NH4)2SOa4 (Figures 11.7G, 7H and 71)
demonstrate that the type of events involved in the adsorption of anti-IL8 mAb onto the m-APBA ligand,
at pH 8.5 and 9.0, are predominantly the same. The exception occurred at pH 7.5 where only one
exothermic peak was obtained, as observed in the presence of MgClz (Figure I1.7G vs 11.7D). The
presence of the SO4?- anion can lead to the formation of negatively charged tetrahedral sulfoboronates
(R-B(OH)2S04) (Figure 11.8D). The latter can be obtained by the coordination of the SO4? anion and the
trigonal uncharged form of the ligand. The described interaction is achieved by charge transfer from the
SO4? anion to the boron with an empty orbital present in the ligand, at pH 7.5. However, the existence

of just one exothermic peak show that the presence negatively charged boron as no impact in the
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interaction between the anti-IL8 mAb and the ligand. This fact could be due to the ability that NH4*
cations have to stabilize the negative charge of the boron, as occurred in the presence of Mg?*, by the
establishment of a hydrogen bond between the boronate anion and the protonated N-atom, as
previously described [55]. Moreover, the values of net heat of adsorption obtained at pH 7.5 and in the
presence of 50 mM (NH4)2SO4 are in line with those obtained with other salt types at the same pH (AHaus,
Table 11.3), indicating the prevalence of a reversible esterification between the trigonal form of boronic
acid and the cis-diol containing anti-IL8 mAb.

When analysing the net heat of adsorption (AHads) obtained at pH 8.5 and 9.0, it can be concluded
that, again, the increase of the pH value modulates the interaction between the anti-IL8 and the ligand.
Similar to what was obtained in presence of NaF and MgClz, a decrease between 60 to 75% is observed
in the AHads values when comparing the values obtained at pH 7.5 to the ones obtained at pH values of
8.5 and 9.0 (AHaus, Table 11.3). It is also possible to observe a shift in the thermogram profiles when the
working pH is increased from 7.5 to pH values of 8.5 and 9.0 (Figure I.7G vs 7H and 71), as previously
indicated. Thermogram profiles obtained at pH 8.5 and 9.0 are the same and similar to the ones obtained
in the presence of NaF and MgCl. at pH 8.5, with the main differences residing in the intensity of the
last two peaks and in the duration of each event and of the overall process (Figure 11.7H vs Figures I1.7B
and 7E). The latter difference shows that during the adsorption process under study, a series of events
that turns the process more endothermic should occur. These events could be related to the strong
solvation energy characteristic of kosmotropic ions such as S04, associated with a high solvation
capacity of the salt and therefore to a low solvation of the anti-IL8 mAb [56]. Such features are more
pronounced as the salt concentration is increased, but can also occur at lower concentrations [57],
especially for large biomolecules as mAbs. Since at pH 8.5 and 9.0, the tetrahedral boronate is the
predominant conformation of the ligand, non-specific interactions such as electrostatic interactions, are
able to occur. The increased intensities of heat signals, as the higher contribution of entropic events to
the adsorption process, could be related to the release of water molecules and ions from the surfaces
of the adsorbent and protein, necessary to the establishment of the electrostatic interactions [42, 43].
Nevertheless, it is interesting to observe that the de-convoluted peaks, especially the first exothermic
peak, do not differ between pH values of 8.5 and 9.0 in terms of heat signal (Figure 1.7 and AH', Table
11.3), suggesting that no major differences exist in the adsorption process within these conditions.

Moreover, additional experiments showed that the use of (NH4)2SO4 acted as a suppressor of non-
specific interactions that could occur between the anti-IL8 mAb and the bare and phenyl-Sepharose
beads, at all the pH conditions under study (data not shown). Also, it was concluded that the ability of
the m-APBA ligand to establish cis-diol esterification interactions with the anti-IL8 mAb was enhanced
at pH 9.0, when compared to the results achieved in the presence of MgClz (Figure 11.9) and, particularly,
NaCl (Figure 11.6). The percentage of the anti-IL8 mAb eluted with 1 M NaCl was only of 2.7 + 0.3% at
pH 9.0, a very similar result to one obtained in the presence of NaF (Figure 11.9). This result could be
explained by the coordination of SO4% to the boron (Figure 11.8D). The difference in electronegativity
between the boron and the sulfate anion will turn the negative charge of the boron less available to
participate in electrostatic interactions with anti-IL8 mAb molecules. In this case, we are not in the

presence of an ionic bond, as in the B-F case (Figure 11.8B), but the polar covalent bonds B-O (strong)
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and S-O are sufficient to delocalize the negative charge of the boron to the negative oxygen atom, as a
result of the SO42 coordination (Figure 11.8D). The same could also be valid when using phosphate
buffers and, indeed, an increase in the affinity of PBA towards uncharged cis-diol containing molecules
was reported by others, using increasing concentrations of this buffer [49]. HPO4? and PO4% behave
like as Lewis bases, coordinating with the boron atom [49, 55]. As result of the coordination process,
the negative charge of the boron will be delocalized to the phosphorus atom as to its adjacent oxygen
atoms.

I1.4. Conclusions

In this work, it was shown that FMC is highly valuable to illustrate and thermodynamically quantify
the mechanisms underlying the adsorption of anti-IL8 mAbs towards PBA, including the role of non-
specific effects. The knowledge acquired about the adsorption mechanisms contributes towards a better
understanding on how to manipulate the environmental conditions in order to increase the salt tolerance
of the bond between PBA and the anti-IL8 mAb. It was shown that such feature can be accomplished
by, on one hand, promoting the specific cis-diol interactions between PBA and the anti-IL8 mAb and, on
the other hand, by diminishing the non-specific interactions involved in the adsorptive process,
especially at pH values above the ligand pKa.

For the adsorption studies of anti-IL8 mAb on the m-APBA ligand in absence of salt and in presence
of NaCl, the AHags obtained for conditions where cis-diol interactions are predominant was approximately
-243 + 38 kJ/mol whereas at pH 9.0, 150 mM NaCl — condition under which cis-diol esterification is not
the main interaction — a value of -82 + 14 kJ/mol was achieved. For the latter, the decrease in AHags and
the total shift observed in the thermogram were indicative of the presence of electrostatic interactions
between the protein and the ligand, which was also corroborated by salt tolerance studies. The results
also demonstrate the multimodal behaviour of the interaction and not only the affinity-based
esterification process that has been described for years. Additional studies also confirmed that anti-I1L8
mAb adsorption to m-APBA depends on the pH and salt concentration of the adsorption buffer and that
a salt concentration of 150 mM is sufficient to mitigate non-specific interactions. The interaction between
m-APBA and anti-IL8 mAb showed high salt tolerance with retentions between 97 and 100% being
observed at pH values lower than the pKa of the ligand and salt concentrations up to 1 M NaCl. When
m-APBA is present in the tetrahedral conformation, it also behaves as a cation exchanger and,
consequently, a lower salt tolerance is observed. Adsorption yields of 67 + 4% were obtained with 300
to 450 mM NaCl, against only 39 + 3% in the presence of 600 mM to 1 M NaCl. The remaining anti-1L8
mADb was retained by the specific cis-diol interaction, which is still present, revealing the multimodal
character of this ligand, especially at pH 9.0.

The adsorption process in presence of different mobile phase modulators such as NaF, MgCl2 and
(NH4)2S04 was also characterized as enthalpically driven at all conditions tested, as expected. However,
the AHags obtained at pH 7.5 was slightly higher - approximately -352.3 + 29.5 kJ/mol — than the values
obtained in absence of salt or presence of NaCl. These results corroborate the fact that such salts could

enhance the complexation of saccharides with boronate under less basic conditions. Nevertheless, as
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the pH increases and reaches the pKa, the structure of the ligand changes from a trigonal neutral
conformation to a tetrahedral negatively charged conformation and the AHags decreases from 55% to
75% at pH 8.5 and 9.0. The reduction in AHags and thermogram shifts that occurred with the increase in
the pH, show that FMC is able to disclose the impact that ligand conformational changes and formal
charges have on anti-IL8 mAb adsorption. However, only when performing parallel experiments, it could
be concluded that the salt tolerance of the ligand was improved using different mobile phase modulators.
The use of salts, such as NaF, MgClz and (NH4)2SOa4, demonstrated to mitigate non-specific interactions
with the agarose matrix and with the phenyl group present on the m-APBA ligand structure, except in
the presence of MgClz at pH 8.5 and 9.0. The results obtained for these conditions showed a slight
contribution of the hydrophobic moiety of the ligand in the adsorption of the anti-IL8 mAb, with 5.7 +
0.1% of the anti-IL8 mAb being adsorbed to a phenyl-Sepharose resin. Experiments concerning the
evaluation of the salt tolerance at pH 9.0, demonstrated that electrostatic interactions, between the
protein and the ligand, where diminished by the use of the mobile phase modulators tested. In some
cases, this decrease was associated with the ability that some cations (Mg2* and NH4*) have to stabilize
the boron anion or with differences in the electronegativity between the anions used (F- and SO4%) and
the boron atom. The decrease in the electrostatic interactions contribution to the adsorptive process of
the anti-IL8 mAb was of high importance to the increase of the ligand salt tolerance, with the best results
being obtained in the presence of NaF and (NH4)2SOa.

Overall, the information retrieved through FMC and other analytical techniques provide us a better
understanding of the biomolecular phenomena involved in m-APBA — anti-IL8 mAb interaction. A deeper
knowledge about the underlying mechanisms of this adsorption process could contribute towards the
effective integration of boronate chromatography in the current mAb downstream processing platform.
Moreover, the use of FMC in combination with other analytical methods, (e.g. surface plasmon
resonance and small-angle X-ray scattering) can be foreseen with the aim of significantly shortening
chromatography process development by designing and developing models that can be applied to better

fit and predict the biomolecular phenomena.
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[1.6. Supplementary Material

I1.S1. Structural characterization of anti-IL8 mAb in the absence of added salt
and in presence of NaCl
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Figure 11.S1.1. Anti-IL8 mAb far UV circular dichroism spectra at different pH and salt concentrations — 0 (solid
lines) and 150 mM NaCl (dashed lines). Buffers concentration used was 5 mM for all conditions tested.
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Figure 11.S1.2. Fluorescence spectra of (A) Tyrosine at an excitation wavelength of 280 nm and (B) Tryptophan at an excitation
wavelength of 296 nm at different pH and salt concentrations — 0 (solid lines) and 150 mM NacCl (dashed lines). Buffers
concentration used was 5 mM for all conditions tested. A(max) obtained were similar for all the conditions in both analysis - A(280
nm)= 349.74 £ 1.08 and A(296 nm)= 348.96 + 1.25.
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Figure 11.S1.3 Size analysis of anti-IL8 mAb at the different working pH and salt concentrations — 0 (dark grey) and
150 mM NaCl (light grey) by dynamic light scattering. Buffer systems used were composed by HEPES for pH 7.5,
EPPS for pH 8.5 and CHES for the pH values of 9.0, 9.5 and 10, at a concentration of 20 mM. Results are presented
as mean of the hydrodynamic diameter + STDV. Results are represented considering the number of particles in
solution. The dashed line corresponds to the anti-IL8 mAb pl (29.3).

[1.S2. Structural characterization of anti-IL8 mAb studies in presence of different
mobile phase modulators
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Figure 11.S2.1. Anti-IL8 mAb far UV circular dichroism spectra at different pH - 7.5 (full lines), 8.5 (dashed lines)
and 9.0 (dotted lines) - and salts — NaF, 150 mM (black lines), MgClz, 50 mM (blue lines) and (NH4)2S04, 50 mM
(green lines). Buffer systems used were composed by HEPES for pH 7.5, EPPS for pH 8.5 and CHES for pH 9.0
at a concentration of 5 mM.
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Figure 11.S2.2 Fluorescence spectra of (A) Tyrosine at an excitation wavelength of 280 nm and (B) Tryptophan at an excitation
wavelength of 296 nm at different pH values - 7.5 (full lines), 8.5 (dashed lines) and 9.0 (dotted lines) - and salts — NaF, 150 mM (black
lines), MgClz, 50 mM (blue lines) and (NH4)2SO4, 50 mM (green lines). Buffer systems used were composed by HEPES for pH 7.5,
EPPS for pH 8.5 and CHES for pH 9.0 at a concentration of 5 mM. A(max) obtained were similar for all the conditions in both analysis -
A(280 nm)=351.48 + 1.14 and A(296 nm)= 349.36 + 1.32.
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Figure 11.52.3 Size analysis of anti-IL8 mAb at the different working pH - 7.5 (m), 8.5 (») and 9.0 () - and salts —
NaF (150 mM), MgCl, (50 mM) and (NH,),SO, (50 mM) performed by dynamic light scattering. Buffer systems used

were composed by HEPES for pH 7.5, EPPS for pH 8.5 and CHES for the pH value of 9.0, at a concentration of 20
mM. Results are presented as mean of the hydrodynamic diameter + STDV. Results are represented considering
the number of particles in solution.
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Chapter lll - Phenylboronic acid chromatography as a rapid, reproducible
and easy scalable multimodal process for the capture of monoclonal
antibodies?

Abstract: In this work, phenylboronic acid (PBA) was thoroughly investigated as a synthetic and multimodal
ligand for the purification of immunoglobulins G (IgG) directly from Chinese Hamster Ovary (CHO) cell culture
supernatants. Firstly, the study was focused on the development of a washing step and in the optimization of
the elution step using a serum-containing supernatant with anti-human IL-8 monoclonal antibodies (anti-IL8
mADbs). From the different conditions tested, best recoveries - 99% - and purifications — protein purity of 81%
and a purification factor of 16 out of a maximum of 20 - were achieved using 100 mM D-sorbitol in 10 mM
Tris-HCI as washing buffer and 0.5 M D-sorbitol with 150 mM NacCl in 10 mM Tris-HCI as elution buffer. The
purification outcome was also compared with protein A chromatography that revealed a recovery of 99%,
87% protein purity and 29 out of a maximum of 33 purification factor. Following the main purification, purified
IgG was characterized in terms of isoelectric point, size and activity. Secondly, and considering the results
achieved, in order to test whether the conditions found can be used to purify other mAbs, a proof of concept
was performed using two different mAbs from serum-free CHO cell cultures. The mAbs chosen are both IgG1
and are relevant to the health sector. The first - the anti-IL8 mAb — is currently in Phase 1 of clinical
development aiming cancer treatment and the second could became a promise to the hepatitis C virus (HCV)
treatment. At last, the feasibility of scaling-up PBA chromatography for the purification of anti-IL8 mAbs from
clarified serum-free CHO cell cultures was addressed. Column performance optimization regarding superficial
velocity and feed volume was performed with the best results being achieved with superficial velocities of 5.1,
15.3 and 25.5 cm/min in the adsorption, wash and elution steps, respectively. The column volume was scale-
up 100 times from 0.4 cm® (laboratory scale) to 4, 16 and 40 cm?® (preparative scale). This 100-fold scale-up
was successfully achieved with a recovery yield of 97.7%, a protein purity of 82.6% and a gDNA removal
higher than 96%. Overall results suggest that using PBA chromatography for mAbs purification is simple,

reproducible, robust and scalable without compromising the target molecule integrity and purity.

Keywords: Monoclonal antibodies, Downstream processing, Multimodal chromatography, Phenylboronic

acid chromatography, Scale-up

2 The work present in this chapter have been published as: (1) dos Santos, R.*, Rosa, S.A.S.L.*, Aires-
Barros, M.R., Tover, A., Azevedo, A.M., 2014. Phenylboronic acid as a multi-modal ligand for the capture of
monoclonal antibodies: Development and optimization of a washing step. Journal of Chromatography A, 1355,
115-124 and, (2) Rosa, S.A.S.L.*, dos Santos, R.*, Aires-Barros, M.R., Azevedo, A.M., 2016. Phenylboronic
acid Chromatography provides a Rapid, Reproducible and Easy Scalable Multimodal Process for the Capture
of Monoclonal Antibodies. Separation and Purification Technology Journal 160, 43-50. *The authors

contributed equally.
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Chapter IIl - Phenylboronic acid chromatography as a rapid, reproducible and easy scalable multimodal
process for the capture of monoclonal antibodies

[1l.1. Background

Therapeutic applications of monoclonal antibodies (mAbs) in human medicine are increasingly
becoming the best choice to treat cancers, autoimmune diseases and inflammatory disorders. Such
reality is creating a demand translated in expected worldwide sales of around $125 billion by 2020-22
[1, 2], more than 70 mAbs based product have been approved by the regulatory agencies (FDA, EMA),
and in a large number of mAbs in clinical development [3]. HuMax-IL8 mAb, from Bristol-Myers Squibb,
is an example of such investment. In Phase 1 of clinical development, it has been indicated for the
treatment of patients with advanced malignant solid tumours [4].

As the number of mAbs on the market and in development has accelerated over the years and with
biosimilars gaining ground, majorly due to the losing patent exclusivity of therapeutics such as
Adalimumab and Trastuzumab, both in 2018 [5], the design of mAbs manufacturing processes has been
more and more challenged. On one hand, the emergence of biosimilars is driving a desire to achieve a
lower cost of goods and globalize biologics manufacturing and, on the other hand, progresses at process
upstream led to the achievement of high titres of mAbs in mammalian cell cultures [3] that are causing
the increase of constraints on downstream processing, where the capture is the critical step. Due to the
conserved domains of mAbs, a general purification process based on a common sequence of unit
operations is currently employed by many companies [6]. The heart of the process is the protein A
chromatography capture, which despite being highly stable, reliable, and reproducible, is considered to
be a productivity bottleneck and especially expensive, representing up to 25% of the total mAbs
manufacturing process [7, 8]. The formation of product aggregates under low pH standard elution
conditions is also one of the major drawbacks of this chromatographic step [9]. The aforementioned
driving forces have resulted in significant evolution in process platform approaches aiming the search
for cheap, stable and easy-to-use alternatives for protein A. These include novel affinity-based
separations that have emerged from the development of synthetic ligands including biomimetic peptides
obtained by combinatorial libraries and artificial ligands generated by de novo process designs [10, 11],
and promising strategies like multimodal chromatography [12-14].

One unigue synthetic ligand is phenylboronic acid (PBA), used in boronate affinity chromatography
[15]. The PBA ligand was first reported as an affinity ligand able to selective bind to 1,2-cis-diol
containing molecules by cis-diol esterification [16]. MAbs bear two N-linked oligosaccharide chains at
the 297-asparagine residue of the CH2 domain of the Fc region, and despite some heterogeneity found
in the terminal sugars attached, mannose, galactose, fucose and N-acetylneuraminic acid typically
present contain cis-diol groups, thus making PBA ligands suitable for mAbs purification [15, 17]. In acidic
solutions, boronic acids adopt a trigonal planar form which can revert to a tetrahedral boronate anion
upon hydroxylation in alkaline conditions. Both the acid and its conjugate base can bind to diol
compounds [18]. However, since the equilibrium constant for the tetrahedral (Ktwt) is usually higher than
that of the trigonal form (Ktig), complexes are less stable in acidic conditions [19]. This esterification is
stronger if the two hydroxyl groups of the diol are on adjacent carbon atoms and in an approximately
coplanar configuration, such as 1,2-cis-diol [20]. Ligands as PBA are aromatic and thus also able to

establish hydrophobic and -1 interactions. Secondary ionic interactions between boronates and diols

97



Chapter Ill - Phenylboronic acid chromatography as a rapid, reproducible and easy scalable multimodal
process for the capture of monoclonal antibodies

are also possible through coulombic attraction or repulsion effects, hydrogen bonding by the hydroxyl
groups and charge transfer interactions. The latter is more prone to occur in acidic conditions, since in
the trigonal uncharged form, the boron atom has an empty orbital and can thus serve as an electron
receptor for a coordination interaction, enabling Lewis acid-base interactions to occur [21].

The aim of the present work is to evaluate the potential of PBA as an alternative multimodal ligand
for the direct purification of different mAbs from clarified CHO cell culture supernatants. Previous work
have already shown the ability of PBA to bind antibodies highlighting that non-specific interactions could
play an important role in the binding of proteins to the PBA ligand [18, 22, 23]. Also, the development
and optimization of a washing step will be emphasized since it is an important feature to increase the
final purity. The selectivity of the PBA ligand was evaluated with the purified fractions being fully
characterized in terms of product yield, purity and IgG activity. Special attention is given to the
elucidation of the binding and elution mechanisms. At last, the effect of the working superficial velocity
on process performance was assessed, and a series of loading and scale-up studies were implemented
in order to evaluate the feasibility of using PBA chromatography for the purification of mAbs in an

industrial setting.

I11.2. Materials and Methods

I11.2.1. Chemicals

Tris(hydroxylmethyl)aminomethane (Tris), sodium chloride (NaCl), D-sorbitol, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), sodium azide (NaNs) were purchased from Sigma—Aldrich (St.
Louis, MO, USA). Sodium phosphate monobasic anhydrous and sodium phosphate dibasic were
obtained from Panreac Quimica Sau (Barcelona, Spain), and hydrochloric acid from Fluka (Buchs,
Switzerland). All other chemicals were of analytical or HPLC grade. All solutions were prepared using
purified water from a Milli-Q® system (Millipore, Bedford, MA, USA).

[11.2.2. 1I9G production

111.2.2.1. Anti-human interleukin-8 monoclonal antibodies

Anti-human interleukin-8 (anti-IL8) monoclonal antibodies (mAbs) were produced by CHO DP-12
clone#1934 (ATCC CRL-12445) using DHFR minus/methotrexate selection method (LGC Standards,
Middlesex, UK). CHO DP-12 cells were grown in 75% (v/v) serum-free media (ProCHO™5, Lonza
Group Ltd, Belgium) and 25% (v/v) DMEM (Dulbecco's Modified Eagle's Medium) (Gibco®, Carlsbad,
CA, USA) supplemented with 10% (v/v) ultra-low 1gG fetal bovine serum (FBSUL, Gibco®). 200 nM
methotrexate (MTX) was present in both culture media to maintain selective pressure. ProCHO ™5 was
supplemented with 4 mM L-glutamine (Gibco®), 2.1 g/dm® NaHCOs (Sigma-Aldrich), 10 mg/dm3
recombinant human insulin (Lonza), 0.07% (v/v) lipids (Lonza) and 1% (v/v) antibiotics (100 U/cm?3
penicillin and 100 pyg/cm? streptomycin) (Gibco®). The DMEM used contains 4.5 g/dm? D-glucose, 4
mM L-glutamine, and 1 mM sodium pyruvate. After resuspension of DMEM powder, 1.5 g/dm3 NaHCOg3,
2 mg/dm?3 recombinant human insulin, 35 mg/dm?3 L-proline (all from Sigma-Aldrich), 0.1% (v/v) of a
trace element A, 0.1% (v/v) of a trace element B (both from Cellgro®, Manassas, VA, USA) and 1%
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antibiotics (v/v) (100 U/cm3 penicillin and 100 yg/dm3 streptomycin) were added. The cultures were
carried out in T-175 or T-75 flasks (BD Falcon, Franklin Lakes, NJ) at 37 °C and 5% CO: with an initial
cell density of 2.8x104 cells/cm?. Cell passages were performed every 4 days. Cell supernatants were
collected by centrifugation at 350 g for 7 minutes, and storage at -20 °C. In each passage, cells were
washed with phosphate buffered saline (PBS, Gibco®) and detached from the flask by adding
Accutase® solution (Sigma-Aldrich) for 3 minutes at 37 °C. Cell number and viability were determined
using the Trypan Blue (Gibco®) exclusion method. This culture was maintained for several months and
the mAb concentration varied between 40 and 91 mg/dm3.

Anti-IL-8 mAbs were also produced in serum-free media, using only ProCHO™S5, prepared as
described above. In this specific case, the reagent TrypLE™ (Gibco®) Select was used in substitution
of Accutase®, previously referred. Cultures were performed as described for the serum-media but with
cell passages every 6 days. This culture was also maintained for several months and the mAb

concentration varied between 48 and 130 mg/dms.

[11.2.2.2. Anti-human recombinant hepatitis C virus subtype 1b monoclonal
antibodies

Anti-human recombinant hepatitis C virus (HCV) subtype 1b monoclonal antibodies were from
mouse hybridoma cells expressing a mouse anti-recombinant hepatitis C virus subtype 1b nonstructural
protein 5B (NS5B) RNA-dependent RNA polymerase (RdRp) monoclonal antibody. The mRNA of
antibody variable regions was isolated and for reconstruction of full antibody, the corresponding cDNA
fragments were cloned into the Icosagen Cell Factory proprietary QMCF expression vector containing
IgG1 antibody constant regions. The QMCF plasmid contains the mouse polyomavirus (Py) DNA
replication origin which in combination with the Epstein-Barr virus (EBV) EBNA-1 protein binding site,
as nuclear retention element, ensures stable propagation of plasmids in the QMCEF cells [24]. The
chimeric antibody was expressed by the QMCF cell line CHOEBNALT85, developed from CHO-S cell
line (Invitrogen™, Carlsbad, CA, USA) which have been adapted for suspension growth in chemically
defined serum-free medium. The cells were grown in a mix of two serum-free media, (i) CD CHO medium
(Gibco®) and (ii) 293 SFM Il medium (Gibco®) with the addition of CHO CD efficient feed B and feed A
with glutamine using an in-house procedure (Icosagen Cell Factory OU) in the presence of G418 (700
ug/cm3) to select expression plasmid containing pool of the cells. After antibiotic selection, 5 vials of
expression cell bank were generated (107 cells/vial) and kept at liquid nitrogen. For antibody production,
one vial from the expression cell bank of the chimeric antibody was thawed in 25 cm? fresh medium in
order to achieve a cell culture density of 2x10° cells/cm3. G418 (Geneticin®, Carlsbad, CA, USA) was
added after 24 hours and the culture was expanded to 4.0 dm?2 final volume. For production, the
temperature was lowered to 30 °C and the culture was repeatedly fed. The culture was harvested 13
days after the beginning of production phase, the cell culture supernatant was filtrated and further stored
at -20 °C. The antibody concentration in the supernatant was 150 mg/ dm? and the total soluble protein

concentration 252 mg/dmg2.
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[11.2.3. Monoclonal antibodies purification

Purification of mAbs was performed using different resins: (i) controlled porous glass (CPG) beads
functionalized with 3-aminophenyl boronate (ProSep®-PB media, EMD Millipore, UK); (ii) CPG beads
functionalized with recombinant native protein A (ProSep® ultra plus chromatography media, EMD
Millipore, UK); (iii) non-functionalized CPG beads; (iv) HiTrap Phenyl Fast Flow (High Sub) pre-packed
1 cm? column (GE Healthcare). The first three resins were packed on Tricorn™ 5/20 empty glass
columns (GE Healthcare) with 0.4 cm? of resin, except otherwise stated. All chromatographic runs were
performed in AKTA Purifier 10 system from Amersham Biosciences (Uppsala, Sweden), except stated
differently. Data acquisition and processing was accomplished using a Unicorn 5.1 software.
Chromatographic parameters such as conductivity, pH and UV absorbance at 280 nm of the outlet

sample were continuously measured.

[11.2.3.1. Phenylboronic acid chromatography

[11.2.3.1.1. Development and optimization of wash and elution steps

All chromatographic runs were performed with an adsorption buffer composed by 20 mM HEPES,
150 mM NaCl at pH 7.5, except otherwise stated. Different wash and elution buffers were screened to
determine the condition that lead to higher IgG vyield and purity, using three independent replicated
assays. The tested wash buffers were: (i) 10 mM Tris-HCI, pH 7.5; (ii) 10 mM Tris-HCI, 100 mM D-
sorbitol, pH 7.5; (iii) 20 mM Tris-HCI, 200 mM D-sorbitol, pH 7.5; (iv) 10 mM Tris-HCI, 150 mM NacCl, pH
7.5; and (v) 10 mM Tris-HCI, 100 mM D-sorbitol, 150 mM NaCl, pH 7.5. The tested elution buffers
included: (i) 1.5 M Tris-HCI, pH 7.5; (ii) 20 mM Tris-HCI, 0.5 M D-sorbitol, pH 7.5; (iii) 10 mM Tris-HCI,
150 mM NacCl, pH 7.5; (iv) 20 mM Tris-HCI, 0.5 M D-sorbitol, 150 mM NacCl, pH 7.5.

Before injection, the column was equilibrated with 10 column volumes (CVs) of the adsorption buffer.
The supernatants were directly injected at 1 cm3/min, and the 2 cm3 sample loop was emptied with
three-times its volume. After the unbound or weakly bound material were washed-out with 2 CVs of the
adsorption buffer, bound material was first eluted following a step gradient with the washing buffer for
10 CVs at 1 cm3¥min. The strongly bound material was eluted following a step gradient with the elution
buffer for 10 CVs at 1 cm3/min. The flow-through, wash and eluted fractions were collected using Frac-

950 fraction collector from GE Healthcare, and further analysed for IgG and protein content.

[11.2.3.1.2. Scale-up process optimization

All runs were performed at pH 7.5 using (i) 20 mM HEPES with 150 mM NaCl as adsorption buffer,
(i) 200 mM D-sorbitol in 10 mM Tris-HCI as washing buffer, and (iii) 0.5 M D-sorbitol with 150 mM NacCl
in 10 mM Tris-HCI as elution buffer. The purification methodology applied was described in the previous

section (Section 111.2.3.1.1.), except when a new approach is presented.

111.2.3.1.2.1. Superficial velocities studies

Different superficial velocities were tested along the chromatographic run - flow-through, wash and

elution. The velocities evaluated were 5.1, 15.2 and 25.5 cm/min. As a first approach, all the
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chromatographic steps — adsorption, wash and elution — were performed at the same velocity. Then, in
a second study, the adsorption superficial velocity was set at 5.1 cm/min and the superficial velocity of

the wash and elution steps were altered. Samples were analysed for IgG and protein content.

111.2.3.1.2.2. Loading studies

Different load volumes of clarified CHO DP-12 supernatant (5, 12.5 and 25 CVs) were injected at
the optimal superficial velocities determined: adsorption at 5.1 cm/min, wash at 15.3 cm/min and elution
at 25.5 cm/min. A 50 cm?® Superloop (GE Healthcare) was used for the 25 CVs loading assays. Collected
samples were analysed for IgG, protein and gDNA content.

[11.2.3.1.3. Process scale-up

The scale-up of PBA chromatography was performed in three steps. In the first step, a Tricorn™
5/200 glass columns (GE Healthcare) was packed with 4 cm? of resin; in the second step, a Tricorn™
10/200 glass column (GE Healthcare) was packed with 16 cm?3 of resin; and in the last step a HiScale
16 20BH column (GE Healthcare) was packed with 40 cm?® of resin. All chromatographic runs were
performed in AKTA Purifier 100 system from GE Healthcare.

In the first scale-up step, the column height was increased from 2 to 20 cm, while the i.d. was
maintained at 0.5 cm. The column volume was increased 10 times from an initial volume of 0.4 cm? to
a final volume of 4 cm?3[25]. The flow rates of each chromatographic step were maintained at 1, 3 and
5 cm3/min. In the second scale-up step, the column height was maintained at 20 cm, while the i.d. and
final volume were increased to 1 cm and 16 cm3, respectively [25]. The working flow rates were also
increased to 4, 12 and 20 cm®min, respectively, for the adsorption, wash and elution step. The final
scale-up, was performed maintaining the column height at 20 cm and increasing the i.d. to 1.6 cm, to a
resin volume of 40 cm?, accomplishing a final 100-fold scale-up. The working flow rates were increased
accordingly to 10.2, 30.7 and 51.2 cm®min, respectively, for the adsorption, wash and elution steps [26].
Flow-through, wash and elution fractions were collected using Frac-920 fraction collector from GE
Healthcare, and further analysed for IgG, protein, CHO host cell proteins and genomic DNA content.

Productivity was calculated as described elsewhere [27].

111.2.3.2. Protein A chromatography

Purification by protein A chromatography was performed using as adsorption buffer 10 mM
phosphate buffered saline (PBS, Sigma-Aldrich) at pH 7.4 and as elution buffer 100 mM glycine-HCI
(Bio-Rad, Hercules, CA, USA), at pH 2. To avoid denaturation of the eluted antibodies, 1 M Tris-HCI at
pH 8 was added to the elution fractions collected. Prior to injection, the column was equilibrated with 5
CVs of the adsorption buffer. The supernatants were directly injected at 1 cm3/min. Before elution, the
unbound or weakly bound samples were washed-out with 2 CVs of adsorption buffer. The bound
material was eluted following a step gradient of 5 CVs. Flow-through and eluted samples were collected

using Frac-950 fraction collector from GE Healthcare, and further analyzed for IgG and protein content.
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[11.2.3.3. CPG and phenyl-Sepharose chromatography

Both types of chromatography were performed as controls, using as adsorption buffer 20 mM
HEPES, 150 mM NaCl at pH 7.5, as wash buffer 10 mM Tris-HCI, 100 mM D-sorbitol at pH 7.5 and as
elution buffer 0.5 M D-sorbitol, 150 mM NaCl in 10 mM Tris-HCl at pH 7.5. Prior to injection, the columns
were equilibrated with 10 CVs of the adsorption buffer. The supernatants were directly injected at
1 cm?/min using a 2 cm? loop. Before elution, the unbound or weakly bound samples were washed-out
with 2 CVs of adsorption buffer. Bound material was first eluted following a step gradient with washing
buffer for 10 CVs at 1 cm3/min, and strongly bound material was eluted following a step gradient with
elution buffer for 10 CVs at 1 cm3/min. Flow-through, wash and eluted samples were collected using

Frac-950 fraction collector from GE Healthcare, and further analysed for IgG and protein content.

[11.2.4. IgG quantification

The concentration of IgG was determined by analytical protein A chromatography using a PA
ImmunoDetection sensor cartridge from Applied Biosystems (Foster City, CA, USA) as described
elsewhere [28]. The adsorption buffer was composed by 50 mM phosphate, 150 mM NacCl, pH 7.4 and
the elution buffer by 12 mM HCI, 150 mM NacCl, pH 2-3. An IgG calibration curve was obtained using
human IgG (product name: Gammanorm®) from Octapharma (Lachen, Switzerland) prepared in binding
buffer. Samples were previously diluted at least 5 times with adsorption buffer. Analyses were performed
in an AKTA Purifier system with an A-900 Autosampler fitted with a 500 pL loop. Absorbance was

monitored at 215 nm.

[11.2.5. Total protein quantification

The total protein content was determined by the Bradford method using a Coomassie assay reagent
provided by Pierce (Rockford, IL, USA). The protein standard used was bovine serum albumin (BSA)
from Pierce. The protein concentration determined for fractions with high IgG content were corrected by
the co-relation factor - 0.63 — specific for human IgG [29]. When working with serum-free CHO DP-12
cell culture supernatants, the protein standard used was bovine gamma globulin (BGG), also from Pierce
(Rockford, IL, USA). Absorbance was measured at 595 nm in a microplate reader from Molecular
Devices (Sunnyvale, CA, USA). Protein purity was assessed by the ratio between the concentration of
IgG determined by protein A HPLC and the concentration of total protein determined using the Bradford

method.

[11.2.6. Protein gel electrophoresis

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—-PAGE) was performed to
evaluate the purity of the fractions collected. Samples were diluted with loading buffer (62.5 mM Tris-
HCI, pH 6.2, 2% (w/v) SDS, 10% (v/v) glycerol, 0.01% (w/v) bromophenol) prior to be exposed to
denaturation conditions with 100 mM dithiothreitol, from Sigma-Aldrich, at 100 °C for 10 minutes.
Afterwards, samples were applied in a 12% acrylamide gel, prepared from a 40% acrylamide/bis stock
solution (29:1) from Bio-Rad. The samples were ran at 90 mV using as running buffer composed by 192

mM glycine, 25 mM Tris-HCI and 0.1% SDS, pH 8.3. Gels were stained with Coomassie Brilliant Blue
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(Pharmacia, Uppsala, Sweden), followed by silver nitrate staining, when necessary. Images were
acquired with a GS-800 calibrated densitometer from Bio-Rad (Hercules, CA, USA).

[11.2.7 Host cell proteins quantification

Host cell proteins (HCP) were guantified using a CHO Host Cell Proteins 3™ Generation ELISA kit
from Cygnus Technologies (Southport, NC, USA). Samples were diluted in Sample Diluent Buffer, also
from Cygnus Technologies. The absorbance was measured at 450 nm and 650 nm in a SpectraMax

microplate reader from Molecular Devices.

[11.2.8. CHO genomic DNA quantification

CHO genomic DNA (gDNA) content was determined by real-time PCR according to the conditions
described in [30]. Reactions were conducted using a LightCycler® from Roche Applied Science
(Manheim, Germany). The primers NV1_F (5-ACAGGTTTCTGCTTCTGGCT) and NV1_R (5'-
CATCAGCTGACTGGTTCACA) were synthesized by STAB Vida (Costa da Caparica, Portugal) [31].
Genomic DNA was extracted from non-plasmid containing CHO cell cultures (3x10° cells/cycle) using
Wizard Genomic DNA isolation kit from Promega (Madison, WI, USA).

[11.2.9. IgG characterization

[11.2.9.1. Isoelectric focusing

Isoelectric focusing (IEF) was performed in order to compare the initial feed sample and the elution
fraction obtained from protein A and PBA chromatography. Isoelectric focusing (IEF) was performed in
a Pharmacia PhastSystem separation module using PhastGel® IEF 3-9 with 50x46x0.45 mm (GE
Healthcare). Gels were run at 2000 V for 410 Vh, after a 75 Vh prefocusing step at 2000 V and sample
application at 200 V for 15 Vh. Afterwards, gels were stained with silver nitrate.

[11.2.9.2. High performance size-exclusion chromatography

High performance size-exclusion chromatography (SEC-HPLC) was performed in order to assess
the IgG aggregates content on the feed sample as in the samples resulting from the purification process.
The samples were loaded undiluted and run in isocratic mode in a TSK-Gel Super SW3000 column
equipped with a TSK-GEL Super SW guard column, both from Tosoh Bioscience (Stuttgart, Germany)
at 0.35 cm®min for 30 minutes with 50 mM phosphate, 300 mM NaCl, pH 7.0. Absorbance was
monitored at 215 nm. HPLC purity was calculated by the ratio between the 1gG peak area and the total

area of the chromatogram less the contribution of the buffers’ composition.

111.2.9.3. Competitive enzyme linked immunosorbent assay

To evaluate the anti-IL-8 monoclonal antibodies activity after purification, a competitive ELISA was
performed in 96-well ELISA plates using a Quantikine® Human CXCLS8/IL-8 kit from R&D systems
(Minnneapolis, MN, USA). The plate was coated with assay diluent RD1-85 followed by the addition of
IL-8 standard (1 mg/dm?3) in order to saturate the plate. Incubation took place for two hours at room

temperature. The plate was then aspirated and washed for four consecutive times. Once the plates were
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saturated, the anti- IL-8 antibodies produced by CHO DP-12 were added to the wells. A calibration curve
was constructed based on 1gG concentration obtained from HPLC quantification and diluted with
calibrator diluent RD5P. The incubation took place for one hour at room temperature, and the wells were
further washed as previously described. Following, the anti-IL-8 conjugate was added and incubated for
one hour at room temperature, and after washed as previously described. The substrate solution was
added to the plate and incubated for 30 minutes at room temperature and protected from light. The
reaction ended by adding the stop solution. The absorbance was measured at 450 nm and 570 nm in a
microplate reader from Molecular Devices. Final results were obtained by subtracting the outcome from

the measurement at 570 nm to the one obtained at 450 nm.

[11.3. Results and Discussion
[11.3.1. Development and optimization of wash and elution steps

[11.3.1.1. Dynamic binding capacity evaluation

Dynamic binding capacity (DBC) of the PBA resin was determined by frontal analysis. The
experiments were conducted by continuously feeding solutions of IgG in 20 mM HEPES, 150 mM NacCl,
pH 7.5, with concentrations ranging from 1 to 10 g/dm3. The DBC calculated at 10% breakthrough
yielded an average value of 13.2 £ 1.4 mg IgG/cm? resin. After eluting bound 1gG, the total binding
capacity (TBC) was quantified by off-line protein A HPLC, returning a TBC of 18.1 + 1.6 mg IgG/cm?
resin. For the protein A chromatography media - ProSep® Ultra Plus, the DBC for IgG was already

characterized by the supplier as 50 mg IgG/cm? resin [32].

[11.3.1.2. Optimization studies

111.3.1.2.1. Adsorption step

HEPES has been reported to favor the binding of cis-diol containing compounds to PBA media,
regardless its concentration [19, 33]. Hence, all the optimization studies were performed using 20 mM
HEPES as adsorption buffer. The salt concentration was set at 150 mM NaCl not only to simulate the
supernatant’s conductivity and avoid diafiltration of the feedstock but also because previous studies
have demonstrated that under these conditions binding of IgG is maximized with recoveries higher than
90% being obtained [15, 23] and non-specific interactions with the bare matrix are mitigated [23]. The
binding of IgG to the PBA media was then evaluated using 20 mM HEPES, 150 mM NaCl at two different
pH values, namely 7.5 and 8.5. Using the adsorption buffer at pH 7.5 led however to a slightly higher
IgG adsorption (99 + 2%) than at pH 8.5 (93 + 5%), and thus pH 7.5 was set as the adsorption pH further
avoiding adjustment of the feedstock pH and thus eliminating pre-conditioning steps and minimizing

additional costs.
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[11.3.1.2.2. Washing step studies

In a first approach, a previously reported binding-elution operation mode was tested using as elution
buffer, a high concentration of Tris-HCI (1.5 M) at pH 7.5 in order to disrupt any interaction with PBA
media [15]. This run showed a yield of about 99 + 2%, but the protein purity of the recovered IgG was
considerably low (18 + 1%). In order to increase the purity of the eluted samples, an additional step was
inserted in the chromatographic run giving rise to a purification process based on a binding-wash-elution
mode. A two-step elution was thus applied where the first elution was design to wash-out impurity
proteins that bound to PBA media through less specific interactions and the second elution would
release the IgG from the column with a considerable higher purity.

In a first attempt, 10 mM of Tris-HCI at pH 7.5 was used as wash buffer as it has been reported to
shield non-specific interactions with the PBA ligand [34, 35] and also due to its buffering capacity.

Results showed that no 1gG was lost but no purity improvement was obtained (Table 111.1).

Table Ill.1. Performance parameters (recovery yield, protein purity and purification factor - PF) of IgG purification
from a clarified serum-containing CHO DP-12 cell supernatant by PBA chromatography using 20 mM HEPES, 150
mM NacCl as adsorption buffer, different wash buffers and step elution with 1.5 M Tris-HCI. All buffers are at pH 7.5.
Results are displayed as mean + STDV. W: wash buffer, E: elution buffer.

Buffer Yield (%) Purity * (%) PE2

W: 10 mM Tris-HCI 0.3+x04 n.d. n.d.

E: 1.5 M Tris-HCI 99.4 + 0.4 25.4+0.6 62+01/, ,
W: 10 mM Tris-HCI, 100 mM D-sorbitol 09+12 n.d. n.d.

E: 1.5 M Tris-HCI 98.3+1.2 85.0 + 2.0 133203/ .
W: 10 mM Tris-HCI, 200 mM D-sorbitol 48+0.8 n.d. n.d.

E: 1.5 M Tris-HCI 95.3+0.3 80.1+ 4.9 154209/ .
W: 10 mM Tris-HCI, 150 mM NacCl 0.4+0.0 n.d. n.d.

E: 1.5 M Tris-HCI 97.3+17 68.7+55 6605/ o

W: 10 mM Tris-HCI, 100 mM D-sorbitol, 150 mM NacCl 98.4+0.7 n.d. n.d.

E: 1.5 M Tris-HCI 1.6 +0.7 0.9+05 0201/

n.d. - not determined.

1 Ratio between IgG and total protein concentration.

2 Ratio between final and initial protein purity. As different supernatants have been used in the several runs the
maximum PF is given after the STDV.

Subsequently, the wash buffer (10 mM Tris-HCI pH 7.5) was supplemented with low concentrations
of cis-diol competitors, namely 100 mM of D-sorbitol, in order to evaluate the capacity of this
carbohydrate to compete with bound impurities. D-sorbitol was selected in detriment of other

carbohydrates such as D-mannitol since it has a higher affinity constant towards PBA (Keqp 10 = 370
M vs. Kegg mannitol = 120 M1 [33]) making it a stronger competitor in both PB configurations (trigonal and

tetrahedral). Also, among the multiple hydroxyls in D-sorbitol, 3,4- and 4,5-dihydroxyls in the middle of
the chain, can readily form a co-planar configuration due to the low energy barriers of 1.202 - 1.489
kcal/mol [18]. The washing step performed with 100 mM D-sorbitol in 10 mM Tris-HCI at pH 7.5, turned
to allow an efficient removal of impurities, with protein purity reaching 85%, and with a very low
concentration of leached IgG (0.9 + 1.2%) (Figure 111.1A). To further improve the washing step, a higher

concentration of D-sorbitol, 200 mM in the same buffer, was also tested. The results, however,
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evidenced a higher loss of IgG (5 + 1%), thus demonstrating that the D-sorbitol strength as competitor
is dependent on its concentration. The increase of D-sorbitol concentration can efficiently promote
leaching of bound protein impurities but at higher concentrations IgG can also be eluted due to the
promotion of 1,2-cis-diol interactions between D-sorbitol and PBA that leads to the disruption of the IgG-
PBA bond. Indeed, as shown in Chapter Il, cis-diol esterification between the ligand and solutes as D-
sorbitol or IgG is one of the prevalent interactions observed at this working condition (pH 7.5).
Interestingly, a lower IgG purity was obtained when compared with washing step performed with 100
mM D-sorbitol (80% vs 85%) revealing that other interactions may be responsible for the adsorption of
IgG to PBA. In fact, at the working pH (7.5), other interactions such as electrostatic, hydrophobic and
charge transfer can play an important role in both IgG-PBA and impurities-PBA bonds. In order to
evaluate the importance of electrostatic interactions, 150 mM NaCl in 10 mM Tris at pH 7.5 was tested
as wash buffer. Nevertheless, it was observed that very few proteins were washed out showing that the
majority of the bound proteins were not adsorbed solely by electrostatic interactions (Figure 111.1B). A
lower protein purity was thus obtained comparing with the wash done with 100 mM D-sorbitol (69% vs
85%) (Figure 111.1A vs 1Il.1B).
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Figure 11l.1 Coomassie Blue stained SDS-PAGE of fractions collected during IgG purification from a clarified serum-
containing CHO DP-12 cell supernatant by PBA chromatography using different wash buffers: (A) 100 mM D-
sorbitol, 10 mM Tris-HCI, pH 7.5 and (B) 150 mM NaCl, 10 mM Tris-HCI, pH 7.5. In both runs the adsorption buffer
was 20 mM HEPES, 150 mM NaCl, pH 7.5 and the elution buffer, 1.5 M Tris-HCI, pH 7.5. Lanes ID: 1: Precision
Plus Protein™ Dual Color Standards (from top to bottom: 200, 150, 100, 75, 50, 37, 25 and 20 kDa); 2: feed sample
of CHO DP-12 supernatant; 3: flow-through fraction; 4: wash fraction; 5: elution fraction. Position of IgG heavy (H)
(50 kDa) and light (L) (25 kDa) chains are indicated in the right side of the gel. The concentration of IgG in lane 5A
and 5B was 52 mg/dm?® and 86 mg/dm3, respectively.

Finally, a last run was carried out where all the components previously evaluated were added
together in the wash buffer: 100 mM D-sorbitol with 150 mM NaCl in 10 mM Tris-HCl at pH 7.5. However,
in this case, practically all IgG was eluted in the washing step along with the feedstock impurities (Table
111.1) thus revealing a synergic effect between cis-diol interactions (elution by D-sorbitol) and electrostatic
interactions (elution by NaCl) towards the IgG-PBA bond at pH 7.5. The latter could occur between the

positively charged antibodies and the negative charged boronate form, considering however that at the
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working pH the presence of the tetrahedral conformation is lower than the trigonal form, or with the silica
backbone, namely with the silanol groups that at the working pH are negatively charged (pKa 4.9 for
isolated silanol groups). Cation-Tr interactions can also be established with the phenyl aromatic ring
present in the 3-aminophenyl boronate ligand. Nonetheless, charge transfer interactions that may also
occur between Lewis bases and PBA can act as promoters of the esterification between cis-diol
compounds and PBA, being responsible for the specificity of the IgG towards PBA at the current working
pH (7.5). Boronic acids, as a result of their deficient valence (sp2 hybridization state) contain an empty
p-orbital and adopt a trigonal form with coplanar geometry. In this conformation, the uncharged boronic
acid serves as an electron receptor for charged transfer interaction. Unprotonated amines and carboxylic
groups, present in IgG structure, can donate a pair of electrons to the boron atom that adopts a
tetrahedral conformation [20]. In this way, the interaction between PBA and cis-diol compounds turns
more specific since the equilibrium constant of the esterification reaction for tetrahedral complexes
formation has been reported to be much higher than for trigonal complexes [19]. In sum, from the studies
conducted, it was possible to determine that the most efficient wash buffer is composed by 100 mM D-
sorbitol in 10 mM Tris-HCI at pH 7.5. Moreover, high recovery yields were achieved, which is the most
important parameter for an initial capture step. Hence, in further studies, this buffer composition will be

used for IgG purification by PBA chromatography.

[11.3.1.2.3. Elution step studies

Tris-HCI at high concentrations has been reported to effectively disrupt specific and non-specific
interactions with PB [15], however a high concentration of a salt as Tris may influence the activity and
protein integrity of biomolecules such as mAbs [36]. With the aim to replace the elution buffer used, 1.5
M Tris-HCI at pH 7.5, by another equally effective competitor, different experiments were performed. In
a first trial, a high concentration of D-sorbitol (0.5 M) in 10 mM Tris-HCI at pH 7.5 was used as elution
buffer, however it was observed that IgG was retained in the column and in order to elute it an additional
stripping step was performed using 1.5 M Tris-HCI (Table 111.2). The use of 0.5 M D-sorbitol as elution
buffer has thus failed to elute IgG because D-sorbitol competes only with the cis-diol interactions. This
result suggests that, after the washing step, the interaction of IgG with PBA has been altered by the
washing conditions since previously a concentration of 200 mM D-sorbitol, in the wash buffer, leached
some 1gG (5%) while 0.5 M D-sorbitol hardly had any effect in IgG elution (2.8%).
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Table Ill.2. Performance parameters (recovery yield, protein purity and purification factor - PF) of IgG purification
from a clarified serum-containing CHO DP-12 cell supernatant by PBA chromatography using 20 mM HEPES, 150
mM NaCl as adsorption buffer, 100 mM D-sorbitol in 10 mM Tris-HCI as wash buffer and different elution buffers.
All buffers are at pH 7.5. Results are displayed as mean £ STDV. W: wash buffer, E: elution buffer.

Buffer Yield (%) Purity" (%) PF’

W: 100 mM D-sorbitol, 10 mM Tris-HCI 18+1.1 n.d. n.d.

E: 0.5 M D-sorbitol, 10 mM Tris-HCI 2.8+0.4 2.54+0.3 0200/
W: 100 mM D-sorbitol, 10 mM Tris-HCI 49+15 n.d. n.d.

E: 150 mM NaCl, 10 mM Tris-HCI 75.1+8.0 436+2.1 8505/, .
W: 100 mM D-sorbitol, 10 mM Tris-HCI 0.5+05 n.d. n.d.

E: 0.5 M D-sorbitol, 150 mM NaCl, 10 mM Tris-HClI 99.4+05 80.8 + 1.5 159203/

n.d. - not determined.

1 Ratio between IgG and total protein concentration.

2 Ratio between final and initial protein purity. As different supernatants have been used in the several runs the
maximum PF is given after the STDV.

To better evaluate the IgG interaction with PBA, 150 mM NacCl in 10 mM Tris-HCI at pH 7.5 was
used for elution. In this condition, 75% of IgG was recovered (Table 111.2). Nonetheless when the same
buffer was used in the washing step, no IgG left the column being only eluted in the elution step. Once
again, the results reinforce that after the washing step a change in the IgG-PBA bond occurred showing
that, in this step, 1IgG was bonded to the resin mainly by electrostatic interactions. An additional trial
using 0.5 M D-sorbitol with 150 mM NaCl in 10 mM Tris-HCl at pH 7.5 was then evaluated (Figure Il1.2A).
The results obtained showed to be possible to replace 1.5 M Tris-HCI without compromising 1gG vyield
(99% vs 98%) and purity (81% vs 85%) (Table IIl.2; Figure 111.2B). In addition, since IgG has been
adsorbed and eluted with 150 mM NacCl, a synergic effect between NaCl and cis-diol competitors (Tris-
HCI or D-sorbitol) has allowed to mitigate all the interactions between IgG and PBA, namely the cis-diol,
charge transfer and electrostatic interactions. In line with the previous results, these further reinforce the
hypothesis of IgG being adsorbed to the resin by different types of interaction, which are disrupted by
the addition of NaCl, Tris-HCI and D-sorbitol. Furthermore, considering the size and high number of
functional groups present in glycoproteins, such as 1gG, multiple interactions are in fact expected to
occur.

In conclusion, an elution buffer containing 0.5 M D-sorbitol, 150 mM NaCl in 10 mM Tris-HCI at pH
7.5 is also an efficient solution to elute IgG. Furthermore, contrary to a high concentrated Tris-HCI buffer
(1.5 M) that can decrease the IgG stability [36], D-sorbitol has been reported to stabilize IgG [33, 37].
Moreover, D-sorbitol is used in a lower molar concentration (0.5 M) than Tris, thus represents an

important economic improvement that can account up to 80% savings in the final buffer cost.
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Figure 1.2 (A) Chromatographic profile of IgG purification by PBA chromatography from a clarified serum-containing CHO
DP-12 cell supernatant, using as adsorption buffer 20 mM HEPES, 150 mM NacCl, pH 7.5, wash buffer 100 mM D-sorbitol,
10 mM Tris-HCI, pH 7.5 and as elution buffer 0.5 M D-sorbitol, 150 mM NacCl, 10 mM Tris, pH 7.5. Absorbance at 280 nm
(mAU) — black line, conductivity (mS/cm) — dashed black line, FT: Flow-through; W: Wash; E: Elution. (B) Coomassie Blue
stained SDS-PAGE of fractions collected during 1gG purification from clarified CHO DP-12 cell supernatant by PBA
chromatography using the same buffers as in (A). Lanes ID: 1: Precision Plus Protein™ Dual Color Standards (from top to
bottom: 200, 150, 100, 75, 50, 37, 25, 20, and 10 kDa); 2: feed sample of CHO DP-12 supernatant; 3: flow-through fraction;
4: wash fraction; 5: elution fraction. Position of IgG heavy (H) (50 kDa) and light (L) (25 kDa) chains are indicated in the
right side of the gel. The concentration of IgG in lane 5B was 41 mg/dm?.

111.3.1.3. Matrix and resin interactions

To evaluate if the unspecific interaction with the resin backbone or with the phenyl group present in
the PBA molecule played an important role in the IgG purification by PBA chromatography, control runs
using either a bare CPG resin or phenyl-Sepharose were performed using the optimized conditions for
PBA chromatography. In both runs, almost all loaded IgG (99%) was collected in the flow-through
fractions (Table I11.3). With CPG beads, no interaction has occurred between the silanol groups and IgG,
under the adsorption conditions, meaning that resin by itself does not have any effect in the binding of
1gG. On the other hand, phenyl-Sepharose chromatography also revealed that the majority of IgG (99%)
did not interact with the phenyl group. However, very small portions of IgG were lost in the washing
(0.9%) and elution (0.1%) steps. This result suggested that, under the condition used in PBA
chromatography, hydrophobic interactions do not play a major role in IgG interaction with the PBA-resin.
Table 1.3 Performance parameters of IgG purification from a clarified serum-containing CHO DP-12 cell

supernatant by CPG and phenyl-Sepharose chromatography. All the buffers used were at pH 7.5. Results are
displayed as mean + STDV. A: adsorption buffer; W: wash buffer; E: elution buffer.

Resin Buffer Yield (%) | Purity” (%) PF’
A: 20 mM HEPES, 150 mM NaCl 99.3+0.1 n.d. n.d.
CPG W: 100 mM D-sorbitol, 10 mM Tris-HCI 0.3+0.1 n.d. n.d.
E: 0.5 M D-sorbitol, 150 mM NaCl, 10 mM Tris-HCI 0.5+0.0 09+00 |02% 0.0/21 .
A: 20 mM HEPES, 150 mM NaCl 99.0+0.2 n.d. n.d.
Phenyl- | w: 100 mM D-sorbitol, 10 mM Tris-HCI 0.9+0.2 n.d. n.d.
Sepharose | e. 4 5\ D-sorbitol, 150 MM NaCl, 10 mM Tris-HCl | 01501 | 01401 |00% 00/

1 Ratio between IgG and protein concentration.
2 Ratio between final and initial protein purity. As different supernatants have been used in the several runs the
maximum PF is given after the STDV.
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[11.3.1.4. Phenylboronic acid vs protein A

Since protein A chromatography is the golden standard in the downstream processing of mAbs, a
comparison between IgG purification by protein A and PBA chromatography was performed. Both
ligands originated very similar results, with recovery yields around 99%, namely 99.4 + 0.5% for PBA
and 99.5 * 0.9% for protein A. Slightly higher purities were obtained for protein A, namely 87.0 = 2.3%
for the eluate from protein A and 80.8 + 1.5% for the eluate from PBA. Figure 111.3 corroborates this
observation, where no other proteins are detected in the eluted fraction from protein A (Figure II1.3A,
lane 3) while in the elution fractions from PBA some impurities can be observed (Figure 111.3B, lanes 3-
S and 3-T). Nonetheless one can conclude that PBA-chromatography is an interesting alternative to
protein A, despite the calculated DBC for PBA being 4 times lower than the DBC determined for the
protein A resin (50 mg IgG/cm? resin).

A) B) 1 2 3S 3T

2 3

Figure 111.3 Silver stained IEF gel of the fractions collected after the purifications of IgG from serum-containing CHO
DP-12 cell culture supernatants by (A) Protein A affinity chromatography and (B) PBA chromatography using as
elution buffer 0.5 M D-sorbitol, 150 mM NacCl in 10 mM Tris-HCI, pH 7.5 (S) or 1.5 M Tris-HCI, pH 7.5 (T). Lanes
ID: 1: pl broad standards (from bottom to top: Amylglucosidase - 3.50 pl (Native); Methyl red (dye) - 3.75 (pl Native);
Trypsin inhibitor - 4.55 (pl Native); b-Lactoglobulin A - 5.20 (pl Native); Carbonic anhydrase B (bovine) - 5.85 (pl
Native); Carbonic anhydrase B (human) - 6.55 (pl Native); Myoglobin, acidic band - 6.85 (pl Native); Myoglobin,
basic band - 7.35 (pl Native); Lentil lectin, acidic - 8.15 (pl Native); Lentil lectin, middle - 8.45 (pl Native); Lentil
lectin, basic - 8.65 (pl Native) and Trypsinogen - 9.30 (pl Native)); 2: feed sample of CHO DP-12 supernatant; 3:
elution fraction from Protein A purification; 3S: elution fraction from PBA chromatography (0.5 M D-sorbitol, 150 mM
NaCl in 10 mM Tris-HCI, pH 7.5); 3T: elution fraction from PBA chromatography (1.5 M Tris-HCI, pH 7.5).

[11.3.1.4.1. 1IgG characterization

Some antibody characteristics, such as pl, presence of aggregates and biological activity, were
determined before and after purification by protein A and PBA chromatography. Three different
techniques were used: (i) isoelectric focusing (IEF); (ii) size-exclusion chromatography (SEC); and (iii)
competitive enzyme-linked immunosorbent assay (CELISA), in order to establish if the antibody
maintains the same characteristics after purification. Regarding PBA chromatography, two elution
buffers, 0.5 M D-sorbitol with 150 mM NaCl in 10 mM Tris-HCl and 1.5 M Tris-HCI both at pH 7.5, were

compared.
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The anti-IL8 mAb purified by both PBA and protein A chromatography maintained the same pl (9.3)
as in the CHO DP-12 feedstock (Figure 111.3). Also, comparing the lanes of the eluted fractions with 0.5
M D-sorbitol, 150 mM NaCl, 10 mM Tris-HCI, pH 7.5 and with 1.5 M Tris-HCI, pH 7.5, it is possible to
acknowledge the presence of an acid protein, not visible in the lane of the eluted fraction from the protein
A column thus corroborating the results previously obtained in Section I11.3.1.4..

Size exclusion chromatography was performed in order to evaluate if IgG aggregates were present
or formed along the purification process. In the feedstock chromatogram no IgG aggregates were
identified. Regarding, protein A or PBA chromatography the same results were achieved with no IgG
aggregates developed during both downstream procedures (Figure II1.S1, Supplementary Material).
Nevertheless, comparing the three chromatographic conditions evaluated, different HPLC purities have
been calculated. The highest value — 88.1 + 0.3% — was obtained for the PBA chromatography using
0.5 M D-sorbitol, 150 mM NaCl, 10 mM Tris-HCI, pH 7.5 as elution buffer. For protein A and PBA
chromatography using 1.5 M Tris-HCI as elution buffer, HPLC purities were very similar (61.4 £ 0.3% vs
58.4 £ 1.1%). This apparent decrease in purity is probably due to the higher salt concentration in the
later fractions.

The biological activity of the purified antibodies was further evaluated by a cELISA (Figure Il11.4).
The elution fractions obtained from protein A and PBA chromatography using the two elution buffers
(2.5 M Tris-HCI, pH 7.5 and 0.5 M D-sorbitol, 150 mM NaCl, 10 mM Tris-HCI, pH 7.5) were analyzed.
The antibody elution fractions from protein A and PBA chromatography using the D-sorbitol elution buffer
presented a high and similar activity (78.7 + 8.7% vs. 77.7 + 2.3%), meaning that none of the buffer
constituents diminished or interfere with the anti-IL8 mAb biological activity. However, when the fraction
eluted with 1.5 M Tris-HCI was analyzed, the anti-IL8 mAb activity was only 42.8 + 2.1%. This lower
activity could be either due to changes in the 3D structure induced by the elution buffer during IgG
storage or due to interference of the high salt concentration in the ELISA assay. In this case, both
hypotheses should be considered since a high concentration of Tris-HCI may lead to IgG denaturation
and consequent loss of activity and/or may also interfere in the recognition events occurring in the micro-
wells, leading to inaccurate results [36].
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Figure lll.4 Activity of purified anti-IL8 monoclonal antibodies from clarified serum-containing CHO DP-12 cell
culture supernatants determined by competitive ELISA. (A) Elution fraction from protein A chromatography; (B)
Elution fraction from PBA chromatography using as elution buffer 1.5 M Tris-HCI, all at pH 7.5; C — Elution fraction
from PBA chromatography using as elution buffer 0.5 M D-sorbitol, 150 mM NacCl in 10 mM Tris-HCI, all at pH 7.5.
Results are displayed as mean + STDV.
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[11.3.1.5. Proof of concept

111.3.1.5.1. Anti-IL8 mAbs from serum-free cell cultures

Anti-IL8 antibodies produced in serum-free conditions were also purified using the condition
previously optimized. When comparing with the purification of the same mAb from the serum-containing
supernatant, the recovery yield obtained was the same (99.5%). However, the protein purity of the eluted
fractions was much higher for the anti-IL8 mAb produced in serum-free media, reaching 100% and a
purification factor of 1.6 (Table 111.4). The purification factor is considerably lower since the initial
feedstock is much more pure than the ones containing serum. The high yield and purity are in agreement
with in the SDS-PAGE gels in Figure III.5A, where no 1gG loss is observed in both flow-through and
wash fractions. In terms of aggregates, results show that no IgG aggregation occurs as result of the

purification process developed (Figure 111.S2, Supplementary Material).

[11.3.1.5.2. Anti-recombinant HCV subtype 1b mAbs from serum-free cell cultures

To test whether the conditions found for the purification of anti-IL8 mAb can be used to purify other
mAbs, an anti-recombinant hepatitis C virus subtype 1b (anti-HCV) mAb produced in a low protein-
content medium was also purified using the optimized conditions determined for PBA chromatography.
The performance parameters obtained are summarized in Table Ill.4. Curiously, the recovery yield
obtained (86%) was considerably below the ones obtained previously for the purification of the anti-1L8
mAb because a portion of IgG was lost in the washing step (13%). This loss, easily observed in the
SDS-PAGE in Figure I11.5B, can be due to structural differences between the anti-HCV and the anti-IL-
8 antibody. Although both mAbs belong to IgG1 class, minimal structural differences may lead to
different interactions between IgG and PBA, leading to a loss during the washing step. Nonetheless, the
performance parameters and SDS-PAGE gel show that the purification of the anti-HCV mAb can be

successfully accomplished using PBA chromatography with a final purity of 95%.

Table IIl.4 Performance parameters regarding the purification by PBA chromatography of anti-IL-8 and anti-HCV
mADbs produced in serum-free media. All buffers are at pH 7.5. Results are displayed as mean + STDV. A: adsorption
buffer; W: wash buffer; E: elution buffer.

MAb Buffer Yield (%) | Purity’ (%) PF
A: 20 mM HEPES, 150 mM NaCl 05+0.1 n.d. n.d.
Anti-IL-8 | W: 100 mM D-sorbitol, 10 mM Tris-HCI 0.0+0.0 n.d. n.d.
E: 0.5 M D-sorbitol, 150 mM NaCl, 10 mM Tris-HCl | 995+01 | 100+52 | 1.6+0.07/
A: 20 mM HEPES, 150 mM NaCl 11+19 n.d. n.d.
Anti-HCV | W: 100 mM D-sorbitol, 10 mM Tris-HCI 13.4+0.6 n.d. n.d.
E: 0.5 M D-sorbitol, 150 mM NaCl, 10mM Tris-HCI 85525 | 949x21 | 1900/

n.d — not determined.

1 Ratio between IgG and protein concentration.

2 Ratio between final and initial protein purity. As different supernatants have been used in the several runs the
maximum PF is given after the STDV.
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Figure IIl.L5 Coomassie Blue stained SDS-PAGE of fractions collected during the purification by PBA
chromatography of (A) anti-IL8 mAb from clarified serum-free media CHO DP-12 cell culture supernatants and (B)
anti-HCV mAb from clarified serum-free CHOEBNALTS5 cell culture supernatants, using as adsorption buffer 20
mM HEPES with 150 mM NaCl at pH 7.5, as wash buffer 100 mM D-sorbitol in 10 mM Tris-HCl at pH 7.5 and as
elution buffer 0.5 M D-sorbitol with 150 mM NaCl in 10 mM Tris-HCl at pH 7.5. Lanes ID: 1: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 150, 100, 75, 50, 37, 25, 20, 15 and 10 kDa); 2: feed sample of
serum-free CHO supernatants; 3: flow-through fraction; 4: wash fraction; 5: elution fraction. Position of IgG heavy
(H) (50 kDa) and light (L) (25 kDa) chains are indicated in the right side of the gel. The concentration of IgG in lane
5A and 5B was 66 mg/dm?® and 117 mg/dm?, respectively.

To determine if the anti-HCV mAb also retains its main characteristics after the purification process,
IEF and SEC analysis were performed for the purified fraction obtained by both PBA and protein A
chromatography. According to the IEF analysis (Figure II1.6), the feed sample of CHOEBNALT85
supernatant show the presence of four distinct isoforms with distinct pl values. The formation of these
isoforms is due to the technology used to produce this mAb, the QMCF technology which is a stable
episomal expression system that uses an appropriate episomal expression vector. The production of
the anti-HCV mAb was performed using a double-expression cassette vectors. QMCF antibody
expression vectors are containing constant regions of different human IgG isoforms which allows easily
antibodies to switch between different isoforms by cloning of the antibody variable region-encoding
cDNAs into desired antibody background. These isoforms may vary in size, superficial charge, disulfide
bonds, number of disulfide bonds in the hinge region, glycosylation, activity, among other characteristics.
These differences may lead to different interactions between each isoform and the PBA media, turning
possible their separation. The majority of the impurity proteins were removed in the washing step,
together with one of the isoforms (Figure 111.6, lane 3) that does not appear in the elution fraction (Figure
111.6, lane 4). Since different isoforms could have different therapeutic behavior, it is of great interest
evaluate this unexplored ability of the PBA ligands for multimodal chromatography. Therefore, the
washing step showed to be useful not only to wash-out unspecific bond proteins, but also that with PBA
chromatography is possible to differentiate IgG isoforms and elute one among four different. At last, the
elution fractions were in line with the previous purification of the serum-containing CHO DP-12 cell

culture supernatant (Figure 111.3). When comparing the elution fraction obtained with 0.5 M D-sorbitol,
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150 mM NacCl in 10 mM Tris-HCI at pH 7.5 (Figure 111.6B, lane 4) and with 1.5 M Tris-HCl at pH 7.5, it
was possible to observe an impurity protein in the later with a pl of around 7.35 - 8.15 that does not
appear in the other elution conditions (data not shown). On the other hand, protein A was not able to

separate any isoforms, since the interaction occurs with a conserved region in the Fc domain.
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Figure lI.6 Silver stained IEF gel of the fractions collected during the purifications of the anti-HCV mAb by (A)
Protein A affinity chromatography and (B) PBA chromatography (wash buffer: 100 mM D-sorbitol in 10 mM Tris-
HCI at pH 7.5). Lanes ID: 1: pl broad standards (from bottom to top: Amylglucosidase - 3.50 pl (Native); Methyl red
(dye) - 3.75 (pl Native); Trypsin inhibitor - 4.55 (pl Native); b-Lactoglobulin A - 5.20 (pl Native); Carbonic anhydrase
B (bovine) - 5.85 (pl Native); Carbonic anhydrase B (human) - 6.55 (pl Native); Myoglobin, acidic band - 6.85 (pl
Native); Myoglobin, basic band - 7.35 (pl Native); Lentil lectin, acidic - 8.15 (pl Native); Lentil lectin, middle - 8.45
(p! Native); Lentil lectin, basic - 8.65 (pl Native) and Trypsinogen - 9.30 (pl Native)); 2: feed sample of
CHOEBNALTS85 supernatant; 3: wash fraction; 4: elution fraction.

SEC analysis was also performed for anti-HCV antibodies in order to calculate the HPLC purity and
specially to ascertain aggregate formation (Figure I11.S3, Supplementary Material). Accordingly, the
highest HPLC purity was obtained with protein A, reaching 80.1 £ 1.3% against 68.9 + 5.8% obtained
with PBA. The main reason for this difference relies probably in the fact that in the PBA purification, an
isoform was eluted in the wash fraction, representing 31.2 + 4.8% of the total IgG eluted. From the
chromatogram of the CHOEBNALTS85 supernatant, it was not possible to establish if aggregates were
present or not in the initial feedstock. For the protein A chromatography, a considerable amount of IgG
aggregates (5.6 £ 0.2%) was present in addition to the IgG monomers (80.1 £+ 1.3%). These aggregates
showed a higher MW than expected (459 kDa) suggesting that trimers had been formed probably due
to the low pH used in the elution step. Also, a tailing of the IgG peak was present, suggesting that some
impurities may also be present. For the PBA chromatography, IgG aggregates were also observed in
the elution fraction but at a lower percentage (3.5 + 0.6%). As previously, larger aggregated complexes
were present. Tailing was observed, coherent with the protein smear observed in the SDS-PAGE (Figure
111.5B, lane 5) above the IgG heavy chain band (>50 kDa). The presence of aggregates can be due to
the chromatography method used, such as linear velocity and elution conditions, or could have been

formed prior to purification, due to storage and shipping conditions [38].
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[11.3.2. Scale-up process optimization

With the feasibility of using PBA chromatography for the capture of mAbs directly from animal cell
culture supernatants being demonstrated in Section 111.3.1., raised the motivation to design a scale-up
process for mAbs purification. The high recovery yields obtained are in accordance with the study of
Carvalho et al. (2014), who thoroughly investigated the behaviour of basic, neutral and acidic proteins
during PBA chromatography. Accordingly, the binding of basic proteins to PB reaches nearly 100% for
pH above 7 [39].

In order to accomplish a successful scale-up, studies regarding (i) superficial velocity, (i) feed
volume and (iii) reproducibility were performed using serum-free CHO DP-12 cell culture supernantants.
An evaluation of the binding capacities towards feed residence time was also carried out. Those studies

were conducted in a small-scale column with 0.4 cm3 of resin.

[11.3.2.1. Dynamic binding capacity studies

In order to understand the relationship between the DBC and residence time, frontal analysis was
performed (Figure 111.7A). Residence times of 0.4, 0.8, 2 and 4 minutes were evaluated, covering those
applied in all steps of the scale-up process (4, 1.4 and 0.8 minutes in adsorption, wash and elution,
respectively). The experiments were conducted by continuously feeding solutions of 0.75 and 1 mg
IgG/cm® in 20 mM HEPES, 150 mM NacCl, pH 7.5.

The DBC was calculated at 10% breakthrough and it was noticed an increase in DBC with the
increment in the residence time. It was also observed that higher residence times led to the higher
breakthrough curve slopes (Figures 11l.7B and IIl.7D). Also, with the increment on residence time,
capacity utilization increased from around 30% (8.0 + 0.5 mg IgG/ cm3 resin) to almost 90% (21.8 + 3.8
mg IgG/ cm? resin), at the higher residence time (Figure I11.7C), reaching nearly a steady-state operation
mode. The total binding capacity (TBC) was quantified by off-line protein A HPLC, returning a TBC of
26.8 + 2.5 mg IgG/ cm? resin. For the ProSep® Ultra Plus chromatography media, the DBC has been
described as 50 mg IgG/ cm? resin (10% breakthrough at 3 — 6 min residence time) [32].
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Figure IIl.7 Effect of residence time in the dynamic binding capacity of PBA resin. (A) Frontal analysis for a
residence time of 2 minutes and a pure IgG feedstock of 1 g/dm?. Absorbance at 280 nm (—). (B) Schematic of the
breakthrough curves for the different residence times tested — 0.4 (—), 0.8 (—), 2 (—) and 4 minutes (—) — using
an IgG feedstock of 1 g/dm3. (C) Dynamic (M) and Total (®) binding capacities for the different residence times
tested. (D) Relation between the calculated DBC and the slope of the respective breakthrough curves, displayed in
(B). Results are displayed as mean + STDV.

[11.3.2.2. Superficial velocity studies

In a scale-up process, superficial velocity should be maintained among the different scales. In a
Section 111.3.1., mAbs purification using PBA was accomplished with a superficial velocity of 5.1 cm/min.
However, the use of this superficial velocity along the scale-up process would lead to longer
chromatographic runs, turning the capture step in a very time-consuming process. To minimize
productivity bottlenecks, different superficial velocities were tested in order to verify the possibility of
increasing the throughput without compromising the performance parameters.

Three different working superficial velocities were thus tested, namely 5.1, 15.2 and 25.5 cm/min
which correspond to flow rates of 1, 3 and 5 cm3®min. It was observed that with the increase on the
superficial velocity, a reduction on the residence time led to a less effective adsorption of anti-IL8 mAbs,
with recovery yields decreasing from 97.0 + 0.1%, at 5.1 cm/min, to 77.4 + 3.5% as the superficial
velocity increased to 25.5 cm/min (Table I11.5). Losses were mainly observed during the adsorption step.
Protein purity also decreased from 83.8 + 3.5%, at 5.1 cm/min, to 62.2 + 11.1%, at 25.5 cm/min, most
likely as a consequence of the decrease in yield, since the removal of proteins increased from 49.3 +
1.7% (at 5.1 cm/min) to 70.1 + 0.2% (at 25.5 cm/min). These results thus indicate that adsorption should
be performed at 5.1 cm/min in order to maintain an adequate binding of IgG. However, increasing only

the superficial velocity of the wash and elution steps may not compromise the performance parameters
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(Table 1I1.5). In fact, the results obtained using 5.1, 15.3 and 25.5 cm/min in the adsorption, wash and
elution steps, respectively, were very similar to the ones obtained when all the steps were performed at
5.1 cm/min (Table 111.5). These results were corroborated by the SDS-PAGE gels that show that the
flow-through, wash and elution fractions have the same protein profile (Figure 111.8). It was therefore
demonstrated the ability to perform PBA multimodal chromatography for anti-IL8 mAbs purification at
higher superficial velocities. In addition, for the 20 cm height columns, the expended time was

diminished almost 3 times in comparison with the original run at 5.1 cm/min.

Table III.5 Effect of superficial velocity in the performance parameters (recovery yield, protein purity and protein
removal) of IgG purification from clarified CHO DP-12 cell supernatants by PBA chromatography at a scale of 0.4
cm?. IgG concentration in the feedstock was 74 mg/dm?. Results are displayed as mean + STDV.

Superficial velocity (cm/min) vield (%) Purityl ) Proteizn
Adsorption Wash Elution Removal (%)
51 51 51 97.0+0.1 83.8+3.5 493+1.7
15.3 15.3 15.3 86.7 £2.9 80.7+7.6 64.6 £ 0.7
25.5 25.5 255 77.4+3.5 62.2+11.1 70.1+0.2
5.1 5.1 25.5 96.4 £ 0.1 86.4 £ 0.0 58.3+2.1
51 15.3 15.3 96.1+0.7 84377 56.0+3.1
51 15.3 25.5 96.1+0.9 87.3+3.6 58.0+2.4

1 Ratio between IgG and total protein concentration.
2 Difference between the total amount of protein in the feedstock and in the elution pools divided by the same
total amount of protein on the feedstock.

A) 1 2 3 4 5

- -
- -
——
-

-

Figure 111.8 Silver stained SDS-PAGE of fractions collected during 1gG purification from clarified serum-free CHO
DP-12 cell culture supernatants, by PBA chromatography. IgG concentration on the feedstock was of 74 mg/dms3.
(A) Superficial velocity study using 5.1 cm3min in adsorption, wash and elution steps. (B) Superficial velocities
study using 5.1, 15.3 and 25.5 cm3min in adsorption, wash and elution steps, respectively. Lanes ID: 1: Precision
Plus Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 15, and 10 kDa); 2:
feed sample of CHO DP-12 supernatant; 3: flow-through fraction; 4: wash fraction; 5: elution fraction. Position of
IgG heavy (H) (50 kDa) and light (L) (25 kDa) chains are indicated in the right side of the gel.
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HPLC-SEC and IEF analysis were conducted to ensure that IgG integrity was maintained. By HPLC-
SEC analyses it was possible to confirm the absence of aggregation in all conditions demonstrating that
the increase in superficial velocity did not have any effect in IgG aggregation nor in HPLC purity. For a
constant velocity of 5.1 cm/min, 83.6 = 1.4% HPLC purity was obtained and a similar result, 89.9 + 1.1%,
was obtained using 5.1, 15.3 and 25.5 cm/min in the adsorption, wash and elution steps, respectively.
IEF analyses showed that no differences on IgG charge and/or structure modifications were observed
among the studies at different superficial velocities, with a pl of 9.3 maintained in all runs (data not
shown).

[11.3.2.3. Loading studies

Loading studies were performed by increasing the injected volume of the clarified serum-free CHO
DP-12 supernatant feedstock from 5 to 25 CVs corresponding to 2 and 10 cm?® of supernatant,
respectively. The results obtained are presented in Figure 111.9 and show a slight decrease in the
recovery yield of IgG for the 25 CVs feedstock volume to 86.7 + 2.8%, from an average value of 95.6 +
0.7% for loading volumes of 5 and 12.5 CVs (respectively, 2 and 5 cm? of supernatant), even though
working below the DBC determined for the same residence time, was observed. This DBC value was
however calculated using a commercially available pure IgG, while these studies have been performed
with a clarified CHO cell culture supernatant, which contains impurities (e.g. sugars and lipids) that can
compete with the antibody for the ligand binding, thus explaining the decrease in the recovery yield
(Figure 111.9B). For a loading volume of 25 CVs, there was also a decrease in purity from an average
value of 87 + 0.1%, obtained at the lower loading volumes, to 67.7 + 6.0%. The results thus suggest that
optimal loading volumes are between 5 and 12.5 CVs. Both presented high recovery yields, 96.1 + 0.9%
and 96.0 + 1.1%, and high purities, 87.3 = 3.6% and 87.5 + 4.5% respectively.
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Figure 111.9 Effect of different loading volumes in the (A) chromatographic profile: 2 cm3(—), 5 cm3 (—) and 10 cm?3
(—); and in the (B) performance parameters, namely recovery yield (M), protein purity (M), protein removal (®) and
gDNA removal () of 1gG purification from clarified serum-free CHO DP-12 cell culture supernatants, by PBA
chromatography. IgG concentration on the feedstock was 58 mg/dm?3. Results are displayed as mean + STDV
(except for gDNA removal: + standard error). Protein purity was assessed by the ratio between IgG and total protein
concentration. Protein and gDNA removal were determined by the difference between the total amount of molecules
in the feedstock and in the elution pools divided by the same amount of molecules on the feedstock.
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IgG structure was monitored by HPLC-SEC and no aggregation was observed. Regarding HPLC
purity, similar results were obtained among the different loads applied. However, it was noticed a slight
decrease in purity with the increase of volume loaded. The best result regarding HPLC purity was 89.9
* 1.1 % achieved with a load of 5 CVs, followed by 87.0 + 0.4% for a 12.5 CVs load and 85.6 + 2.1% for
a 25 CVs load. A similar profile was observed regarding genomic DNA (gDNA) removal (Figure 111.9B).
DNA does not contain cis-diol groups and thus binding to PBA is not favourable. Nevertheless, it has
been reported that DNA is able to bind to PBA under acidic conditions [40], which were not met in this
study, and a high removal of the gDNA content was obtained at all conditions (Figure 111.9B). The highest
gDNA removal - 97.6% - was observed with the 5 CVs load followed by a 96.5% removal with the 12.5
CVs load. As expected, a lower gDNA removal - 83.5% - was obtained with the 25 CVs load.

Since PBA chromatography is being evaluated as an alternative capture step for mAbs purification
and the best compromise between yield and purity was evidenced with the 5 CVs load volume (0.4 mg

protein/cms3 resin), further studies were performed with this load volume.

[11.3.2.4. Reproducibility performance

The run-to-run reproducibility was evaluated by loading several samples of clarified serum-free CHO
DP-12 cell culture supernatants from the same lot and from different lots in a 0.4 cm® column. The
performance of anti-IL8 mAbs capture did not change significantly as shown by the consistency of the
chromatograms depicted in Figure 111.10, which show the same overall profile. The impurities that did
not bind to PBA left the column in the flow-through fraction. The remaining impurities bound were
removed in the wash step, and at last, IgG elution was performed. The protein A-HPLC analysis of the
five feedstock samples, showed an average IgG yield of 95.5 = 3.4% and protein purity of 86.6 + 5.9%,

thus confirming the reproducibility of PBA chromatography for the capture of mAbs.
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Figure 111.10 Run-to run reproducibility demonstrated by chromatographic profiles of IgG capture from different
clarified serum-free CHO DP-12 cell culture supernatants using PBA ligands. Each individual run took 8.7 minutes.
IgG concentration in the different runs were: (I and 11) 65 mg/dm?; 73.9 mg/dm? (lll and 1V) and 58.3 mg/dm? (V). |
and Il are duplicates as Ill and IV.
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[11.3.2.5. Process scale-up

In line with the previous results, a scale-up of the chromatographic process was performed with the
goal of confirming the scalability of the process. A 100-fold scale-up was hence performed from a 0.4
cm? column to a 40 cm?® column, passing through two intermediate volumes of 4 and 16 cm?® column
(Figure 111.11A). At all scales, the superficial velocity was maintained, as previously determined, at 5.1,
15.3 and 25.5 cm/min for the adsorption, wash and elution step, respectively.

Firstly, the scale-up was achieved by increasing the adsorbent volume ten-times, from 0.4 to 4 cm3
and the sample volume from 2 to 20 cm? (5 CVs). The column height was increased from 2 to 20 cm
while the internal diameter was maintained at 0.5 cm. This first scale-up was not conventional since the
goal was to reach a typical process height [27]. The recovery yield obtained (99.0 £ 1.8%) was slightly
higher than the one achieved at the smaller scale (96.0 + 0.9%). Protein purity (82.2 + 5.1%) and protein
removal (55.9 + 1.8%) were also similar between the two scales (Table IIl.5 and Figure I11.11B).
Considering these results, the next stage was to scale-up the 4 cm?3 column 4-times by increasing the
internal diameter from 0.5 to 1 cm, the adsorbent volume from 4 to 16 cm? and the loading volume from
20 to 80 cm?. A recovery yield of 98.6 + 2.5 % was obtained with a protein purity of 82.7 + 5.8% (Figure
111.11B). In the final scale-up, the internal diameter was further increased to 1.6 cm, the column volume
to 40 cm?® and the feed volumes to 204.8 cm3. The performance parameters obtained were very similar
to the smaller scales: a yield of 97.7 = 0.1% was obtained with a purity of 82.6 + 2.5%, translating a
protein removal of 62.4 + 1.7 % (Figure 111.11B). All the scale-up runs were performed in 75 min (Figure
I1.L11A) and presented the same chromatographic profile - an initial flow-through peak of unbound
material which contains the majority of the unbound proteins and other impurities, a second peak of
bound material containing compounds that co-adsorbed with IgG during the adsorption step, and a third
peak where more than 97% of anti-IL8 mAb was recovered. Overall, it was possible to demonstrate the
reproducibility of PBA multimodal chromatography at different scales with yields higher than 97%,
purities around 82% and protein removals of about 60%. The productivity of the chromatographic
processes was 233 + 3 mg-h1-dm- of PB-CPG resin for the three 20 cm height columns, which is in

agreement with previously published values [41].
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Figure 11.11 (A) Chromatographic profiles at different scales: 4 cm?® (—), 16 cm® (—) and 40 cm?® (—) and (B)
performance parameters: recovery yield (™), protein purity (M), protein removal (®), HCP removal (®) and gDNA
removal (*) obtained for the IgG capture from clarified serum-free CHO DP-12 cell culture supernatants by PBA
chromatography. IgG concentration on the feedstock was 57.8 + 0.3 mg/dm3. Results are displayed as mean + STDV
(except for gDNA removal: + standard error). Protein purity was assessed by the ratio between IgG and protein
concentration. Protein, HCP ang gDNA removal were determined by the difference between the total amount of
molecules in the feedstock and in the elution pools divided by the same total amount of molecules on the feedstock.

The purified anti-IL8 mAb was further characterized by size-exclusion chromatography (SEC) and
isoelectric focusing (IEF). According to SEC analysis, no aggregates were present or formed during the
purification process at all scales and the HPLC purities obtained were very consistent among the
different scales, with an average value of 83.6 + 1.0% being reached, which again demonstrates the
scalability of the process. The overall charge of the purified anti-IL8 mAb was maintained according to
IEF and the same pl (9.3) was obtained at all the scales and in the CHO DP-12 feedstock. The purified
samples were additionally analysed in terms of gDNA and host cell proteins (HCP). In terms of gDNA,
removals higher than 96% were achieved (Figure 111.11B). Relatively to soluble protein removal values
of around 60% were reached. Interestingly, HCP removal values obtained were of about 50%. This
result shows that the majority of the removed proteins were CHO produced proteins, as expected since
CHO-DP 12 cells were grown under serum-free conditions. However, the 50% of HCP removal is far
from the values obtained for mAbs capture with PBA under elution with 1.5 M Tris-HCI (88%) with a
different kind of support [30] or even with the traditional mAbs platform approach (99.5%). Still, for a
single non-affinity method, a removal of this magnitude is quite expectable [27]. In order to overcome
this excess of HCP present in the elution fraction, additional polishing steps are required, including ion
exchange chromatography, hydrophobic interaction chromatography or multimodal chromatography.
Previous studies already demonstrated that the combination of these three-column processes (ion-
exchange, multimodal, or hydrophobic interaction) has a similar efficiency to an affinity-based process,
in terms of yield and host cell proteins removal [42, 43]. Additionally, charged depth filters could be used
prior to capture [44].

PBA could emerge as an alternative ligand to the standard protein A capture step since it presents
similar recovery vyields (96.1 £ 0.9% vs 96.4 + 0.8%, respectively) and protein purities (83.3 £ 5.7% vs

87.3 + 3.6%), and greater gDNA removals (97.6% vs 91.0%). Furthermore, PBA could overcome some
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of the drawbacks of mAbs capture by protein A, mainly those related with (i) the high cost of the resin,
(i) ligand leaching, (iii) instability at high pH and (iv) the formation of product aggregates under low pH
standard elution conditions [9, 45, 46]. Indeed, PBA is a small synthetic ligand, much cheaper than the
biological protein A, and has demonstrated a very good performance for mAbs purification under
physiological pH values that could prevent protein aggregation and ligand leaching phenomena. In
addition, and as demonstrated in the current work, PBA multimodal chromatography can be performed
at higher superficial velocities, unlike the standard protein A affinity chromatography [47-49]. Still, for
industrial applications, additional points would need to be considered beyond the scope and possibilities
of the present study, e.g. (i) the capacity to process high cell density cell culture supernatants that
present high mAb and impurities titres, (ii) the advantages of applying a continuous process strategy as
multicolumn countercurrent solvent gradient (MCSGP) or periodic countercurrent chromatography
(PCC) to PBA chromatography and (iii) the evaluation of possible reversible or irreversible mAb
conformational changes by differential scanning calorimetry (DSC) or circular dichroism (CD) and its

implication in product quality.

I11.4. Conclusions

The viability of using PBA for the direct capture of mAbs from clarified cell culture supernatants has
been demonstrated, allowing high recovery yields as well as high impurity clearance. The optimization
studies using PBA chromatography media, revealed that contrarily to what has been used for the
purification of other glycoproteins using PB chromatography [15, 18, 50], the most efficient pH condition
is below PBA pKa, namely at pH 7.5. The development and optimization of an additional washing step
demonstrated to be essential in order to achieve a high purity. Nonetheless, the type of buffer, ionic
strength, and pH of the wash buffer needs to be well-defined in order to minimize 1gG losses. In addition,
the implementation of a washing step showed the possibility of using PBA chromatography for isoform
separation. The standard elution buffer, 1.5 M Tris-HCI [15] that leads to a lower biological activity, can
be successfully replaced by an alternative competitor - 0.5 M D-sorbitol with 150 mM NacCl in 10 mM
Tris-HCI. The latter allows recovering 99% of the anti-IL-8 mAb with a final protein purity of 81%, besides
being economically more favorable. PBA chromatography was also successfully used to purify the same
anti-IL-8 mAb but from a serum-free culture media and a second mAb produced by a different cell line.
The results clearly show the feasibility of PBA chromatography for the purification of mAbs, yielding
results comparable with ones obtained by protein A. The lower costs, stability and selectivity of this
synthetic ligand may lead to the implementation of PBA chromatography as a new platform in the
downstream processing of mAbs, either as a protein A replacement or as a pre-chromatographic step
for a longer life-time of the high costly protein A resin.

The scalability of PBA chromatography was also successfully demonstrated with a 100-fold scale-
up. PBA was effectively used as a multimodal ligand for the direct capture of anti-IL8 mAbs from a
clarified serum-free CHO DP-12 cell culture supernatant at small to moderate scales thus supporting its
application at larger scales. Working superficial velocities of the different chromatographic steps were
optimized to allow a reduction of the chromatographic run time of about 3 times without compromising

the performance parameters. The 100-fold scale-up was successfully accomplished with recovery yields
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of about 97%, purities of 82% and removals of gDNA higher than 96% obtained at all the scales tested
(0.4, 4, 16 and 40 cm? columns). The DBC determined at 10% of breakthrough is lower than that of
protein A chromatography (21.8 + 3.8 mg IgG/cm? resin vs > 50 mg IgG/cm? resin, respectively). This
low capacity could, however, be mitigated with further optimizations of the commercial ligand in terms
of density and spacer arms structures [51-53].

Moreover, since boronic acids have the ability to recognize the 1,2-cis-diol compounds present in
the glycan structure, it could be possible to purify antibody fragments lacking the Fc region proving that
they are glycosylated in its Fv region, unlike protein A [30, 54]. PBA chromatography can therefore be
described as a scalable, rapid, efficient and cost-effective multimodal process that has the potential to
be used in an industrial setting. In fact, multimodal processes are being increasingly exploited and
considered of high importance for the fractionation of complex biological mixtures, as pre-
chromatographic and polishing steps or as capture alternatives [12, 55-57]. Compared with other types
of chromatography, multimodal chromatography is particular advantageous in its salt-independent
adsorption and simple elution by charge repulsion. Multimodal ligands, such as Capto MMC and MEP-
Hypercel have been tested for mAbs purification, as an alternative to the affinity-based capture platform
[14, 58]. Capto MMC presents similar characteristics to PB resin used in these studies, in terms of
recovery yield, purity and also dynamic binding capacity (30 mg IgG/cm3 resin) [59]. However, the cost
of the PBA silica-based resins is much lower than that of the Capto MMC (agarose-based). The physical
bed stability is also higher using silica-based resins than agarose-based. Regarding the MEPHypercel,
both PBA and Capto MMC present much higher recovery yields (>97% vs 86%) [12].

I11.5. References

[1] D.M. Ecker, S.D. Jones, H.L. Levine, The therapeutic monoclonal antibody market, mAbs, 7 (2015)
9-14.

[2] S.S. Dewan, Antibody Drugs: Technologies and Global Markets, in BCC Research Report, October
2017.

[3] A.A. Shukla, L.S. Wolfe, S.S. Mostafa, C. Norman, Evolving trends in mAb production processes,
Bioeng Transl Med, 2 (2017) 58-69.

[4] ClinicalTrials.gov, HuMax-IL8 (Interleukin8) in Patients With Advanced Malignant Solid Tumors, in,
https://clinicaltrials.gov/ct2/show/NCT02536469, November 11, 2018.

[5] M. Aitken, Delivering on the Potential of Biosimilar Medicines: The Role of Functioning Competitive
Markets, in IMS Institute for Healthcare Informatics Report, March 2016.

[6] H.F. Liu, J. Ma, C. Winter, R. Bayer, Recovery and purification process development for monoclonal
antibody production, mAbs, 2 (2010) 480-499.

[7]M.D. Costioli, C. Guillemot-Potelle, C. Mitchell-Logean, H. Broly, Cost of Goods Modeling and Quality
by Design for Developing Cost-Effective Processes, BioPharm Int, 23 (2010).

[8] M.A. Hashim, K.H. Chu, Modeling the performance of protein-A affinity columns using asymptotic
solutions, Sep Purif Technol, 68 (2009) 279-282.

[9] A.A. Shukla, B. Hubbard, T. Tressel, S. Guhan, D. Low, Downstream processing of monoclonal
antibodies -Application of platform approaches, J Chromatogr B, 848 (2007) 28-39.

[10] A.C.A. Roque, C.R. Lowe, M.A. Taipa, Antibodies and Genetically Engineered Related Molecules:
Production and Purification, Biotechnol Progr, 20 (2004) 639-654.

[11] Y. Liu, Y. Lu, Z. Liu, Restricted access boronate affinity porous monolith as a protein A mimetic for
the specific capture of immunoglobulin G, Chem Sci, 3 (2012) 1467-1471.

[12] J. Pezzini, G. Joucla, R. Gantier, M. Toueille, A.M. Lomenech, C. Le Senechal, B. Garbay, X.
Santarelli, C. Cabanne, Antibody capture by mixed-mode chromatography: a comprehensive study from
determination of optimal purification conditions to identification of contaminating host cell proteins, J
Chromatogr A, 1218 (2011) 8197-8208.

123



Chapter Ill - Phenylboronic acid chromatography as a rapid, reproducible and easy scalable multimodal
process for the capture of monoclonal antibodies

[13] S. Maria, G. Joucla, B. Garbay, W. Dieryck, A.M. Lomenech, X. Santarelli, C. Cabanne, Purification
process of recombinant monoclonal antibodies with mixed mode chromatography, J Chromatogr A,
1393 (2015) 57-64.

[14] C. Zhang, D. Fredericks, E.M. Campi, P. Florio, C. Jespersgaard, C.B. Schigdt, M.T.W. Hearn,
Purification of monoclonal antibodies by chemical affinity mixed mode chromatography, Sep Purif
Technol, 142 (2015) 332-339.

[15] A.M. Azevedo, A.G. Gomes, L. Borlido, I.F. Santos, D.M. Prazeres, M.R. Aires-Barros, Capture of
human monoclonal antibodies from a clarified cell culture supernatant by phenyl boronate
chromatography, J Mol Recognit, 23 (2010) 569-576.

[16] X.C. Liu, W.H. Scouten, Boronate Affinity Chromatography, in: D.S. Hage (Ed.) Handbook of Affinity
Chromatography, CRC Press, 2006, pp. 215-229.

[17] M. Matsumoto, T. Shimizu, K. Kondo, Selective adsorption of glucose on novel chitosan gel modified
by phenylboronate, Sep Purif Technol, 29 (2002) 229-233.

[18] B. Zhang, S. Mathewson, H. Chen, Two-dimensional liquid chromatographic methods to examine
phenylboronate interactions with recombinant antibodies, J Chromatogr A, 1216 (2009) 5676-5686.
[19] L.I. Bosch, T.M. Fyles, T.D. James, Binary and ternary phenylboronic acid complexes with
saccharides and Lewis bases, Tetrahedron, 60 (2004) 11175-11190.

[20] X.-C. Liu, W.H. Scouten, Boronate Affinity Chromatography, in: P. Bailon (Ed.) Affinity
Chromatography, Human Press, 2000.

[21] D.G. Hall, Structure, Properties, and Preparation Of Boronic Acid Derivatives. Overview of Their
Reactions and Applications, 2nd ed., Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2011.
[22] B.M. Brena, F. Batista-Viera, L. Rydén, J. Porath, Selective adsorption of immunoglobulins and
glucosylated proteins on phenylboronate-agarose, J Chromatogr A, 604 (1992) 109-115.

[23] S.A.S.L. Rosa, C.L. da Silva, M.R. Aires-Barros, A.C. Dias-Cabral, A.M. Azevedo, Thermodynamics
of the adsorption of monoclonal antibodies in phenylboronate chromatography: Affinity versus
multimodal interactions, J Chromatogr A, 1569 (2018) 118-127.

[24] T. Silla, 1. HAal, J. Geimanen, K. Janikson, A. Abroi, E. Ustav, M. Ustav, Episomal Maintenance of
Plasmids with Hybrid Origins in Mouse Cells, J Virol, 79 (2005) 15277.

[25] R.B. Carrillo, G., Scale-up and Commercial Production of Recombinant Proteins, in: R.M. Hatti-
Kaul, Bo (Ed.) Isolation and Purification of Proteins, CRC Press, 2003, pp. 470-480.

[26] A.V. Rathore, A., An Overview of Scale-up in Preparative Chromatography, in: A.V. Rathore, A.
(Ed.) Scale-up and Optimization in Preparative Chromatography: Principles and Biopharmaceutical
Applications, CRC Press, 2003, pp. 1-32.

[27] H. Lars, Jagschies, G., Sofer, G., Handbook of Process Chromatography: Development,
Manufacturing, Validation and Economics, 2nd ed., Academic Press, 2008.

[28] A.M. Azevedo, P.A.J. Rosa, I.F. Ferreira, M.R. Aires-Barros, Integrated process for the purification
of antibodies combining aqueous two-phase extraction, hydrophobic interaction chromatography and
size-exclusion chromatography, J Chromatogr A, 1213 (2008) 154-161.

[29] Thermo Scientific Pierce Protein Assay Technical Handbook, 2010, pp. 9.

[30] L. Borlido, A.M. Azevedo, A.G. Sousa, P.H. Oliveira, A.C. Roque, M.R. Aires-Barros, Fishing human
monoclonal antibodies from a CHO cell supernatant with boronic acid magnetic particles, J Chromatogr
B, 903 (2012) 163-170.

[31] P.M. Nissom, Specific detection of residual CHO host cell DNA by real-time PCR, Biologicals, 35
(2007) 211-215.

[32] MerckMillipore, ProSep® Ultra Plus Chromatography Media brochure, 2012.

[33] G. Springsteen, B. Wang, A detailed examination of boronic acid—diol complexation, Tetrahedron,
58 (2002) 5291-5300.

[34] Y. Li, J.-O. Jeppsson, M. Jérntén-Karlsson, E. Linné Larsson, H. Jungvid, 1.Y. Galaev, B.
Mattiasson, Application of shielding boronate affinity chromatography in the study of the glycation
pattern of haemoglobin, J Chromatogr B, 776 (2002) 149-160.

[35] C. Quan, E. Alcala, I. Petkovska, D. Matthews, E. Canova-Davis, R. Taticek, S. Ma, A study in
glycation of a therapeutic recombinant humanized monoclonal antibody: where it is, how it got there,
and how it affects charge-based behavior, Anal Biochem, 373 (2008) 179-191.

[36] S. O.Ugwu, S. P.Apte, The Effect of Buffers on Protein Conformational Stability, Pharmaceutical
Technology, (2004) 86-113.

[37] M. Maury, K. Murphy, S. Kumar, A. Mauerer, G. Lee, Spray-drying of proteins: effects of sorbitol
and trehalose on aggregation and FT-IR amide | spectrum of an immunoglobulin G, Eur J Pharm
Biopharm, 59 (2005) 251-261.

124



Chapter IIl - Phenylboronic acid chromatography as a rapid, reproducible and easy scalable multimodal
process for the capture of monoclonal antibodies

[38] M.E.M. Cromwell, E. Hilario, F. Jacobson, Protein aggregation and bioprocessing, AAPS J, 8 (2006)
E572-E579.

[39] R.J. Carvalho, J. Woo, M.R. Aires-Barros, S.M. Cramer, A.M. Azevedo, Phenylboronate
chromatography selectively separates glycoproteins through the manipulation of electrostatic, charge
transfer, and cis-diol interactions, Biotechnol J, 9 (2014) 1250-1258.

[40] A.G. Gomes, A.M. Azevedo, M.R. Aires-Barros, D.M. Prazeres, Clearance of host cell impurities
from plasmid-containing lysates by boronate adsorption, J Chromatogr A, 1217 (2010) 2262-2266.

[41] A.G. Gomes, A.M. Azevedo, M.R. Aires-Barros, D.M. Prazeres, Validation and scale-up of plasmid
DNA purification by phenyl-boronic acid chromatography, J Sep Sci, 35 (2012) 3190-3196.

[42] D.K. Follman, R.L. Fahrner, Factorial screening of antibody purification processes using three
chromatography steps without protein A, J Chromatogr A, 1024 (2004) 79-85.

[43] S. Aldington, J. Bonnerjea, Scale-up of monoclonal antibody purification processes, J Chromatogr
B, 848 (2007) 64-78.

[44] Y. Yigzaw, R. Piper, M. Tran, A.A. Shukla, Exploitation of the Adsorptive Properties of Depth Filters
for HCP Removal during Monoclonal Antibody Purification, Biotechnol Progr, 22 (2006) 288-296.

[45] B. Kelley, Very Large Scale Monoclonal Antibody Purification: The Case for Conventional Unit
Operations, Biotechnol Progr, 23 (2007) 995-1008.

[46] A.M. Azevedo, P.A. Rosa, |.F. Ferreira, M.R. Aires-Barros, Chromatography-free recovery of
biopharmaceuticals through aqueous two-phase processing, Trends Biotechnol, 27 (2009) 240-247.
[47] H. Miyahara, R. Nakashima, M. Inoue, T. Katsuda, H. Yamaji, S. Katoh, Optimization and
Performance of Silica-Based Media for Industrial-Scale Antibody Purification, Chem Eng Technol, 35
(2012) 157-160.

[48] C.K. Ng, H. Osuna-Sanchez, E. Valery, E. Sorensen, D.G. Bracewell, Design of high productivity
antibody capture by protein A chromatography using an integrated experimental and modeling
approach, J Chromatogr B, 899 (2012) 116-126.

[49] D. Low, R. O'Leary, N.S. Pujar, Future of antibody purification, J Chromatogr B, 848 (2007) 48-63.
[50] D. Zanette, A. Soffientini, C. Sottani, E. Sarubbi, Evaluation of phenylboronate agarose for
industrial-scale purification of erythropoietin from mammalian cell cultures, J Biotechnol, 101 (2003)
275-287.

[51] S. Hober, K. Nord, M. Linhult, Protein A chromatography for antibody purification, J Chromatogr B,
848 (2007) 40-47.

[52] G. Zhao, X.Y. Dong, Y. Sun, Ligands for mixed-mode protein chromatography: Principles,
characteristics and design, J Biotechnol, 144 (2009) 3-11.

[53] W. Bicker, J. Wu, H. Yeman, K. Albert, W. Lindner, Retention and selectivity effects caused by
bonding of a polar urea-type ligand to silica: a study on mixed-mode retention mechanisms and the
pivotal role of solute-silanol interactions in the hydrophilic interaction chromatography elution mode, J
Chromatogr A, 1218 (2011) 882-895.

[54] A. Nascimento, I.F. Pinto, V. Chu, M.R. Aires-Barros, J.P. Conde, A.M. Azevedo, Studies on the
purification of antibody fragments, Sep Purif Technol, 195 (2018) 388-397.

[55] M. Toueille, A. Uzel, J.F. Depoisier, R. Gantier, Designing new monoclonal antibody purification
processes using mixed-mode chromatography sorbents, J Chromatogr B, 879 (2011) 836-843.

[56] D. Gao, L.L. Wang, D.Q. Lin, S.J. Yao, Evaluating antibody monomer separation from associated
aggregates using mixed-mode chromatography, J Chromatogr A, 1294 (2013) 70-75.

[57] T. Mlller-Spath, L. Aumann, G. Stréhlein, H. Kornmann, P. Valax, L. Delegrange, E. Charbaut, G.
Baer, A. Lamproye, M. J6hnck, M. Schulte, M. Morbidelli, Two step capture and purification of IgG2
using multicolumn countercurrent solvent gradient purification (MCSGP), Biotechnol Bioeng, 107 (2010)
974-984.

[58] I.F. Pinto, M.R. Aires-Barros, A.M. Azevedo, Multimodal chromatography: debottlenecking the
downstream processing of monoclonal antibodies, Pharm Bioprocess, 3 (2015) 263-279.

[59] K.A. Kaleas, M. Tripodi, S. Revelli, V. Sharma, S.A. Pizarro, Evaluation of a multimodal resin for
selective capture of CHO-derived monoclonal antibodies directly from harvested cell culture fluid, J
Chromatogr B, 969 (2014) 256-263.

125



Chapter Ill - Phenylboronic acid chromatography as a rapid, reproducible and easy scalable multimodal
process for the capture of monoclonal antibodies

[11.6. Supplementary Material

The elution fractions from protein A and PBA purifications of the serum-containing and serum-free
CHO DP-12 cell culture supernatants as the serum-free CHOEBNALTS85 cell culture supernantants
were analyzed by SEC-HPLC as referred in Sections 111.3.1.4.1, 111.3.1.5.1. and 111.3.1.5.2., respectively.
The figures mentioned in those sections are presented as supplementary data for a better
comprehension of the results.
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Figure 1Il.S1 Analytical chromatogram from SEC-HPLC analysis of the purified IgG fractions from 2.5% serum-
containing CHO DP-12 cell culture supernatants. (A) Protein A chromatography. Adsorption buffer: 10 mM PBS,
pH 7.4; elution buffer: 100 mM glycine-HCI, pH 2. (B) PBA chromatography: Adsorption buffer: 20 mM HEPES, 150
mM NaCl, pH 7.5; wash buffer: 100 mM D-sorbitol in 10 mM Tris-HCI, pH 7.5; elution buffer: 0.5 M D-sorbitol and
150 mM NacCl in 10 mM Tris-HCI, pH 7.5. (C) PBA chromatography: Adsorption buffer: 20 mM HEPES, 150 mM
NaCl, pH 7.5; wash buffer: 100 mM D-sorbitol in 10 mM Tris-HCI, pH 7.5; elution buffer: 1.5 M Tris-HCI, pH 7.5.
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Figure 111.S2 Analytical chromatogram from SEC-HPLC analysis of the purified IgG fractions from serum-free CHO
DP-12 cell culture supernatants. (A) Protein A chromatography. Adsorption buffer: 10 mM PBS, pH 7.4; elution
buffer: 100 mM glycine-HCI, pH 2. (B) PBA chromatography: Adsorption buffer: 20 mM HEPES, 150 mM NaCl, pH
7.5; wash buffer: 100 mM D-sorbitol in 10 mM Tris-HCI, pH 7.5; elution buffer: 0.5 M D-sorbitol and 150 mM NacCl
in 10 mM Tris-HCI, pH 7.5.
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Figure II1.S3 Analytical chromatogram from SEC-HPLC analysis of the purified 1gG fractions from serum-free
CHOEBNALTSS5 cell culture supernatants. (A) Protein A chromatography. Adsorption buffer: 10 mM PBS, pH 7.4;
elution buffer: 100 mM glycine-HCI, pH 2. (B) PBA chromatography: Adsorption buffer: 20 mM HEPES, 150 mM
NaCl, pH 7.5; wash buffer: 100 mM D-sorbitol in 10 mM Tris-HCI, pH 7.5; elution buffer: 0.5 M D-sorbitol and 150
mM NaCl in 10 mM Tris-HCI, pH 7.5.
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Chapter IV - Exploring the selectivity of phenylboronate chromatography

towards glycosylated and non-glycosylated proteins: proof of concept

Abstract: Boronate affinity chromatography has been extensively used for the capture and enrichment of
cis-diol containing species such as glycoproteins. However, it has also been reported that this type of
chromatography relies on a more complex system which presents a multimodal behaviour. Therefore, its
application to the purification of proteins could be turned broader covering both glycosylated and non-
glycosylated proteins. The choice of the experimental conditions (pH, conductivity and type of salt) has been
described as essential for the manipulation of the selectivity of the ligand towards a type of proteins in
detriment of the other. Thus, it is possible to envisaging the capacity of the m-aminophenylboronic acid (m-
APBA) ligand to effectively separate different types of proteins from a complex mixture or even proteins of
the same group but with tenuous differences in charge, for example. Herein, different elution strategies were
carried out in order to explore phenylboronic acid (PBA) chromatography selectivity. In particular, the addition
of displacers and application of pH gradients were investigated. From the different conditions screened, a Tris
gradient at pH 9.0 and a citrate gradient at pH 5.0 provided the best m-APBA selective elution pattern,
respectively for the glycosylated and acidic/neutral proteins under study. With the use of Tris, it was possible
to selectively elute glycosylated proteins retained at alkaline pH by affinity cis-diol interaction. When the
system was challenged with an artificial mixture of four different glycoproteins, the best separation result was
achieved with a linear gradient rate of 0.6% Tris/min (= 3 mM Tris/min). Gradient elution was also performed
for acidic/neutral proteins separation. In this case, proteins were selectively eluted at acidic pH using a citrate
linear gradient, with a rate of 0.75% citrate/min (= 3.75 mM citrate/min) providing the best peaks separation.
On the other hand, elution strategies considering pH gradients failed to promote selective elution of the
different proteins under study. In the majority of the cases, the same protein was not completely eluted within
a broad range of pH values indicating that changes in the ligand conformation and overall charge of proteins
were not sufficient to promote the elution of such proteins and consequently, corroborating the presence of
multimodal interactions between ligand and proteins. In sum, this work provides a broader understanding on
PBA selectivity towards different types of proteins disclosing some of the mechanisms involved in the

adsorption but especially in their desorption process.

Keywords: Protein purification, Glycosylated and non-glycosylated proteins, Phenylboronate

chromatography, Elution studies, Selectivity analysis
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IV.1. Background

Phenylboronate (PB) chromatography has been used since the 70s for the separation of a wide
variety of sugar-containing compounds, such as carbohydrates [1, 2], glycoproteins [3, 4], glycolipids [5]
and nucleic acids [6-8], using different types of supports, including not only the traditional beads but also
magnetic nanoparticles [9], monoliths [10] and membrane adsorbers [11]. The core interaction in
boronate chromatography is a reversible esterification reaction that occur between the boronate ligand
and a cis-diol containing molecule [12]. Several types of diols can react with boronic acids however, 1,2
cis-diol geometry has been reported as the most favourable for esterification [13, 14]. PB
chromatography is mostly performed at alkaline conditions since it is known that the tetrahedral
conformation of the ligand is more prone to establish the specific cis-diol interactions due to the higher
association constant towards cis-containing molecules that presents (Kwet>Ktig) [15]. Nevertheless, the
interaction between PB and diols is not as simple as it seems due to the multimodal nature of the ligand
[16], i.e., due to the ability of PB to participate in different type of interactions.

Multimodal chromatography is becoming a feasible strategy to obtain more efficient purification
processes, as it could bring some advantages over single-mode chromatography. For example, the
modulation and even enhancement of the selectivity in systems where it is desirable to separate proteins
from closely related variants can be achieved by using multimodal chromatography [17]. Nevertheless,
this type of chromatography is complex and more fundamental studies are needed to reveal the
mechanisms of interactions involved. PB chromatography is a clear example of this complexity with
several studies revealing non-specific interactions as driving forces for protein adsorption towards PB
ligands as, for example, the m-APBA ligand [13, 18, 19]. Indeed, besides the cis-diol esterification
reactions, several other types of interactions can play an important role in molecules adsorption towards
the m-APBA ligand (pKa = 8.8). At alkaline conditions (pH>pKa), boronic acids are negatively charged
presenting a tetrahedral conformation due to the hydroxylation of the boron atom, allowing the ligand to
act also as cation exchanger. This behaviour can be noticed in some studies where NaCl was used to
avoid the electrostatic repulsion of the target biomolecule [13, 19, 20], or to shield electrostatic
interactions of impurities and increase selectivity towards the protein target [4, 20]. At acid or neutral
conditions (pH<pKa), the ligand adopts a trigonal conformation where the boron atom has an empty
orbital, which can act as an electron receptor for charge transfer or coordination interactions. The phenyl
moiety of PBA can also provide hydrophobic or aromatic interactions, as cation-1 interactions, that can
be established between the phenyl ring and positively charged molecules [19]. Nevertheless, low ionic
strength is usually applied to avoid these secondary interactions [19, 20].

Considering the multitude of interactions that the m-APBA ligand can establish, the work developed
by Carvalho et al. (2014) is of major importance to disclose the phenomena involved in the adsorption
of proteins [18]. The exhaustive evaluation of the adsorption of glycosylated and non-glycosylated
proteins onto PB resins demonstrated the ability of PB chromatography to selectively adsorb proteins
that differ in terms of charge and presence of glycans in their structure. Through the manipulation of the
adsorption conditions it was shown that is possible to modulate the predominant type of interactions

established between ligand and proteins during the adsorptive process. For example, the majority of
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glycoproteins adsorption was achieved at alkaline conditions through the esterification of their diol
groups with the hydroxyl groups of the tetrahedral boronate of the ligand [4]. Nevertheless, the retention
of proteins, glycosylated or not, at neutral and acidic conditions has also been reported using the m-
APBA ligand [4, 18]. Although the uncharged trigonal form of the ligand is less susceptible to form
electrostatic and cis-diol interactions with proteins, its ability to participate in charge transfer interactions
is extremely important to achieve high adsorption yields of acidic to neutral glycoproteins at these
conditions [18].

The knowledge retrieved can be thus used to identify possibilities to explore the selectivity of PB
chromatography during the elution process. Glycoproteins majorly captured via cis-diol esterification
should be further fractionated during elution based on electrostatic (via an ionic strength gradient) or
charge transfer interactions (via pH or Lewis base gradients). On the other hand, proteins adsorbed
mainly by charge transfer interactions should be selectively recovered by using Lewis base species in
buffer formulation aiming to reversibly modify the ligand surface properties.

The aim of this work is to provide purification strategies for different classes of proteins using PB
chromatography as to give some insights on the multimodal character of the interactions that occur
during the adsorption but especially, through the desorption process of such proteins. Different elution
strategies were thus applied in order to separate two different classes of proteins, namely, (i)
glycoproteins, adsorbed at alkaline conditions, and (ii) neutral/acidic proteins, adsorbed at acidic

conditions. The selectivity of the elution process was analysed by applying displacer or pH gradients.

IV.2. Materials and Methods

IV.2.1. Chemicals

2-(Cyclohexylamino)ethanesulfonic acid (CHES), 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic
acid (EPPS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid (HEPES), 3-morpholino-2-
hydroxypropanesulfonic acid (MOPSQ), 2-(N-morpholino)ethanesulfonic acid (MES), [(2-Hydroxy-1,1-
bis(hydroxymethyl)ethyl)amino]-1-propanesulfonic acid (TAPS), Tris(hydroxymethyl)aminomethane
(Tris), tri-sodium citrate dehydrate and sodium chloride were purchased from Sigma—Aldrich (St. Louis,
MO, USA). Sodium acetate anhydrous was obtained from Merck (Darmstadt, Germany) and
hydrochloric acid and glacial acetic acid from Fisher Scientific (Waltham, MA, USA). Sodium hydroxide
was acquired from José Manuel Gomes dos Santos Lda. (Odivelas, Portugal). All chemicals used were
analytical or HPLC grade. Water used in all experiments was obtained from a Milli-Q purification system
(Millipore, Bedford, MA, USA).

IV.2.2. Biologics

A protein library composed by the following proteins was obtained from Sigma-Aldrich® (St. Louis,
MO, USA): amyloglucosidase from Aspergillus niger, cellulase from Trichoderma reesei, invertase from
Saccharomyces cerevisiae, pepsin from porcine stomach, and ribonuclease B (RNaseB) from bovine
pancreas. The proteins from this library were divided, according to their features, in two major groups:

(i) glycosylated (amyloglucosidase, cellulose, RNase B and invertase) and (ii) acidic/neutral proteins
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(amyloglucosidase, cellulase and pepsin). Protein Data Bank identity and characteristics as the

molecular weight, isoelectric point and relevant functions of these proteins can be found in Table IV.1.

IV.2.3. Phenylboronate chromatography: development and optimization of

elution steps

Selectivity studies were performed in order to demonstrate the ability of phenylboronate
chromatography to separate different types of proteins from a complex mixture or even proteins of the
same group but with tenuous differences in charge. For such studies, two different chromatographic
supports —silica and agarose beads — functionalized with m-aminophenylboronic acid (m-APBA) were
used: (i) ProSep®-PB (EMD Millipore, UK) and (ii) Aminophenylboronate P6XL (Prometic
Bioseparations Ltd), respectively. At least two independent replicated assays were performed. Both two
resins were packed on Tricorn™ 5/50 glass columns (GE Healthcare) with a resin volume of 1 mL. All
chromatographic runs were performed in an AKTA Purifier 10 system from Amersham Biosciences
(Uppsala, Sweden). The data collection and processing were accomplished using Unicorn 5.1 software.
Conductivity, pH and UV absorbance at 280 nm were continuously measured at the sample outlet.
Samples were collected using a Frac-950 fraction collector from GE Healthcare, and further analysed
by SDS-PAGE.

Glycoproteins separation studies were performed using an adsorption buffer at alkaline pH (pH 9.0),
while studies aiming the separation of acidic and neutral proteins, comprising glycosylated and non-
glycosylated proteins, were run using an acidic adsorption buffer (pH 4.0 or 5.0). Different elution
strategies were then performed using either 1) a displacer gradient or 2) a pH gradient in order to
explorer the multimodal behaviour of the m-APBA ligand and understand its selectivity in order to
enhance elution processes. The optimization studies were performed using the silica-based ProSep®-
PB resin. Posteriorly, the agarose-based Aminophenylboronate P6XL resin was challenged with artificial
protein mixtures of the aforementioned groups of proteins under the best conditions achieved during the

optimization studies.

IV.2.3.1. Displacer gradients

Chromatographic runs, comprising the study of the behaviour of the m-APBA ligand towards the
separation of glycoproteins, were performed using an adsorption buffer composed by 20 mM CHES,
300 mM NaCl at pH 9.0. In the case of the acidic/neutral proteins, the adsorption buffer used was 50
mM acetate, pH 5.0. These conditions were chosen considering a previous work from Carvalho et al.,

(2014) in which several adsorption conditions were screened for the same type of proteins under study.
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Table IV.1 Summary table of the most important characteristics of proteins to the current study. A glimpse about the function of each protein is also present. PDB ID stands for Protein
Data Bank Identity. MW and pl stand for molecular weight and isoelectric point, respectively. @ Product specifications provided by the supplier.

Protein Abbreviation Source Type PDB ID MW (kDa) pl Protein group Function Ref.
Converts starch to dextrins and
Glycoprotein glucose
Amyloglucosidase AMY Aspergillus Glycosylated 3GLY 97 3.6 i a
yloglucosidas niger yCOSy : N Capable of hydrolysing the a-D-(1-4)
Acidic-neutral and a- (1,6) glucosidic bonds of
strach and malto-oligosaccharides
. Breakdown of cellulose molecules
Glycoprotein
i into monosaccharides such as beta-
Cellulase CEL Trichoderma . cviated  30R3 65 5.7 [21, 22]
reesel . glucose, or shorter polysaccharides
Acidic-neutral
and oligosaccharides
Demonstration of N-linked
Ribonuclease B RNase B, RB Bos taurus Glycosylated 1RBB 15 8.8-9.7 Glycoprotein deglycosylation; [23, 24]
Source of N-glycans following
enzymatic digestion
Catalyzes the following reaction:
Sach Sucrose + H20 > Glucose + Fructose
acharomyces _ . a
Invertase INV cerevisiae Glycosylated 4EQV 270 34-44 Glycoprotein (Raffinose and methyl-b-D-
fructofuranoside may also be used as
substrates.)
Borci ) N Peptidase that only hydrolyzes
. orcine gastric on- - i )
Pepsm PEP mucosa glycosylated 3PEP 35 22-3.0 Acidic-neutral pep“de bonds, not amide or ester a

linkages

134



Chapter IV - Exploring the selectivity of phenylboronate chromatography towards glycosylated and
non-glycosylated proteins: proof of concept

IV.2.3.1.1. Displacer selection

In order to select the more adequate displacer, the adsorption buffers were supplemented with
different compounds in order to obtain the elution buffers that will be screened. For the elution of
glycoproteins, 0.5 M Tris, 0.5 M D-sorbitol, 0.5 M D-fructose, 0.5 M citrate and 0.5 M borate were added
to the respective adsorption buffer. To the acidic/neutral proteins elution studies, 0.5 M Tris and 0.5 M
citrate were the selected displacers.

Firstly, the column was equilibrated with 10 column volumes (CVs) of the adsorption buffer. Then,
100 ug of each protein, dissolved in adsorption buffer, was separately loaded using a loop of 100 pL at
1 mL/min, with the loop being emptied with three-times its volume. After the unbound or weakly bound
material were washed-out with 5 CVs of the adsorption buffer and the bound material was eluted using
a linear gradient of 20 CVs of length followed by a 5 CVs step gradient at 100% (v/v) of the elution buffer.
The column was further regenerated using 1.5 M Tris-HCI pH 8.5 for 5 CVs. All the steps were conducted
at 1 mL/min.

The percentage of protein recovered was calculated based on the areas of the eluted peaks

obtained minus the areas of the phantom peaks generated by the elution buffers, when applicable.

IV.2.3.1.2. Linear gradients optimization

After selecting the best displacer to each set of proteins under study, the system was challenged
using an artificial mixture of glycoproteins and other artificial mixture of acidic/neutral proteins.
Hereupon, the need to optimize the separation of such proteins emerged. The adsorption procedure
was maintained (see Section IV.2.3.1.) and each protein mixture prepared in order to be possible to
inject 100 ug of each protein. A loop of 500 pL was then used and emptied with three-times its volume.
The unbound or weakly bound material were washed-out with 5 CVs of the adsorption buffer. In the
case of glycoproteins, the bound material was eluted using different linear gradients (see description
below) followed by a 10 CVs step gradient at 100% (v/v) of the elution buffer. On the other hand, the
elution of acidic/neutral proteins was accomplished with different linear gradients instantaneously
followed by the regeneration of the column. In both cases, the column was regenerated using 1.5 M
Tris-HCI pH 8.5 for 10 CVs. All the steps were conducted at 1 mL/min. For both protein groups, the
elution evaluation comprised linear gradients of: (i) 20 CVs in length until reach 100% of the elution
buffer at 5%/min, (ii) 20 CVs to reach 50% at 2.5%/min, (iii) 40 CVs to 50% at 1.25%/min and (iv) 40
CVs to 30% at 0.75%/min. All elution buffer percentages are given in a v/v ratio. To obtain a better
separation of the glycoproteins under study, an additional linear gradient was tested: 25 CVs in length
until reach 15% of the elution buffer at 0.6%/min. Afterwards, the conditions that allowed the best

separation were tested with a 2.5-times higher protein loading using a loop of 1000 pL.

IV.2.3.1.3. Step gradients: Proof of concept

The knowledge acquired from the linear gradients performed as described in Section 1V.2.3.1.2.,
gave tools for a better tuning of the separation of the aforementioned protein mixtures. Thus, the elution

process was carried out using different step gradients leading to less diluted pools of each protein.
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Again, the adsorption procedure was the described in Section 1V.2.3.1., the protein mixtures injection
carried out as referred in Section 1V.2.3.1.2. and the unbound or weakly bound material washed-out with
5 CVs of the adsorption buffer. The elution of glycoproteins and acid/neutral proteins was conducted
following a series of step gradients with 10 CVs of length. In the case of glycoproteins the steps
performed were of 2%, 4.5%, 8.5%, 15% and 100% (v/v) of elution buffer. For the elution of the
acidic/neutral proteins under study, steps of 1.5%, 4% and 15% (v/v) of elution buffer were used.
Regeneration of the column was accomplished using 1.5 M Tris-HCI pH 8.5 for 10 CVs, in both cases.

At last, systems were tested with a 2.5-times higher protein loading using a loop of 1000 pL.

IV.2.3.2. pH gradients

With the aim of studying the ability of applying pH gradients to fractionate glycoproteins and
acidic/neutral proteins using phenylboronate chromatography, different pH gradients were evaluated.
The pH gradients selected were based on the work of Kréner and Hubbuch, (2013), which provides the
generation of buffer compositions with linear titration curves to be applied to ion exchange
chromatography as controllable and linear pH gradients [24]. The buffer compositions used in the
present work are described in Table IV.1 with all the components being acidic buffers. One buffer
formulation, BGly, was prepared aiming the separation of glycoproteins and other two others, BAN1 and

BAN2, for the separation of acidic/neutral proteins.

Table IV.2 Buffer systems used to obtained linear pH gradients for the separation of glycoproteins (BGly) and
acidic/neutral proteins (BAN1 and BAN2).

Buffer composition
Buffer components

BGly BAN1 BAN2
9.4 mM CHES X X X
4.6 mM TAPS X
4.6 mM HEPES X X
9.9 mM EPPS X X X
8.7 mM MOPSO X X X
11 mM MES X X X
13 mM Acetate X X X
300 mM NacCl X

Prior to injection, the columns were equilibrated with 10 CVs of adsorption buffer. The adsorption
buffer used for the adsorption of glycoproteins was BGly at pH 9.0. In the case of acidic/neutral proteins,
the adsorption was performed using BAN1 and BAN2 at acidic pH values. The adsorption of the
acidic/neutral proteins onto the ProSep®-PB resin was carried out at pH 4.0, and at pH 5.0, when
working with the P6XL resin. Such conditions were selected based on a previous study that show that
at pH 4.0 is not possible to adsorb all proteins onto the P6XL resin [18]. Afterwards, 100 ug of each

protein was separately loaded at 1 mL/min using a loop of 100 uL, with the loop being emptied with
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three-times its volume. Protein solutions were obtained by dissolution of proteins in the selected
adsorption buffer. The unbound or weakly bound material were washed-out with 5 CVs of the adsorption
buffer and the bound material was eluted using a linear gradient of 15 CVs of length followed by a ten
CVs step gradient at 100% (v/v) of the elution buffer. The column was further regenerated using 1.5 M
Tris-HCI pH 8.5 for 10 CVs. All the steps were conducted at 1 mL/min. The buffers used for the elution
of glycoproteins were BGly at pH 4.0 (ProSep®-PB) and at pH 5.0 (P6XL). For the elution of
acidic/neutral proteins, BAN1 and BAN2 were employed at pH 9.0.

The percentage of protein recovered was determined based on the peak areas obtained in the
chromatogram divided by the total peak area minus the areas of the phantom peaks generated by the

elution buffers, when applicable.

IV.2.4. Protein gel electrophoresis

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) was performed to
qualitatively evaluate (i) the different commercial protein samples used, (ii) the artificial mixtures of
proteins under study and (iii) the samples collected during all the chromatographic runs carried out.
Samples were diluted with loading buffer (62.5 mM Tris-HCI, pH 6.2, 2% (w/v) SDS, 10% (v/v) glyceroal,
0.01% (w/v) bromophenol) prior to be exposed to denaturation conditions with 100 mM dithiothreitol,
from Sigma-Aldrich, at 100 °C for 5 minutes. The different commercial protein samples as the artificial
mixtures were diluted in order to apply 5 ug of each protein in the gel. Samples collected from the
chromatographic runs were previously concentrated, from 20 to 60-fold, using Amicon Ultra-15, 4 or 0.5
centrifugal filter units (MWCO of 3 or 10 kDa) from Merck Millipore. Afterwards, samples were applied
in a 12% acrylamide gel, prepared from a 40% acrylamide/bis stock solution (29:1) from Bio-Rad. The
samples were ran at 150 mV using as running buffer composed by 192 mM glycine, 25 mM Tris-HCI
and 0.1% (w/v) SDS, pH 8.3. Gels were stained with Coomassie Brilliant Blue (Pharmacia, Uppsala,
Sweden). Images were acquired with a GS-800 calibrated densitometer from Bio-Rad (Hercules, CA,
USA).

IV.3. Results and Discussion

A protein library composed by five proteins was selected for this study. Among them, it can be found
glycoproteins comprising a broad range of isoelectric points and acidic/neutral proteins that include
glycosylated and non-glycosylated proteins. The list of proteins chosen is presented in Section IV.2.2..
Information regarding their molecular weight, isoelectric point and relevant functions is available in Table
IV.1). To confirm the molecular weight as the purity and protein profile of each commercial protein under
study, a SDS-PAGE was run (Figure IV.S1, Supplementary Material). The validation of the presence or
absence of a glycosylation site on each protein was also carried out using a Pierce ™ Glycoprotein
Staining Kit confirming the information provided by the suppliers (data not shown).

The selection of the different proteins was performed aiming to prove the ability that PB
chromatography has to adsorb and selectively elute proteins within the aforementioned groups. This

work will be focused on the m-APBA ligand affinity behaviour towards cis-diol compounds, e.g.
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glycoproteins, and also on its multimodal behaviour. The ligand multimodal character could be the key
to a successful separation of glycoproteins with different charge profiles and to the widespread
application of this type of chromatography to other protein classes such as non-glycosylated proteins.
In order to proceed with such studies, two different elution strategies were tested, based on the use of
1) displacer or 2) pH gradients.

IV.3.1. Displacer gradient studies

Compounds as Tris, citrate, borate, D-fructose and D-sorbitol were tested in order to evaluate their
performance as displacers for the selective elution of proteins adsorbed to PB resins. These studies
were performed using linear gradients of the selected displacers which were chosen based on previous
works which described effective protein elution from PB resins.

In the majority of the cases described in the literature, the elution process is driven by competition
phenomena since most displacers are also able to perform cis-diol esterification with the m-APBA ligand:

¢ Tris has showed the ability to interact with the m-APBA ligand by tridentate interaction at alkaline
pH, when applied as shielding reagent [25] or elution buffer [4, 7, 26];

o Citrate is a strong Lewis base comprising three carboxylic acid moieties and is also an a-
hydroxyacid, being thus able to perform either charge-transfer or a coordination interaction with
the trigonal conformation of the m-APBA ligand [27, 28];

e Borate has been reported as an important component of washing buffers, e.g. in anion
exchange chromatography, allowing the separation of host glycoproteins that exhibit similar
charge, size, and hydrophobicity characteristics to the target molecule [29];

e D-fructose and D-sorbitol are able to establish specific cis-diol interactions with m-APBA,
leading to the selective elution of molecules adsorbed to the ligand by the same type of
interactions, i.e. cis-diol containing molecules, such as glycoproteins [13, 20]. D- fructose and
D-sorbitol were selected in detriment of other carbohydrates such as D-mannitol since they
present higher affinity constants towards m-APBA (Keqy o = 370 M > Keap (1005 = 160 M

> Keap mannitol = 120 M [30]) making them stronger competitors in both m-APBA configurations

(trigonal and tetrahedral).

IV.3.1.1. Displacer gradient studies for the separation of glycosylated proteins

Glycosylated proteins were adsorbed to m-APBA ligand at alkaline conditions (pH 9.0) to promote
the establishment of specific cis-diol interactions between the protein and ligand. 300 mM NaCl were
added in order to supress non-specific interactions that could occur between the negatively charged
silanol groups present in bare beads, the phenyl group present in the ligand structure and proteins.
These conditions were already reported to promote the adsorption of all glycoproteins under study
towards the m-APBA ligand, regardless of their charge [18].

The first step in the development of an elution strategy was to evaluate the ability of PB
chromatography to selectively elute different glycoproteins by screening the different selected

displacers.
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Results showed that citrate and borate were not able to elute the glycosylated proteins, which were
only recovered during the regeneration step with 1.5 M Tris-HCI, pH 8.5 (data not shown). Citrate, as a-
hydroxyacid, was expected to promote the elution of glycoproteins by coordination interactions with the
hydroxyl groups linked to the negatively charged boron present on the ligand [28, 31]. However, citrate
was not effective in the elution of the retained glycosylated proteins most likely due to its inability to
compete with the high association constants achieved between the carbohydrate moieties present in
glycoproteins and the m-APBA ligand. Borate is able to form complexes with sugar residues containing
cis-diol groups. Nevertheless, it was not able to compete with the boronate ligand, failing to establish
strong interactions with the adsorbed glycoproteins in order to promote their elution [29, 32].

Tris, D-fructose and D-sorbitol were however effective in eluting all proteins with 100% recovery,
nevertheless, D-fructose and D-sorbitol did not provide any selectivity to the elution process, with all
proteins being recovered at the same retention time (Figure IV.1). Tris was the only displacer able to
selectively elute the proteins absorbed. According to Figure 1V.1, the more acidic the protein is, the
higher the concentration of Tris required to elute it. Nonetheless, the secondary interactions involved
seem not to be predominantly of the electrostatic type. The presence of the negatively charge boron,
characteristic of the tetrahedral conformation of the ligand, was expected to promote attractive
electrostatic interactions between the ligand and glycoproteins as RNase B (pl = 8.8-9.7) due to its
positive overall charge but the opposite was observed. Indeed, what is observed is that smaller
glycoproteins (e.g. RNase B) are eluted at low concentrations of Tris and glycoproteins with higher
molecular weights, such as invertase, are eluted at higher concentrations of Tris. Tris has been
described as a shielding agent able to disrupt not only cis-diol interactions but also non-specific
interactions as electrostatic. Therefore, it is reasonable to consider that a higher concentration of the
agent is needed to achieve the complete shielding of proteins with higher molecular weights and
consequently, promote their elution. Other explanations to the results obtained could rely on (i) the
glycosylation profile as on (ii) the glycosylation occupancy or glycoform stoichiometry of each protein.
Different glycosylation patterns and absolute protein glycosylation stoichiometry could promote different
degrees of affinity regarding both adsorption and desorption process of proteins. For example, the result
achieved for invertase could be related to its highly glycosylated structure. Invertase is composed by
50% (w/w) mannose and 3% (w/w) glucosamine [33] which will enhance the occurrence of specific cis-
diol interactions between protein and ligand. Plus, the patches by which each glycoprotein adsorb to the
m-APBA ligand could present specific electrostatic potential that may differ from the overall charge of
the protein. D-sorbitol has also been reported to disrupt non-specific interaction at high concentrations
[13] and to provide high recovery and purity in IgG purification [20], however this displacer did not

provided the selectivity desired for this study.
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Figure IV.1 Mobile phase modulators concentration required to promote complete elution of the different
glycoproteins under study. Studies were performed using a ProSep®-PB resin. Adsorption of glycoproteins was
performed using 20 mM CHES, 300 mM NaCl, pH 9.0. Results are based on the mobile phase concentration present
in the elution buffer at which was obtained the maximum peak height. Acidic invertase (M), acidic amyloglucosidase
(m), neutral cellulase (™) and basic RNase B (0). Results are displayed as average + STDV.

Considering the promising results obtained using Tris as displacer, the fractionation of an artificial
mixture, composed by all the glycoproteins previously described was tested, using the same linear
gradient (from 0 to 0.5 M Tris). The resultant chromatogram exhibited two elution peaks with low
resolution (C1, Figure IV.2A). In fact, it seems that the first peak observed could be masking two effective
peaks. To enhance the resolution of the separation, different gradient slopes were tested from 5 to 0.6%
Tris/min [34-36]. The decrease of the gradient slopes allowed to achieve a complete separation of the
peaks (Figure IV.2A).
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Figure IV.2 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 1 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM CHES, 300 mM
NaCl at pH 9.0. Five different gradient slopes were performed considering an elution buffer containing 0.5 M Tris
as displacer agent (a-e). The gradients were performed under the rates of (a) 5 % Tris/min, (b) 2.5 % Tris/min, (c),
1.25 % Tris/min, (d) 0.75 % Tris/min and (e) 0.6 % Tris/min giving rise to five distinct chromatograms — C1 to C5,
respectively. The times at which the system was imposed to start to pump 100% (v/v) of the elution buffer are
marked with a yellow arrow. C5 presents five peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2),
peak 3 (P3) and peak 4 (P4), from left to right. (B) Coomassie Blue stained SDS-PAGE of the fractions collected
during glycoproteins separation by PB chromatography using a ProSep®-PB resin and an elution gradient strategy
accomplished by the use of 0.5 M Tris as displacer agent at a rate of 0.6% Tris/min. Lanes ID: 1: Precision Plus
Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial
mixture containing 5 pg of each glycoprotein under study; 3: flow-through (FT) fraction; 4: P1; 5: P2; 6: P3; 7: PA4.

Analysing all the chromatograms (Figure 1V.2A) it is possible to understand that higher gradient
slopes (a, b, and c) did not promoted an effective separation of invertase from the other glycoproteins
present in the mixture. As previously discussed, invertase was the glycoprotein which elution was only
possible at higher Tris concentrations (around 125 mM Tris). At higher rates, the percentages of elution
buffer reached at the end of the elution process were very high (100% and 50% (v/v)) and, consequently,
the concentrations of Tris reached were greater than 125 mM. Moreover, by applying higher rates of
Tris the changes in the concentration of Tris along the elution process occurred faster which did not lead
to the selectivity necessary to collect all glycoproteins in distinct peaks. Using the gradient slope d
(0.75% Tris/min) is already possible to notice that part of the loaded invertase is eluted separately.
However, it is only with a rate of 0.6% Tris/min (slope e, Figure 1V.2A) that invertase is not co-eluted
during the Tris gradient with other glycoproteins as amyloglucosidase (see Figure 1V.1). The SDS-PAGE
analysis of the fractions obtained by using a gradient slope of 0.6% Tris/min (Figure 1V.2B) are in
accordance with the results described when each protein was separately loaded into the column (Figure
IV.1). RNase B was mostly eluted in the first elution peak (Figure IV.2B, line 4,). Cellulase was co-eluted
with a minor fraction of RNase B in the second peak (Figure IV.2B, line 5). The majority of
amyloglucosidase was collected in the third peak (Figure IV.2B, line 6) and invertase recovered in the

fourth peak (Figure 1V.2B, line 7) presenting high purity.
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Although the previous results demonstrate the ability of PB chromatography to selective elute
glycoproteins, the linear gradients used led to broad peaks (C5, Figure IV.2A) and consequently, to the
collection of highly diluted protein samples. Stepwise elution was then tested aiming to increase the
peak resolution as to decrease the dilution of proteins. For that purpose, concentrations of 2%, 4.5%,
8.5%, 15% and 100 % (v/v) of the elution buffer containing 0.5 M Tris were selected and indeed, the
peaks obtained were better resolved than the ones acquired using a linear gradient elution (Figure I1V.3A
vs Figure IV.2A). Furthermore, the use of a series of step gradients revealed to be essential to obtain a
more selective elution of glycoproteins. During the application of the linear gradient, RNase B was
recovered in all the peaks collected (Figure IV.2B). Using a stepwise elution strategy, RNase B was
majorly collected at a concentration of 2% (v/v) of elution buffer (Figures 1V.3B and 1V.5B). Cellulase
was recovered using 4.5% (v/v) of elution buffer with a higher purification degree and amyloglucosidase
was eluted at the step gradients of 8.5% (v/v) and 15% (v/v) (Figure IV.3B). Considering this result,
process optimization could be further achieved removing the elution step using 8.5% (v/v) and applying
only the step comprising the use of 15% (v/v) elution buffer. Invertase, as previously observed, was only

recovered in the presence of 100% (v/v) elution buffer (Figure 1V.3B).
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Figure IV.3 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 1 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM CHES, 300 mM
NaCl at pH 9.0. The elution process was performed using a series of step gradients — 2.0%, 4.5%, 8.5%, 15% and
100% (v/v). The elution buffer used was obtained by addition of 0.5 M Tris to the adsorption buffer. The
chromatogram presents six peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3), peak
4 (P4) and peak 5 (P5), from left to right. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during
glycoproteins separation by PB chromatography using a ProSep®-PB resin and an elution strategy accomplished
by the use of a series of step gradients — 2%, 4.5%, 8.5%, 15% and 100% (v/v). Lanes ID: 1: Precision Plus
Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial
mixture containing 5 pg of each glycoprotein under study; 3: flow-through (FT) fraction; 4: P1; 5: P2; 6: P3; 7: P4;
8: P5.

Higher protein loads (2.5x) were tested in the linear and step gradient mode with similar results
being achieved in terms of chromatographic profiles and protein separation efficacy (Figures 1V.4 and
IV.5).
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Figure IV.4 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 2.5 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM CHES, 300 mM
NaCl at pH 9.0. The elution process was performed using a linear gradient performed at a rate of 0.6% Tris/min.
The elution buffer used was obtained by addition of 0.5 M Tris to the adsorption buffer. The chromatogram presents
five peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to
right. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during glycoproteins separation by PB
chromatography using a ProSep®-PB resin and an elution gradient strategy accomplished by the use of 0.5 M Tris
as displacer agent at a rate of 0.6% Tris/min. Lanes ID: 1: artificial mixture containing 5 pg of each glycoprotein
under study; 2: flow-through (FT) fraction; 3: Precision Plus Protein™ Dual Color Standards (from top to bottom:
250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 4: P1; 5: P2; 6: P3; 7: P4.
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Figure IV.5 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 2.5 mg/mL of each glycoprotein under study prepared in the adsorption buffer 20 mM CHES, 300 mM
NaCl at pH 9.0. The elution process was performed using a series of step gradients — 2%, 4.5%, 8.5%, 15% and
100% (v/v). The elution buffer used was obtained by addition of 0.5 M Tris to the adsorption buffer. The
chromatogram presents six peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3), peak
4 (P4) and peak 5 (P5), from left to right. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during
glycoproteins separation by PB chromatography using a ProSep®-PB resin and an elution strategy accomplished
by the use of a series of step gradients — 2%, 4.5%, 8.5%, 15% and 100% (v/v). Lanes ID: 1: artificial mixture
containing 5 pg of each glycoprotein under study; 2: flow-through (FT) fraction; 3: P1; 4: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 5: P2; 6: P3; 7: P4;
8: P5.
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At last, an agarose-based resin P6XL was also tested. The results obtained from the application of
the linear gradient at 0.6% Tris/min and of the series of step gradients can be found in the Section IV.S2

of the Supplementary Material (Figures 1V.S2.1 and IV.S2.2, respectively).

IV.3.1.2. Displacer gradient studies for the separation of acidic to neutral

proteins

Similarly to what was performed for the evaluation of the PB chromatography performance towards
the selective separation of glycoproteins, studies regarding the fractionation of acidic and neutral
proteins were also conducted. In this case, the goal was to understand the potential of the multimodal
behaviour of the m-APBA ligand to selectively separate acidic to neutral proteins, glycosylated or not,
from each other. The adsorption of the selected proteins (amyloglucosidase, cellulase and pepsin) was
performed under acidic conditions, i.e. at a pH lower than the ligand’s pKa, in order to promote their
retention mostly through non-specific interactions such as charge transfer interactions. Since it was
already reported that the use of 50 mM acetate at pH 5 promoted the binding of glycosylated and non-
glycosylated proteins towards the ligand under study [18], the same buffer composition was used in this
study as adsorption buffer.

For the development of the elution strategy, the use of displacers such as Tris and citrate were
considered. The goal was to evaluate which could act as an effective displacer able to confer selectivity
to the elution of acidic/neutral proteins. In a first attempt, 0.5 M Tris was prepared in 50 mM acetate at
pH 5. Under this condition, none of proteins were eluted probably due to the protonated amine moiety
of Tris which impaired the trident interaction with the m-APBA ligand. However, at alkaline conditions,
when the amine is deprotonated (pKa = 8, 25 °C), Tris has been demonstrated to be highly effective in
disrupting specific and non-specific interactions established with the ligand. Considering this, a second
run of experiments were performed using 0.5 M Tris in 20 mM CHES at pH 8.5. The results obtained by
the application of a linear gradient at a rate of 5% Tris/min were more promising with all proteins being
100% recovered. Nevertheless, Tris did not show the ability to confer selectivity to the elution process
with all proteins being eluted in a narrow concentration range of Tris (86 to 95 mM of Tris) (data not
shown).

Citrate was however able to elute the acidic to neutral proteins at considerable different ionic
strengths (Figure IV.6). The first protein to be eluted was amyloglucosidase, followed by pepsin and
cellulase (Figure IV.6). The order by which the elution occured is most likely related to the overall
charges of the proteins. At the working pH, amyloglucosidase and pepsin are negatively charged and
cellulase positively charged. The m-APBA ligand is predominantly present in a trigonal conformation
since acetate, a weak base, was used during the adsorption of proteins. When added during elution,
citrate, a strong Lewis base, will bind to the boronic acids of the ligand through charge transfer
interactions, i.e. Lewis acid-base interactions, established between one of the three carboxylic acid
groups of the citrate and the empty orbital of the boron atom of the ligand. The establishment of such
interaction will promote the presence of the tetrahedral conformation of the m-APBA ligand which

presents a negatively charged boronate that can thus participate in electrostatic interactions (repulsive
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or attractive) with the proteins already adsorbed leading to protein rearrangements [28]. The two
remaining carboxylates of citrate coupled to the boron atom will also confer negative charges to the
ligand [28]. The presence of the negatively charged silanol groups (pKa = 4.9) present in the
chromatographic support can be another source of negative charges. On the other hand, the presence
of the tetrahedral conformation of the ligand could also enhance the cis-diol esterification between
glycoproteins and the ligand since Kwet>Kiig. However, as can be implied by the results displayed in
Figure 1V.6, cis-diol interactions do not play a major role in the desorption process. If so, the elution of
glycoproteins as amyloglucosidase and cellulase would occur at last or only after a regeneration step
using 1.5 M Tris-HCI, pH 8.5.
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Figure IV.6 Sodium citrate concentration required to promote complete elution of the different acidic/neutral
proteins under study. Studies were performed using a ProSep®-PB resin. Adsorption of acidic/neutral proteins was
performed using 50 mM acetate, pH 5.0. Results are based on the sodium citrate concentration on the elution buffer
at which was obtained the maximum peak height. Results are displayed as average + STDV.

Considering the type of interactions involved in the adsorption process as the isoelectric points of
the acidic/neutral proteins, exhibited in Table IV.1, it was expected to collect pepsin in the first place. At
pH 5, pepsin presents a more negative charge than amyloglucosidase. However, it is important to
consider the molecular weight of the protein as well as the charge of the protein patch at which occur
the interaction with the ligand, i.e. protein configuration. At last, the elution of positively charged cellulase
was also accomplished using the citrate gradient at pH 5. This can be due to the proximity of the working
pH to its pl - 5.0 vs 5.7, respectively - which not promoted electrostatic interactions strona enough to
retain cellulase in the column.

In order to explore the ability of citrate to selectively promote the elution of acidic to neutral proteins,
100 pL of an artificial mixture composed by 1 mg/mL of each protein was loaded into the PB column.
The elution of this mixture was firstly conducted at a rate of 5% citrate/min. However, a selective
separation was not achieved with the first eluted peaks appearing under the form of a doublet peak (C1,
Figure IV.7A). The citrate gradient rate was then gradually decreased to 2.5 %, 1.25 %, and 0.75 %
citrate/min, with the best protein separation being accomplished with the lowest gradient (C2-C4, Figure

IV.7A). The gel electrophoresis carried out in order to analyse the peak fractions obtained using a rate
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of 0.75% citrate/min corroborate that it was possible to achieve a good separation of the acidic/neutral
proteins using the stated strategy (Figure IV.7B). The majority of amyloglucosidase elutes in the first
elution peak (line 4, Figure 1V.7B) being the remaining co-elute with pepsin during the second elution
peak (line 5, Figure 1V.7B). Celullase is eluted in the broad third peak (line 6, Figure IV.7B). In the last
peak, only a residual impurity present in the commercial cellulase was eluted (see Figure IV.S1 in
Supplementary Material) which corroborates that all the acidic/neutral proteins can be eluted during the
linear gradient employed with no need to resort to the regeneration buffer 1.5 M Tris-HCI, pH 8.5 (Figure
IV.6). Contrarily to what was performed for the separation of glycoproteins, a lower rate as 0.6%
citrate/min was not applied in this case. Even existing the possibility to improve the separation of
amyloglucosidase from pepsin and vice versa, cellulase will get even more diluted which could impair

the application of this elution strategy at industrial levels, per se.

A) B)

1 2 3 4 5 & 7
650 a 100 == ——

600 %0 & o - —
2 550 g
£ 500 80 o -
- 7
£ 450 0s -
€ 400 60 E
§ 350 50 3 ”05
© 300 g -
© 250 40 ©
s = -—
& 200 305
S 150 s
2 A 20
2 100 0 ]
< 50 10 ©

N | =)

0 5 10 15 20 25 30 35 40 45 50 55 -

Time (minutes)

Figure IV.7 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 1 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50 mM citrate at
pH 5.0. Four different gradient slopes were applied considering an elution buffer containing 0.5 M citrate as displacer
agent (a-d). The gradients were performed under the rates of (a) 5 % citrate/min, (b) 2.5 % citrate/min, (c), 1.25 %
citrate/min and (d) 0.75 % citrate/min giving rise to four distinct chromatograms — C1 to C4, respectively.
Immediately after the elution, the column regeneration was conducted using 1.5 M Tris-HCI, pH 8.5. C4 presents
five peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to
right. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during acidic/neutral proteins separation by
PB chromatography using a ProSep®-PB resin and an elution gradient strategy accomplished by the use of 0.5 M
citrate as displacer agent at a rate of 0.75% citrate/min. Lanes ID: 1: Precision Plus Protein™ Dual Color Standards
(from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial mixture containing 5 pg of each
acidic/neutral protein under study; 3: flow-through (FT) fraction; 4: P1; 5: P2; 6: P3; 7: P4.

A three-step elution gradient strategy was then implemented aiming the achievement of peaks with
higher resolution and, consequently, more concentrated protein pools (Figure IV.8A). The goals were
reached and improvements in separation achieved. As discussed previously, the two negatively charged
proteins — amyloglucosidase and pepsin — were eluted at similar concentrations of citrate, namely 55
and 70 mM, respectively (Figure 1V.6). This similarity did not turn possible to achieve a good peak
separation using the linear gradient elution but was successfully achieved using a step gradient strategy.

Using a step gradient elution, it was possible to effectively separate amyloglucosidase from pepsin
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(Figure 1V.8B) as to obtain cellulase in a more concentrated pool. Amyloglucosidase was mostly
recovered in the first elution peak at 1.5% (v/v) of elution buffer, pepsin in the second at 4% (v/v) elution
buffer and cellulase in the third at 15% (v/v). However, when performing the column regeneration, it was
possible to observe that not all the cellulase was eluted using 15% (v/v) of elution buffer (Figure 1V.8B).
Nonetheless, the application of a step gradient is preferable at an industrial setting. The cellulase diluted
pool obtained from the linear gradient strategy would have to go through a series of concentration steps
which could (i) lead to a higher loss of cellulase, (ii) turn the downstream processing more expensive

and (iii) induce changes in protein conformation leading to a decrease of their enzymatic activity.
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Figure IV.8 (A) Chromatograms obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 1 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50 mM citrate at
pH 5.0. The elution process was performed using a series of step gradients — 1.5%, 4%, and 15% (v/v). The elution
buffer used was obtained by addition of 0.5 M citrate to the adsorption buffer. The chromatogram presents five
peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to right.
The time at which the system was imposed to start to pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI,
pH 8.5 — is marked with a yellow arrow. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during
acidic/neutral proteins separation by PB chromatography using a ProSep®-PB resin and an elution strategy
accomplished by the use of a series of step gradients — 1.5%, 4%, and 15% (v/v). Lanes ID: 1: Precision Plus
Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial
mixture containing 5 pg of each acidic/neutral protein under study; 3: flow-through (FT) fraction; 4: P1; 5: P2; 6: P3;
7. P4,

Higher protein loads (2.5x) were also tested in the linear and step gradient modes with high
reproducibility being achieved in terms of chromatographic profiles and protein separation efficacy
(Figures 1V.9 and IV.10).
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Figure IV.9 (A) Chromatogram obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50 mM citrate at
pH 5.0. The elution process was performed using a linear gradient performed at a rate of 0.75% citrate/min. The
elution buffer used was obtained by addition of 0.5 M citrate to the adsorption buffer. Immediately after the elution,
the column regeneration was conducted using 1.5 M Tris-HCI, pH 8.5. The chromatogram presents five peaks
denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to right. (B)
Coomassie Blue stained SDS-PAGE of the fractions collected during acidic/neutral proteins separation by PB
chromatography using a ProSep®-PB resin and an elution gradient strategy accomplished by the use of 0.5 M
citrate as displacer agent at a rate of 0.75% citrate/min. Lanes ID: 1: artificial mixture containing 5 pg of each
cidic/neutral protein under study); 2: flow-through (FT) fraction; 3: P1; 4: P2; 5: Precision Plus Protein™ Dual Color
Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa; 6: P3; 7: P4.
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Figure IV.10 (A) Chromatogram obtained using a ProSep®-PB resin for the separation of an artificial mixture
containing 2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50 mM citrate at
pH 5.0. The elution process was performed using a series of step gradients — 1.5%, 4%, and 15% (v/v). The elution
buffer used was obtained by addition of 0.5 M citrate to the adsorption buffer. The chromatogram presents five
peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3), and peak 4 (P4), from left to right.
The time at which the system was imposed to start to pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI,
pH 8.5 — is marked with a yellow arrow. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during
acidic/neutral proteins separation by PB chromatography using a ProSep®-PB resin and an elution strategy
accomplished by the use of a series of step gradients — 1.5%, 4%, and 15% (v/v). Lanes ID: 1: artificial mixture
containing 5 pg of each acidic/neutral protein under study; 2: Precision Plus Protein™ Dual Color Standards (from
top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 3: flow-through (FT) fraction; 4: P1; 5: P2; 6: P3;
7: P4,
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Also, in this case, an agarose-based resin P6XL was tested. The results obtained from the
application of the linear gradient at 0.75% Tris/min and of the series of step gradients are present as
Supplementary Material in the Section IV.S3 (Figures 1V.S3.1 and IV.S3.2, respectively).

IV.3.2. pH gradient studies

m-APBA has been shown to be a pH dependent ligand. Therefore, elution strategies based on pH
gradients were evaluated in order to fractionate the proteins under study, specifically by exploiting
differences on their overall charge at the different pH values, and the ability to promote cis-diol
interactions with the ligand due to the presence of carbohydrates in the structure of some. The pH
gradients chosen were based on Kroner et al. (2003) studies [24].

For the glycoproteins elution study, a decreasing pH gradient was chosen. Since it has been
described that the adsorption of glycoproteins towards the m-APBA ligand is enhanced at alkaline
conditions, the pH gradient started at pH 9.0, and ended at acidic conditions (pH 4.0 or pH 5.0). The
aim was to evaluate at which extent differences between the equilibrium constant towards carbohydrates
of the tetrahedral (Ktwt) and trigonal forms (Ktig) of the m-APBA ligand can promote the full recover of
glycoproteins as to provide selectivity to the elution process. 300 mM NaCl was added to the buffer
formulation — BGly - to mitigate non-specific interaction that could occur between the silanol groups
present in bare beads, the phenyl group present in the ligand structure and proteins, considering the
results observed in Chapters Il and lll. However, it is important to consider that the addition of NaCl, as
the high pH values (pH>pKa), could result in the promotion of non-specific interactions, as reported in
Chapter Il. The presence of NaCl will promote the formation of a tetrahedral chloroboronate (R-
B(OH)2Cl) obtained through B-CI coordination, mainly at lower pH values (low concentration of HO").
Nevertheless, the trigonal conformation of the ligand will also be present at pH values lower than the
pKa of the ligand. It should also be considered that the presence NaCl can have a shielding effect
towards proteins decreasing electrostatic repulsive effects between ligand and proteins. Therefore, the
cis-diol esterification and secondary interactions such as electrostatic and charge transfer interactions
between the ligand and proteins are expected to be involved in the adsorption and desorption processes
of such biomolecules, acting synergistically.

In contrast, pH gradients applied to the acidic/neutral proteins were increasing gradients starting at
pH 4.0 or pH 5.0 and finishing at basic conditions (pH 9.0). The two buffer formulations used — BAN 1
and BAN 2 — presented low ionic strength in order to favour the adsorption and desorption of proteins
by secondary interactions. BAN2 differs from BAN1 by the addition of TAPS in detriment of the use of
HEPES (see Table 1V.2). TAPS, a Tris varied buffer, avoids the retention of glycosylated proteins at
alkaline pH values but not at acidic conditions. Therefore, its use will not compromise the adsorption of
glycosylated proteins but can increase the elution selectivity within the acidic/neutral proteins under
study, as soon as the pH increases [24].

Moreover, two different chromatographic supports were analysed. ProSep®-PB and P6XL share
the same ligand — m-APBA — but differ in the type of matrix — silica- and agarose-based, respectively.
All linear gradients obtained presented high correlation coefficients (R?). Buffers used for glycoprotein

separation (BGly), provided linear gradients with correlation coefficients of 0.9982 and 0.9965 using
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ProSep®-PB and P6XL, respectively. In which regards the two BAN formulations, correlation
coefficients of 0.9989 and 0.9979, with deviations lower than 0.001, were achieved using ProSep®-PB
and P6XL, respectively. All the values acquired are comparable with the ones obtained by Krdner et al.
(2003) using MonoQ and MonoS columns (R?>0.99) [24].

IV.3.2.1. pH gradient studies for the separation of glycosylated proteins

The use of pH gradients aiming the understanding of the phenomena involved in desorption of
glycoproteins revealed that proteins as RNaseB and invertase can be eluted at pH values of 6.65 £ 0.1
when ProSep®-PB was used as matrix (Figure IV.11A). On the other hand, both amyloglucosidase and
cellulase were eluted only at regeneration conditions (1.5 M Tris-HCI) but at distinct pH values.
Amyloglucosidase was eluted at a pH around 6.2 and cellulase at 7.2 (Figure 1V.11A). Interestingly,
amyloglucosidase was eluted at the same pH that RNase B and invertase however, only the presence
of a displacer conducted to the recovery of such protein. The shielding effect conferred by the presence
of NacCl, allied to the establishment of specific cis-diol esterification between protein and ligand during
adsorption, was a key element to avoid amyloglucosidase elution throughout the pH gradient. The result
achieved for cellulase is in line with other studies which demonstrated that this glycoprotein is adsorbed
to a PB ligand within a broad pH range (pH 9.0 to pH 4.0).
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Figure IV.11 pH gradient curves obtained for the elution of glycosylated proteins from (A) ProSep®-PB and (B)
P6XL matrices. pH gradients were performed using BGly buffer formulation, based on Krdner et al. (2013) [24].
Column regeneration was achieved using 1.5 M Tris-HCI, pH 8.5. 1 mg/mL of each glycosylated protein -
amyloglucosidase (red circle), cellulase (green square), RNase B (yellow triangle) and invertase (orange diamond)
- were separately loaded in each column. The elution points represented, correspond to the maximum peak height
obtained.

Comparing the different supports used, it was possible to conclude that the one with an agarose
core provided higher selectivity with the elution of glycoproteins being achieved at distinct pH values
(Figure 1V.11A vs IV.11.B). However, the difference within pH values (8.2 — 7.5) is too narrow in order
to consider the application of a pH gradient as an elution strategy at the industrial setting (Figure 1V.11B).

The elution of glycoproteins at such pH values is co-related with what was observed in the work of
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Carvalho et al. (2014) where a shorter pH range of adsorption were obtained using the P6XL resin [18].
Other distinct result relies on the elution of the glycoprotein RNase B. Using the agarose-base matrix,
no adsorption of this protein is achieved demonstrating that secondary interactions could play a major
role in the adsorption of RNase B, in detriment of cis-diol interactions, and posteriorly, in its elution.

A drawback related to the application of pH gradients to the elution steps in PB chromatography
concerns the partial elution of proteins. Considering the results present in Figure V.12, it is possible to
observe that only invertase is completely recovered during the pH gradient when the agarose-based
matrix — P6XL — is used (Figure IV.12B). In this case, the conformational changes that m-APBA suffers
along the pH gradient seem to be sufficient to trigger the elution of such protein. Indeed, the equilibrium
constant towards carbohydrates, present in glycoproteins, is higher when m-APBA is in its tetrahedral
form (Ktet> Kirig) [28]. Decreasing the working pH will promote the presence of the m-APBA ligand in its
trigonal form to which invertase has decreased affinity (Figure 1V.12B). Amyloglucosidase and cellulase,
on the other hand, were not completely eluted during the pH gradient. The remaining content of
amyloglucosidase and cellulase, 25% and 70%, respectively, was then recovered at the regeneration
step. These results, corroborate the ability that the trigonal form of the m-APBA has to establish
esterification reactions with diols [28], at the same time that indicate that secondary interactions could
be involved in the adsorption but also in desorption of glycoproteins in this chromatographic system.
Results obtained using the silica-based resin ProSep®-PB, revealed that RNase B and invertase were
partially eluted during the pH gradient (Figure IV.12A). The remaining 30% of RNase B and 65% of
invertase were recovered with the addition of 1.5 M Tris-HCI, pH 8.5. These results are, at some extent,
in line with was observed during IgG purification where only 7% of the glycoprotein was recovered after
a pH drop until 2 [4].
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Figure 1V.12 Percentage of each glycoprotein recovered from (A) ProSep®-PB and (B) P6XL matrices during the
employed elution pH gradient (®) or at the regeneration step (' ). pH gradients were performed using BGly buffer
formulation, based on Kréner et al. (2013) [24]. Column regeneration was achieved using 1.5 M Tris-HCI, pH 8.5.
1 mg/mL of each glycosylated protein - amyloglucosidase (AMY), cellulase (CEL), RNase B (RB) and invertase
(INV) - were separately loaded in each column. Results correspond to the ratio between the areas of the peaks
obtained during the elution peak gradient and regeneration step and the total peak area of the chromatogram.
Results are displayed as average + STDV.
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In sum, it can be concluded that there are major differences in the phenomena involved in the
adsorption and desorption of glycoproteins towards resins with the same ligand but different matrices.
Again, features as backbone, ligand density, m-APBA spacer arm composition and extension could be

in the basis of the differences observed.

IV.3.2.2. pH gradient studies for the separation of acidic to neutral proteins

The evaluation of the application of a pH gradient in the elution process of acidic and neutral proteins
was also performed. In this case, the adsorption of proteins was performed at low pH values (pH 4 or 5)
aiming to reduce the specific cis-diol interactions that could occur between the m-APBA ligand and
glycoproteins. Therefore, protein adsorption will occur mainly by secondary interactions as charge
transfer interactions. Hydrophobic and/or aromatic interactions could also occur between proteins and
the phenyl moiety of the ligand although they are not expected to have representative effect.

The elution strategy employed followed an increasing pH gradient until reaching a pH value higher
than the ligand’s pKa (pH 9.0). Moreover, TAPS, a Tris varied buffer, was used as substituent of HEPES
in buffer formulation BAN1 in order to try to understand if its use could promote a higher selectivity
during the elution process (BAN2). However, the use of different buffer formulations did not result in
substantial differences in the elution profiles when using the same type of resin (Figure IV.13).

Elution studies performed with ProSep®-PB resin show that amyloglucosidase and pepsin are
eluted at slightly lower pH values when TAPS is used in the buffer composition (Figures IV.13A and
IV.13B). However, the observed differences are not significant (around 0.25). The major difference
within the use of TAPS in the elution buffer relies on the amount of amyloglucosidase recovered during
the pH gradient. Amyloglucosidase is completely recovered during the pH gradient in the presence of
TAPS (Figure 1V.14B) confirming that the presence of the Tris varied buffer could promote the disruption
of specific and non-specific interactions and thus, conducting to the full recovery of amyloglucosidase.
However, in the absence of TAPS, the majority of amyloglucosidase, around 80%, was only recovered
in the regeneration step (Figure 1V.14A). Regarding the total amount of proteins recovered, analysing
the Figures IV.14A and IV.14B, it is possible to observe that cellulase is only eluted at the regeneration
step using 1.5 M Tris-HCI and that pepsin is fully recovered during the pH gradient using both buffer
formulations — BAN1 and BANZ2. The result obtained for cellulase show that, even at alkaline conditions,
the electrostatic repulsion between the negatively charged cellulase (pl = 5.7) and the negatively charge
boronate present on the ligand are not sufficient to disrupt or to compete with the cis-diol interactions
established during the adsorption process. This cis-diol interaction occurs with the carbohydrates
present in cellulase structure and the m-APBA ligand in its trigonal form. Pepsin, on the other hand, is
a non-glycosylated protein and thus cannot interact with the ligand trough cis-diol interactions. However,
the adsorption of pepsin can be accomplished by secondary interactions that are disrupted during the
increasing pH gradient. Here the electrostatic repulsion between protein and ligand did play a major role

in the desorption process.
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Figure IV.13 pH gradient curves obtained for the elution of acidic/neutral proteins from ProSep®-PB (A and B) and
P6XL matrices (C and D). pH gradients were performed using two different buffer formulations — BAN1 (A and C)
and BAN2 (B and D) - based on Kréner et al. (2013) [24]. Column regeneration was achieved using 1.5 M Tris-HCl,
pH 8.5. 1 mg/mL of each acidic/neutral protein - amyloglucosidase (red and orange circles), cellulase (green
square), pepsin (dark and light blue triangles) - were separately loaded in each column. The elution points
represented, correspond to the maximum peak height obtained.

With the use of the P6XL resin all the proteins were eluted earlier within the pH gradient, i.e. at lower
pH values, giving insights about the type and strength of the interactions established between ligand
and proteins during the adsorption process (Figures 1V.13C and 1V.13D). For instance, the elution of all
proteins being achieved at pH values ranging 6.4 to 7.3 could indicate that the adsorption process of
these proteins towards the ligand was not predominantly achieved by cis-diol interactions. Indeed, such
result was expected but only for the non-glycosylated pepsin. Additionally, partial elution of proteins
namely within the pH gradient was observed using the P6XL resin (Figures IV.13C and 1V.13D). The
majority of cellulase was eluted during the pH gradient (60-75%) with the remaining protein being
recovered at the regeneration step. Contrarily to what was observed with ProSep®-PB resin, cellulase
was not retained to P6XL predominantly by cis-diol interactions. Otherwise, the presence of TAPS would

led to a major if not total recovery of cellulase during the pH gradient (Figures IV.14C and 1V.14D).
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Herein, the interaction playing a major role in the desorption process is the electrostatic repulsion effect
that occur between cellulase and the ligand. Pepsin, on the other hand, was recovered at two distinct
timepoints of the pH gradient obtained using both buffer formulations (Figures 1V.14C and 1V.14D). The
first timepoint may be related to the two major components of pepsin, which present pl values of 2.76
and 2.78, and the second timepoint to the two minor components that have pl values of 2.89 and 2.90
[37], demonstrating the PB ligands potential for the separation of isoforms. Nevertheless, the overall
results obtained for pepsin are in accordance with the ones obtained for ProSep®-PB. Also, charge
transfer interactions conducted the adsorptive process of pepsin and the electrostatic repulsion, the
desorption process. Elution profiles of amyloglucosidase were the ones that presented major changes
considering both resins and buffer formulations studied. Amyloglucosidase was majorly recovered at
one timepoint of the pH gradient applied when using BAN1. In presence of TAPS, interestingly, a second
elution point occurs during the pH gradient. The presence of two elution points can be related to the two
isoenzymes of amyloglucosidase present in the commercial sample. Indeed, the relative molecular
weight of amyloglucosidase is 97 kDa. However, the molecular weights of its isoforms are around 69.8
and 89.1 kDa [38]. Both isoenzymes are reported to be glycoproteins differing in their carbohydrate
content which may explain the accomplishment of their separation only in presence of a Tris varied
buffer. The promising results obtained for amyloglucosidase and pepsin show that PB ligands could also
be used for the separation of isoforms that is commonly performed by ion exchange chromatography or

isoelectric focusing.
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Figure IV.14 Percentage of each acidic/neutral protein recovered from ProSep®-PB (A and B) and P6XL matrices
(C and D) during the employed elution pH gradient (® and ™) or at the regeneration step (' ). pH gradients were
performed using the buffer formulations BAN1 (A and C) and BAN2 (B and D), based on Kroner et al. (2013) work
[24]. Column regeneration was achieved using 1.5 M Tris-HCI, pH 8.5. 1 mg/mL of each glycosylated protein -
amyloglucosidase (AMY), cellulase (CEL) and pepsin (PEP) - were separately loaded in each column. Results
correspond to the ratio between the areas of the peaks obtained during the elution peak gradient and regeneration
step and the total peak area of the chromatogram. Results are displayed as average + STDV.
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IV.4. Conclusions

The multimodal behaviour of phenylboronate ligands as m-aminophenylboronic acid (m-APBA), was
investigated in order to develop effective elution strategies for glycoproteins comprising a broad range
of isoelectric points and acidic/neutral proteins including glycosylated and non-glycosylated proteins.
The elution strategies were designed considering the best suited adsorption conditions for each type of
protein under study. Glycosylated proteins were adsorbed at alkaline conditions in order to promote their
retention to the tetrahedral conformation of m-APBA ligand through cis-diol interactions. Acidic to neutral
proteins adsorption was conducted at acidic conditions. In this case the driving forces for the retention
of such proteins towards the trigonal conformation of m-APBA will be majorly related to the protein
charge at the working pH. Therefore, elution strategies as the employment of displacers and pH
gradients were explored.

The application of displacer gradients was the method that provided higher selectivity to the elution
process either for glycosylated proteins or for acidic/neutral proteins. The use of Tris as displacer
provided full protein recoveries as a selective elution of glycoproteins, contrarily to what was achieved
with the commonly used displacers on PB chromatography - D-sorbitol and D-fructose. The use of these
displacers led to recoveries of 100% however, did not confer any selectivity to the elution of
glycoproteins. In the case of acidic/neutral proteins, only citrate was able to provide good elution
selectivity as well as protein recover efficiencies of 100%, at acidic conditions. The results obtained are
related to specific features that citrate presents. Citrate is able to interact with the trigonal form of the
m-APBA ligand by charge transfer with one of its three carboxylate groups or by coordination interaction
through the a-hydroxylate moiety. The charge transfer interactions will be responsible for the conversion
of the trigonal form of the m-APBA ligand to the tetrahedral boronate anion configuration. In this
condition, attractive or repulsive electrostatic interactions can now occur within the boron atom as with
the two carboxylate groups present in the ligand structure. With the displacers chosen for each types of
proteins under study, it was possible to optimize the separation of proteins applying gradients with
different slopes. The best results were accomplished with rates of 0.6% tris/min (3 mM Tris/min) for
glycoproteins and 0.75% citrate/min (3.75 mM citrate/min) for acidic/neutral proteins. Consequently,
step gradients were developed, and protein separation improvements achieved.

Contrarily to what was accomplished by the use of displacer gradients, the full recovery of the
majority of proteins was not reached by the application of pH gradients to the elution process. Due to
the multimodal nature of the phenomena involved in the adsorption and desorption processes, a great
part of the proteins under study were only partially eluted during the pH gradient with the remaining
being recovered at the regeneration step with the use of 1.5 M Tris-HCI, pH 8.5. Furthermore, the
differences in pH, at which the elution of proteins took place, were too short in order to get a reliable
separation of proteins.

Regarding the two different resins analysed, the use of the silica-based resin ProSep®-PB provided
better results than the agarose-based resin. ProSep®-PB presented higher protein adsorption yields as
selectivity towards the elution of different glycoproteins and acidic/neutral proteins, especially when

displacer gradients were applied. The agarose-based P6XL, for example, was not able to adsorb the
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glycoprotein RNase B and did not promote selective elution of proteins when the displacer gradient
strategy was applied. Also, P6XL led to the generation of two elution points during the pH gradients
applied for the majority of the proteins analysed. Since the two resins share the same ligand — m-APBA
—and no adsorption of proteins onto the core silica and agarose beads was observed in previous studies,
the differences in resin performance are expected to be mainly due to different ligand densities and in
particular, to the composition and extension of the spacer arms of each resin.

Overall, this work has demonstrate that as a multimodal ligand, m-APBA ligand, present unique
features that make PB chromatography a useful tool for the capture and separation of a wide range of
proteins and even to separate isoforms. Indeed, it was possible to observe that the PB ligand is able to
adsorb and selectively elute glycoproteins differing in overall charge and acidic/neutral proteins
(glycosylated or not) by the use of displacers as Tris and citrate, respectively. Accordingly, PB
chromatography can be applied not only to protein separation by preparative chromatography but can
be also considered for analytical purposes, envisaging the separation of protein isoforms, or even for

proteomic studies.
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IV.6. Supplementary Material

IV.S1 Characterization of the commercial proteins used by SDS-PAGE
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Figure 1IV.S1 Coomassie Blue stained SDS-PAGE of the commercial proteins constituents of the protein library
under study. Lanes ID: 1: Precision Plus Protein™ Dual Color Standards (from top to bottom: 250, 200, 150, 100,
75, 50, 37, 25, 20 and 10 kDa); 2: Invertase (glycosylated and acidic protein), 3: Amyloglucosidase (glycosylated
and acidic protein), 4: Pepsin (non-glycosylated and acidic protein), 5: Cellulase (glycosylated and acidic/neutral
protein), 6: RNase B (glycosylated and basic protein). The mass of protein in lanes 2 to 6 is 5 pg.

IV.S2 Displacer studies for glycoproteins using a P6XL resin

In order to understand if the elution strategy developed could be implemented in a straightforward
manner to the separation of glycoproteins using an agarose-based PB resin, a P6XL resin was tested.
Unfortunately, the results obtained show that the separation efficacy is compromised when using the
P6XL resin. The results from the evaluation of a linear gradient of Tris at a rate of 0.6% Tris/min
demonstrate a low peak resolution, a very poor protein separation and consequently, low purity of the
collected fractions (Figure 1V.S2.1). The step gradient strategy revealed more resolved peaks however,
the poor protein separation performance was maintained (Figure 1V.S2.2). Moreover, it is also possible
to observe that RNase B is not retained by P6XL resin. Although the ligand in question is the same and
that P6XL is also an indicated resin for the capture of cis-diol containing compounds, the adsorption
conditions applied (300 mM NacCl) failed to promote the adsorption of the glycoprotein RNase B onto
this resin (Figures 1V.S2.1 and IV.S2.2). Also, part of glycoproteins as amyloglucosidase, cellulase and
invertase was lost in the flow-through fractions (Figures 1V.S2.1 and 1V.S2.2). The only feature that
seems to be maintained is the fact that invertase is the protein which effective elution is only achieved
with a higher concentration of Tris. Differences regarding the type of matrix under use (silica-based vs
agarose), ligand density and m-APBA spacer arm composition and extension could dictate the
achievement of such differences during the adsorptive and, consequently, in the desorption process of
these molecules. In theory, it is possible that the silanol groups present in the silica backbone of

ProSep®-PB could play a role in the adsorption and desorption processes of glycoproteins since at the
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working pH, these groups are negatively charged (pKa 4.9 for isolated silanol groups). However, it was
already reported that under similar adsorption conditions, glycoproteins such as monoclonal antibodies

do not interact with silica-based nor agarose-based [19, 20].
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Figure IV.S2.1 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture containing
2.5 mg/mL of each glycoprotein under study, prepared in the adsorption buffer 20 mM CHES, 300 mM NaCl at pH
9.0. The elution process was performed using a linear gradient performed at a rate of 0.6% Tris/min. The elution
buffer used was obtained by addition of 0.5 M Tris to the adsorption buffer. The chromatogram presents five peaks
denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3) and peak 4 (P4), from left to right. The time
at which the system was imposed to start to pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI, pH 8.5 —
is marked with a yellow arrow. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during glycoproteins
separation by PB chromatography using a P6XL resin and an elution gradient strategy accomplished by the use of
0.5 M Tris as displacer agent at a rate of 0.6% Tris/min. Lanes ID: 1: artificial mixture containing 5 pg of each
glycoprotein under study; 2: flow-through (FT) fraction; 3: P1; 4: Precision Plus Protein™ Dual Color Standards (from
top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 5: P2; 6: P3; 7: P4.
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Figure IV.S2.2 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture containing
2.5 mg/mL of each glycoprotein under study, prepared in the adsorption buffer 20 mM CHES, 300 mM NacCl at pH
9.0. The elution process was performed using a series of step gradients — 2%, 4.5%, 8.5%, 15% and 100% (v/v). The
elution buffer used was obtained by addition of 0.5 M Tris to the adsorption buffer. The chromatogram presents six
peaks denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3), peak 4 (P4) and peak 5 (P5) from
left to right. The time at which the system was imposed to start to pump 100% (v/v) of the regeneration buffer — 1.5
M Tris-HCI, pH 8.5 — is marked with a yellow arrow. (B) Coomassie Blue stained SDS-PAGE of the fractions collected
during glycoproteins separation by PB chromatography using a P6XL resin and an elution strategy accomplished by
the use of a series of step gradients — 2%, 4.5%, 8.5%, 15% and 100% (v/v). Lanes ID: 1: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 2: artificial mixture
containing 5 pg of each glycoprotein under study; 3: flow-through (FT) fraction; 4: P1; 5: P2; 6: P3; 7: P4; 8: P5.
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IV.S3 Displacer studies for acid/neutral proteins using a P6XL resin

To understand the impact of the chromatographic matrix in the desorption process of acidic/neutral
proteins, the developed strategies were applied using an agarose-based PB resin — P6XL. The results
obtained either by the application of a linear or a step gradient strategy showed no selectivity in the
separation of the acidic/neutral proteins under study (Figures IV.S3.1 and IV.S3.2). Moreover, contrarily
to what was observed using the ProSep®-PB resin, cellulase was not the last protein to be eluted.
Instead, it is possible to detect part of cellulase in the flow-through fractions (Figures 1V.S3.1B and
IV.S3.2B). Phenomena that again, indicate different mechanisms of adsorption and desorption towards
resins constituted by different matrices. In this particular case, the differences observed seem to be

mostly due to the spacer arm structures composition of each matrices since their share the same ligand.
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Figure IV.S3.1 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture containing
2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50 mM citrate at pH 5.0. The
elution process was performed using a linear gradient performed at a rate of 0.75% citrate/min. The elution buffer
used was obtained by addition of 0.5 M citrate to the adsorption buffer. Immediately after the elution, column
regeneration was conducted using 1.5 M Tris-HCI, pH 8.5. The chromatogram presents 3 peaks denominated as
flow-through (FT), peak 1 (P1) and peak 2 (P2), from left to right. (B) Coomassie Blue stained SDS-PAGE of the
fractions collected during acidic/neutral proteins separation by PB chromatography using a P6XL resin and an
elution gradient strategy accomplished by the use of 0.5 M citrate as displacer agent at a rate of 0.75% citrate/min.
Lanes ID: 1: artificial mixture containing 5 ug of each cidic/neutral protein under study); 2: Precision Plus Protein™
Dual Color Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa; 3: flow-through (FT)
fraction; 4: P1; 5: P2.
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Figure IV.S3.2 (A) Chromatogram obtained using a P6XL resin for the separation of an artificial mixture containing
2.5 mg/mL of each acidic/neutral protein under study prepared in the adsorption buffer 50 mM citrate at pH 5.0. The
elution process was performed using a series of step gradients — 1.5%, 4%, and 15% (v/v). The elution buffer used
was obtained by addition of 0.5 M citrate to the adsorption buffer. The chromatogram presents five peaks
denominated as flow-through (FT), peak 1 (P1), peak 2 (P2), peak 3 (P3), and peak 4 (P4), from left to right. The
time at which the system was imposed to start to pump 100% (v/v) of the regeneration buffer — 1.5 M Tris-HCI, pH
8.5 — is marked with a yellow arrow. (B) Coomassie Blue stained SDS-PAGE of the fractions collected during
acidic/neutral proteins separation by PB chromatography using a P6XL resin and an elution strategy accomplished
by the use of a series of step gradients — 1.5%, 4%, and 15% (v/v). Lanes ID: 1: artificial mixture containing 5 pg of
each acidic/neutral protein under study; 2: flow-through (FT) fraction; 3: P1; 4: Precision Plus Protein™ Dual Color
Standards (from top to bottom: 250, 200, 150, 100, 75, 50, 37, 25, 20 and 10 kDa); 5: P2; 6: P3; 7: P4.
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Therapeutic products based on monoclonal antibodies (mAbs) still represent the major class of
biopharmaceutical products with worldwide sales expected to reach $125 billion by 2020 [1]. This
continuous trend has been related to major technology developments in the upstream processing [2-4].
The increasing knowledge of global authorities on the production process together with the effectiveness
and safety of these therapeutic products have been the major driving forces for such success.

However, despite all efforts, a more generalized access to these biopharmaceuticals is still barred
by high selling prices, with downstream processing (DSP) being considered the bottleneck in the
manufacturing of mAbs. The established DSP relies on a platform-based approach that encompasses
a protein A affinity chromatography capture step, which can represent up to 25% of the total
manufacturing costs [5]. Therefore, the design of novel and more cost-effective operations and their
implementation in the current industrial settings represents a major need. The alternatives range from
non-chromatographic techniques, like aqueous two-phase separation, membrane filtration, precipitation
or crystallization, to affinity chromatographic steps not based on protein A and emergent strategies like

multimodal chromatography [6, 7].

This thesis focused the development of an effective alternative to protein A based on boronate
chromatography. So far boronate chromatography has been described as affinity chromatography
however and considering the results obtained, it was possible to conclude that boronate ligands, namely
the m-APBA ligand, present a multimodal behaviour, which can be modulated by the experimental
conditions as pH, conductivity and type of mobile phase modulator used.

The work developed in Chapter I, demonstrate the feasibility of using on-line Flow Microcalorimetry
(FMC) to study the molecular interactions between m-APBA and an anti-IL8 mAb in boronate
chromatography and to thermodynamically characterize the phenomena involved in the adsorption of
mADbs. The reduction of AHads and shifts in the thermograms observed with the increase in the pH, in
both absence and presence of different mobile phase modulators, show that FMC is able to indicate the
influence that ligand conformational changes and formal charges have on anti-IL8 mAb adsorption. The
combination of the FMC results with standard chromatographic assays allowed to conclude that the salt
tolerance of the ligand can be improved using different mobile phase modulators.

The anti-IL8 mAb adsorption was characterized as enthalpically driven in all conditions tested, which
was expected considering that the interaction between boronic acids or boronate ligands and molecules
containing cis-diols relies on a reversible esterification. However, the decrease in AHags and the shifts
in the thermograms, observed with the increase in pH, were indicative of the presence of electrostatic
interactions between the protein and the ligand, which was also corroborated by salt tolerance studies.
The use of salts, such as NaCl, NaF, MgClz and (NH4)2SO4, demonstrated ability to mitigate non-specific
interactions with the agarose matrix and with the phenyl group present on the m-APBA ligand structure
at pH < pKa, except in the presence of MgCl: at pH 8.5 and 9.0. Also at these conditions, the interaction
between m-APBA and anti-IL8 mAb showed high salt tolerance with retentions between 97 and 100%
being observed at pH values lower than the pKa of the ligand and salt concentrations up to 1 M NaCl.

However, when m-APBA is present in the tetrahedral conformation (pH > pKa), it can also behave

as a cation exchanger and, consequently, a lower salt tolerance is observed. In the presence of the
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mobile phase modulator NaCl, average adsorption yields of 67 + 4% were obtained with 300 to 450 mM
NaCl, against only 39 £ 3% in the presence of 600 mM to 1 M NaCl. The remaining anti-IL8 mAb was
retained by the specific cis-diol interaction, which is still present, revealing the multimodal character of
this ligand, especially at pH 9.0, contrarily to what has been reported in the last decades. The use of
NaF, MgCl> and (NH4)2SO4 as mobile phase modulators caused a decrease in the contribution of
electrostatic interactions to the adsorption process of the anti-IL8 mAb and consequently, an increase
in the ligand salt tolerance. The best results were achieved in the presence of NaF and (NH4)2SOas.

To complement this work, it would be important to further determine the kinetic constants obtained
from isotherms and the dynamic binding capacities from breakthrough curves, in order to conclude if the
adsorption capacity of the ligand is increased by the use of the aforementioned mobile phase
modulators. Also, it would be interesting to understand if the use of such mobile phase modulators can
lead to the increase in ligand selectivity towards the anti-IL8 mAb, especially by cis-diol interactions with
the glycans present in the Fc region of the mAb. For this purpose, the evaluation of the performance of
the PBA ligand towards real cell culture supernatants or artificial mixtures, composed by the anti-IL8
mAb and other impurities, should be conducted at all the conditions tested.

Overall, the information retrieved through FMC provided a better understanding of the biomolecular
phenomena involved in m-APBA — anti-IL8 mAb interaction revealing the thermodynamic parameters
associated. Nevertheless, it is important to consider the combination of FMC with other analytical
technigues to achieve an effective disclosure of all the mechanisms involved in the adsorption of
biomolecules. For instance, surface plasmon resonance (SPR) could indicate the binding affinity in a
high-throughput manner [8] while, small-angle X-ray scattering (SAXS) could give insights on the radius
of the molecule and on the stoichiometry of the interaction mAb-ligand [9, 10]. Attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy and differential scanning calorimetry (DSC) could
also be useful to understand if any conformational changes occur upon the adsorption process, namely
in the mAb secondary structure [11-13]. The joint application of these methods towards the study of the
adsorption process of mAbs onto m-APBA ligands/resins will promote a deeper knowledge about the
underlying mechanisms of this adsorption process which could contribute towards the effective
integration of boronate chromatography in the current mAb DSP platform. Moreover, the use of FMC in
combination with other analytical methods can be foreseen with the aim of significantly shortening
chromatography process development by designing and developing models that can be applied to better

fit and predict the biomolecular phenomena.

In addition to the fundamental studies carried out in Chapter Il, the viability of using PBA for the
direct capture of mAbs from clarified cell culture supernatants was demonstrated in Chapter Ill, allowing
high recovery yields as well as high impurity clearance. The optimization studies using ProSep®-PB
chromatography media, performed using serum-containing cell culture supernatants, corroborate the
results obtained in Chapter Il with the most efficient pH condition being below PBA pKa, namely at pH
7.5. In Chapter lll, the development and optimization of an additional washing step was essential to
achieve high purities. The type of buffer, ionic strength, and pH of the wash buffer had to be well-defined

in order to minimize IgG losses. The standard elution buffer, 1.5 M Tris-HCI, was successfully replaced
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by an alternative competitor - 0.5 M D-sorbitol with 150 mM NaCl in 10 mM Tris-HCI. The later, besides
being economically more favourable, also maintained the anti-IL8 biological activity at higher levels. The
two-step elution process developed allowed to recover 99% of the anti-IL8 with a final protein purity of
81% using 0.1 M D-sorbitol in 10 mM Tris-HCI as washing buffer. The performance parameters achieved
were identical to the ones obtained using protein A affinity chromatography — recovery yield of 99% and
purities of around 87%.

PBA chromatography was also successfully used to purify the same anti-IL-8 mAb but from a
serum-free culture media and a second mAb — an anti-HCV mAb - produced by a different CHO cell
line. During the purification of the anti-HCV mAb was possible to observe that with the implementation
of a washing step is possible to use PB chromatography for isoform separation.

Furthermore, the scalability of PBA chromatography was also successfully demonstrated in Chapter
Il with a 100-fold scale-up. Working superficial velocities of the different chromatographic steps were
optimized to allow a reduction of the chromatographic run time of about 3 times without compromising
the performance parameters. The 100-fold scale-up was successfully accomplished with recovery yields
of about 97%, purities of 82% and removals of gDNA higher than 96% obtained at all the scales tested
(0.4, 4, 16 and 40 cm? columns). The DBC determined at 10% of breakthrough is lower than that of
protein A chromatography (21.8 £ 3.8 mg IgG/cmS? resin vs > 50 mg IgG/cm? resin, respectively). This
low capacity could, however, be mitigated with further optimizations of the commercial ligand in terms
of density and spacer arms structures [14-16]. Also, in order to overcome the low DBC of this resin, it
can be considered the use of this standard capture step in a continuous mode since it would promote
the use of the total static capacity of the resin and could bring other advantages to the process as
reduction of production costs (in terms of resins, buffers, volume, and footprint) and increased
productivity, largely because all equipment is in use at all times [17]. The column size used in the
continuous approach is also smaller so, even if it was necessary to use more resin volume than with
protein A, the associated costs would not be too high.

The lower costs, stability and selectivity of this synthetic ligand may lead to the implementation of
PBA chromatography as a new platform in the DSP of mAbs, either as a protein A replacement or as a
pre-chromatographic step for a longer life-time of the high costly protein A resin. Moreover, since boronic
acids have the ability to recognize the 1,2-cis-diol compounds present in the glycan structure, it could
be possible to purify antibody fragments lacking the Fc region proving that they are glycosylated in its
Fv region, unlike protein A [18, 19].

PBA chromatography can therefore be described as a scalable, rapid, efficient and cost-effective

multimodal process that has the potential to be used in an industrial setting.

In this thesis important developments were made considering the capture step of mAbs. However,
it would be crucial to look at the whole process to understand how the current process could be reshaped
in order to achieve a more efficient, sustainable and cost-effective platform. With the biopharmaceutical
industry growing at an unparalleled rate, especially with regard to complex molecules as mAbs, it is
imperative to incorporate innovative methodologies in DSP early on into the development process with

novel strategies comprising the integration and intensification of the DSP of mAbs has been purposed.
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It is known that the current downstream process train is unable to cope not only with high titres but
also with the large cell densities, consequences from the major developments achieved upstream. Unit
operations as chromatography are running into binding capacity limitations and the traditional solid-
liquid technologies, like centrifugation and filtration, are achieving their capacity limits. Consequently,
linear scale-up of traditional purification methods of cell harvest, concentration and primary recovery are
incapable to meet the current product demand in terms of space requirements, cost, resources
consumption and process time. Hence, technologies that offer process integration, i.e., a reduction in
the number of unit operations in the initial isolation and purification steps while maintaining high product
recovery and purity, would not only increase process economy but also reduce process time [20, 21].

Techniques such as aqueous two-phase extraction (ATPE), expanded bed adsorption (EBA)
chromatography and convective flow devices have shown to possess distinctive advantages that turns
them viable candidates to meet and overcome the aforementioned challenges. Considering all the
knowledge that the work developed during this thesis brought to the scientific community, three different
strategies could be foreseen using the multimodal PBA chromatography. They rely on:

1) Cell harvest based on extraction using aqueous two-phase systems (ATPS) [22, 23], and
further purification by packed-bed multimodal chromatography for mAbs capture directly from cell
culture media and for mAbs polishing from intermediate streams [24-26];

2) Clarification based on extraction using ATPS, followed by mAbs purification by (i) packed-
bed multimodal chromatography for mAbs capture and (ii) convective flow adsorbers (monoliths,
membranes and fibres) for polishing purposes [27, 28];

3) Clarification and pre-capture of mAbs with EBA chromatography [29, 30] using PBA ligands
followed by polishing steps ruled by convective flow adsorbers [31].

Altogether, these alternatives are expected to significantly shorten process development times,
increase the production capacity currently available and, especially, to reduce the cost of mAbs that
ultimately will foster the accessibility of these biomolecules to the general population. Nevertheless,
innovation in all fields will be necessary to provide continuous-mode adaptations and combinations of
these technologies in order to rush them into the market [21].

Finally, in Chapter IV, it was also possible to demonstrate that the m-APBA ligand can be usefully
used for the capture and effective separation of a wide range of proteins from glycoproteins, comprising
a broad range of isoelectric points, to acidic/neutral proteins (glycosylated or not), by the use of
displacers as Tris and citrate, respectively. The elution strategies were designed firstly considering linear
gradients which gave insights on the required concentrations of Tris or citrate needed to selectively elute
proteins within the same group. The best results were accomplished with rates of 0.6% Tris/min (= 3
mM Tris/min) for glycoproteins and 0.75% citrate/min (= 3.75 mM citrate/min) for acidic/neutral proteins.
Consequently, step gradients were developed, and protein separation improvements achieved.

The use of pH gradients was also evaluated however, the full recovery of the majority of proteins
was not reached by the application of pH gradients to the elution process. Furthermore, the differences
in pH, at which the elution of proteins took place, were too small to have a reliable separation of proteins.

Nevertheless, optimizations regarding the buffers used to achieve the linear pH gradient as the rate at
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which the gradient is conducted could turn the protein isoforms separation more effective in the case of
the proteins as amyloglucosidase and pepsin.

Overall, this work has demonstrated that the m-APBA ligand, present unique features that make PB
chromatography a useful tool for the capture and separation of a wide range of proteins and even to
separate isoforms. Accordingly, PB chromatography can be applied not only to separate proteins on a
preparative scale but can be also considered for analytical purposes, envisaging the separation of
protein isoforms, or even for proteomic studies.

The development of effective ligands towards the glycan portion of glycoproteins and glycolipids are
especially needed for pre-enrichment proteomics strategies [32]. As IMAC has been used for the
enrichment of phosphopeptides due to their ability to interact with ion exchange beads and to participate
in coordination interactions with immobilized metal ions [33], PB chromatography could be used to enrich
mixtures in a specific glycoprotein considering differences in glycan structure and overall charge. These
pre-enrichments steps combined with advanced MS/MS methods and computational data analysis have
revealed to be crucial to identify, for instance, which post-translational modifications in proteins could
be associated to the presence of a certain disease helping to understand its mechanism.

Nevertheless, more developments regarding the selectivity of the PB ligands should be explored in
order to apply PB chromatography to proteomic studies. It would be essential to analyse the selectivity
of a large variety of PB ligands, in addition to m-APBA, aiming to found different ligands with distinct
specificities towards glycoproteins containing different glycan structure, for example. A ligand library
should be constructed and evaluated against a large number of glycoproteins. This ligand library could
be created using de novo design of the ligands based on Ugi scaffolds [32, 34]. Using this approach,
the potential to identify ligands that exhibit high individual glycoprotein specificity could be increased

due to the additional functional groups available for variation on the Ugi scaffold [32, 34].
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