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Abstract

Here, we present an affinity membrane chromatography technique for purification of monoclonal
and polyclonal antibodies from cell culture media of hybridomas and ascites fluids. The m-NBST
method utilizes the nucleotide-binding site (NBS) that is located on the Fab variable domain of
immunoglobulins to enable capturing of antibody molecules on a membrane affinity column via a
small molecule, tryptamine, which has a moderate binding affinity to the NBS. Regenerated
cellulose membrane was selected as a matrix due to multiple advantages over traditionally used
resin-based affinity systems. Rituximab was used for proof of concept experiments. Antibody
purification was accomplished by first capture of injected samples while running equilibration
buffer (50 mM sodium phosphate pH 7.0), followed by elution achieved by running a gradient of
mild elution buffer (3 M NaCl in 50 mM phosphate pH 7.0). The results indicate that the m-NBST
column efficiency for Rituximab was >98%, with a purity level of >98%. The quality and the
capacity of this small molecule membrane affinity purification method is further evaluated for a
number of parameters such as: injection concentrations, volumes, wash/bind time, elution
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gradient, antibody/protein-contaminant combinations, effects of injection buffer, post-purification
antigen binding activity of antibodies, and column reusability and stability.

Introduction

Antibodies are employed in a vast array of applications including clinical, academic and
industrial, while new implementations are continuously being explored in academic
research.16 In applications relating to clinical use, antibodies are required to have very high
purity.”-9 Typically, such purification processes necessitate four to five independent
downstream processing steps including primary recovery steps, adsorption of antibodies,
polishing steps and finally buffer exchange and concentration steps.”-10-12 More than
50-80% of the total cost of protein production is reportedly due to these downstream
steps.?13 The leading method for antibody purification, whether for clinical or other
applications, is affinity chromatography, where protein A (or protein G) functions as the
capture molecule.%1214-16 | 3 single step, protein A (or G) will capture the antibody by
binding to its Fc domain, while the contaminants, such as proteins, DNA, and other
impurities from the cell culture process, are removed by washing away. Despite this
method's high yield and purity (>90%),12-17 several problems exist associated with its use, i)
high production cost, ii) leaching of protein A (or G) fragments, iii) requirement of low pH
elution buffers that may denature antibodies, etc.18-26 Alternative to protein A (or G)
methods, several approaches have been investigated in the search for simple, selective and
stable capture molecules.2”-29 Generally, the simpler the capture molecules, the more stable
the column would be to harsh chemical procedures for elution and cleaning. Therefore,
small molecules and peptides are being examined, by us and others, to be used as an
alternative to protein A (or G) for antibody purification with varying success.2+28:30-32
Amino acid derivatives33:34, dyes®?, and thiophilic compounds3® are some of the small
molecules that are mostly proposed for capturing antibodies. Additionally, computational
studies were performed to determine small molecules or peptides, binds on different regions
of antibodies, to be used for purification purposes.36-39

Recently, we reported a new type of affinity chromatography method for antibody
purification that was developed in our laboratory by utilizing the not-so-known nucleotide-
binding site (NBS) on the antibody.28 The NBS is located between heavy and light chains of
the variable region of the Fab arms, and although it has no known function, it is a highly
conserved region in almost all antibodies (Figure 1-A).49-42 In previous studies, we
extensively characterized the nucleotide-binding site using molecular modeling, and
identified the four critical residues, two tyrosine residues on the variable region of light
chain (Tyr42 and Tyr103) and one tyrosine (Tyr103) and one tryptophan (Trp118) on the
variable region of heavy chain.?%41 Through computational and experimental screening, we
identified that the NBS has moderate binding affinities to a set of small hydrophobic, ring
structured molecules such as tryptamine and indole-3-butyric acid (IBA) with Ky = 1-8
UM.43 In earlier studies, we demonstrated a wide-range of uses for the NBS from biosensor
applications to allergic response inhibition.#1-50 Targeting the NBS using the NBS ligands
provides nearly limitless applications in site-specific conjugation of various functionalities
(drugs, fluorescent tags, biotin tags, reactive sulfur, etc.) to antibodies. Furthermore, we also
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demonstrated that NBS ligand functionalized resins provide an easy and stable affinity
chromatography method for antibody purification.28

In this paper, we describe an affinity membrane chromatography technique for antibody
purification that uses NBS ligand functionalized membranes for antibody capture. We
implemented the NBS targeting approach to the membrane chromatography platform,
because it has several advantages over the resin-based affinity chromatography methods.
Membrane provides a well-controlled macro-porous polymeric stationary phase, which leads
to lower pressure drops, allowing higher flow rates.14>1 Membrane based chromatography
generally can be distinguished from resin-based chromatography through its interaction
between a solute and a matrix (immobilized ligand) and does not take place in the dead-
ended pores of particle, but mainly in the through pores of a membrane. As a result of
convective flow of the solution through the pores, the mass transfer resistance is reduced and
rapid processing, which improves the adsorption, washing, elution and regeneration steps,
can be achieved.1452 The binding efficiency is typically independent of the feed flow-rate
over a wide range; as a result, very high flow-rates may be used.53:54 Consecutively, a larger
sample size can be processed in a relatively short time with high recovery of antibody.14
Additionally, easy packing and scale up facilities of membranes make them more preferable
in antibody purification systems.51:55.56 Synthesis and production of membranes is relatively
easy and not costly, making their replacement reasonable, which eliminates requirements for
cleaning and equipment revalidation, making them especially attractive for pharmaceutical
applications.5357 All of these features and advantages over resin-based systems make
membranes a better candidate to be used in affinity chromatography systems. Here, we
demonstrate a small molecule affinity membrane chromatography method by conjugating a
NBS ligand, tryptamine, to regenerated cellulose (RC) membranes to produce an NBS
targeting affinity membrane column (m-NBST) for selective capture and purification of
antibodies (Figure 1-B).

Materials and methods

Materials

RC 60 (Regenerated Cellulose) Membrane Filters (1.0 um, Diameter 47 mm) were
purchased from Whatman™ (Germany). Tryptamine, N,N-diisopropylethylamine (DIEA),
Sodium phosphate monobasic monohydrate, and mouse ascites fluid (clone NS-1) were all
purchased from Sigma-Aldrich (St. Louis, MO). Bovine serum albumin, Fraction V was
purchased from EMD Chemicals (Gibbstown, NJ). HRP-conjugated goat anti-human 1gG
Fcy-specific was purchased from Jackson ImmunoResearch (West Grove, PA). 2-(1H-
Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), Amicon
Ultra centrifugal filters (0.5 mL, 10K), and Coomassie R-250 were purchased from EMD
Millipore (Billerica, MA). Tris-Gly running buffer, transfer buffer, and tris buffered saline
(TBS) were purchased from Boston Bioproducts (Ashland, MA). Amplex Red assay kit and
Quant-iT PicoGreen dsDNA high-sensitivity assay kit were purchased from Invitrogen
(Grand Island, NY). The third-generation CHO host cell protein (HCP) enzyme-linked
immunosorbent assay (ELISA) kit was purchased from Cygnus Technologies (Southport,
NC). RPMI-1640 media was purchased from Cell-Gro (Manassas, VA), and fetal bovine
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serum (FBS) was from Hyclone (Thermo Scientific, Rockford, IL). Guard column holder
and guard cartages (0.4 x 2 cm) were purchased from IDEX Health and Science (Oak
Harbor, WA). Rituximab was provided by Dr. Alexander N. Starodub at the Indiana
University Health Goshen Center for Cancer Care, IN.

Membrane functionalization

Hydroxyl groups of the RC membrane were reacted with succinic anhydride for 2 h with
addition of DIEA to obtain carboxyl groups on the membrane as a functional group.
Carboxylated membranes were washed with DMF and DCM, and dried with airflow. Then,
carboxyl groups were activated utilizing HBTU with addition of DIEA. Excess amounts of
HBTU were removed by washing with DMF and DCM from the membranes to eliminate the
cross reaction of HBTU with amine group of the tryptamine molecule. The tryptamine
molecule was conjugated to the membrane in DMF solution under basic conditions during
an overnight incubation while agitating (Figure S1-A). Functionalized membranes were
washed with DMF and DCM at least three times in order to remove excess amounts of
Tryptamine molecules, and then membranes were dried with airflow. The dried membranes
were stored at RT.

Characterization of functionalized membranes

Functionalized membranes were characterized by FTIR (Figure S1-B). Peaks at 1788 cm™1
and 1662 cm™1 can confirm the carboxylation of membrane. Peaks between 1400-1600 cm™1
representing C-C stretches in an aromatic ring can be observed in tryptamine-functionalized
membrane. Among these functional group changes, the FTIR spectrum was the same
throughout the modification of RC membrane, indicating that the general membrane
structure remained as stable as it initially was.

Packing column

Membranes were cut into 4 mm diameter circles using a Uni-core puncher (4 mm). Post-
reaction of membranes with tryptamine, all membranes were dried with airflow. Over 200
membrane circles were packed into 2 cm x 4 mm cartage and then the cartage was placed
into a guard column before attaching to HPLC system (Figure 2). Packed column was
equilibrated while running EQ buffer through the column for 1 h, then ELS buffer for
another 1 h. In order to ensure the column has equilibrated, EQ Buffer was injected to the
column and run under the same gradient condition that is used for antibody injections at 0.5
mL/min. This step was repeated until no change was observed on the chromatograms
between the following EQ buffer injections. Pressure on the column was 14-17 bar at 0.5
mL/min. The pressure drop across the column ranged between 1 to 3 bar over the course of
the NaCl elution gradient at a constant flow rate of 0.5 mL/min.

To confirm the quality and consistency of the chromatographic operations we measured the
integrity of the column bed. For this purpose, an acetone pulse was injected on the
tryptamine column to determine the theoretical number of plates, which is determined as
N=107.09 (Figure S2). The HETP (height equivalent to the theoretical plates) value was
calculated by taking the column length (2 cm) and dividing it by the calculated theoretical
number of plates to get HETP=0.019 cm. HETP < 0.02 cm represents good packing of
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column. Another good packing criteria, peak asymmetry, 1.096, was determined using
Agilent Technologies ChemStation LC software, and found within the satisfactory range
between 0.8 and 1.4.

Buffers and gradient used for affinity separation

An Agilent Technologies 1200 Series HPLC system was used in all chromatographic
injections. Elution from affinity membrane beds predominantly employs gradient, or step
changes, in eluent composition to selectively elute products. 50 mM phosphate buffer at pH
7.0 was used as an equilibration buffer (EQ) and 3 M NaCl in 50 mM phosphate buffer at pH
7.0 was used as an Elution Buffer (ELS). pH of both buffers were adjusted using NaOH
stock solution. Neutral pH (7.0) was chosen for both EQ and ELS buffers to provide optimal
conditions for antibody storage after elution with a salt gradient without any need for buffer
exchange. Unless otherwise noted, following a sample injection, while the antibody was still
captured on the column, the contaminants were washed away for three minutes with an EQ
buffer. The captured antibody was then eluted using ELS buffer with a linear gradient going
from 0 to 100% over 10 minutes. At the end of the gradient, the column was cleaned with
100% ELS buffer for two minutes, and then re-equilibrated with the EQ Buffer for five
minutes. HPLC method details for the m-NBST column injections are provided in Table 1.

Determination of antibody recovery by ELISA

The flow through and elution fractions collected from the m-NBST column were diluted
100-fold in a 0.05 M carbonate-bicarbonate buffer pH 9.6 to a final volume of 100 pL and
directly adsorbed on a high-binding Costar 96 well plate for 1.5 h. at room temperature. The
surface was subsequently blocked with 2.5 g of BSA in 50 mL of phosphate-buffered saline
(PBS) pH 7.4 and 0.05% Tween20 for 45 min. Total antibody in each well was determined
using an HRP-conjugated secondary antibody and was quantified using an Amplex Red
assay kit (570 nm excitation and 592 nm emission).

Determination of antibody purity by SDS-PAGE

The purity of antibody in the elution fractions was determined by SDS-PAGE under
reducing conditions, using 10% polyacrylamide gel with Tris-Glycine running buffer.
Sample preparation was done by adding 5 uL of gel loading buffer to 15 uL of concentrated
flow through or elution fraction and boiling for 5 min. Gels were Coomassie blue stained
using Coomassie R-250. The purity of the product was calculated as the fraction of the total
area and intensity equivalent to the IgG bands at 25 kDa and 50 kDa. The antibody purity
was determined by densitometric analysis of Coomassie-stained gels using ImageJ software.

Influence of impurities on antibody recovery and purity

The effect of impurities such as BSA, cell culture supernatant, cell lysate, and mouse ascites
on m-NBST affinity column was tested by mixing them with antibody sample at various
concentrations and analyzing the chromatograms. To study the effect of BSA on the
column's performance, samples containing 0.5 mg/mL Rituximab in increasing
concentrations of BSA (0, 0.5, 1, 1.5, 2, 3, 5, 10, 15, 20 mg/mL) were prepared in 50 mM
sodium phosphate buffer at pH 7.0.
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Determination of binding activity of purified antibody

Binding activity of purified antibody using m-NBST affinity column was determined by
flow cytometry experiments. For CD-20 expression assays, cells were incubated with
Rituximab in binding buffer (1.5% BSA in PBS pH 7.4) on ice for 1 h and washed twice. We
verified that IM9 cells expressed CD-20 cell-surface receptor, and that it is available for
Rituximab binding (Figure S8). Thus, binding activity of purified Rituximab was tested on
IMO cells. Briefly, 5x10° cells were incubated into each well. After 24 h incubation, cells
were washed using PBS, and blocked with 1.5% BSA in PBS for 30 min. Rituximab was
incubated with cells on ice for 1 h, then fluorescein conjugated anti-human IgG antibody
was used to detect bound Rituximab antibodies on ice. Samples were washed twice and
analyzed on a Guava easyCyte 8HT flow cytometer (Millipore).

Specificity of affinity chromatography to active antibodies

Rituximab was denatured using 4 M guanidine hydrochloride (GndCl) and by storing the
antibody at room temperature for three hours. Different ratios of denatured and native
antibody was mixed and injected into the m-NBST affinity column. Peak areas of flow
through (0.5-3 min) and elution fractions from various chromatograms were measured and
compared.

Residual host cell DNA content

The double-stranded DNA (dsDNA) content within the flow through and elution fractions
was quantified via Quant-iT PicoGreen dsDNA high sensitivity assay kit. Cell culture
supernatants and mouse ascites fluid were injected on the column using the standard
purification gradient. 20 uL of each collected fraction was added to 200 pL of diluted Quant-
iT PicoGreen dye reagent (1:200 dilutions in the provided buffer). The solutions were mixed
and allowed to incubate for 5 min at room temperature in a 96 well plate protected from
light. The amount of dsDNA present in the samples was determined based on dye
fluorescence with a 485 nm excitation and 523 nm emission. This fluorescence was
converted to nanograms per microliter of dSDNA based on a standard curve. Data represents
the means (xSD) of triplicate experiments.

Residual host cell protein content

A third generation CHO HCP ELISA kit from Cygnus Technologies was used to quantify
the HCP (host cell protein) content present in the flow through and elution collected
fractions post m-NBST column purification. We followed the recommended high-sensitivity
assay protocol as provided by the manufacturer. Briefly, 100 uL of anti-CHO:HRP matrix
was added to each well followed by 50 pL of standards, controls, and samples. The plate was
covered and incubated on a rotator at room temperature for 2 h. Following incubation the
plate was washed with four cycles of 350 uL of wash solution. 100 pL of 3,3°,5,5’
tetramethyl benzidine (TMB) substrate was then added to the wells and incubated for 30 min
without rotating. 100 L of stop solution was added to quench the enzymatic reaction. The
amount of residual host cell protein content in the samples quantified by reading the
absorbance at 450 nm subtracting off the zero standard as a blank. Data represents the means
(£SD) of triplicate experiments.
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Results and discussion

Selection of membrane and preparation of stationary phase

The preparation of a membrane for antibody purification purposes requires several steps: i)
selection of a suitable membrane, ii) uniform activation of conjugation sites on the
membrane, and iii) immobilization of an appropriate NBS ligand as the affinity agent on the
membrane.59:60 There are several kinds of commercially available microporous membranes
that have been used for protein purification systems with regenerated cellulose (RC),
polyethersulfone, and polyvinylidene fluoride.>2:60.61 Regenerated cellulose (RC) has been
selected as a membrane material for our system due to its specific features such as its
strength while wet, extreme chemical resistance, and high mechanical stability. One other
advantage of RC membranes is their ability of sterilizing by all methods. Native and
derivatized cellulose membranes are soluble only in some strong acids.62 Hydrophilic
property of the RC membrane is also an advantage to be used in antibody purification
system, eliminating non-specific interactions between the membrane and antibodies or other
ingredients (Figure 4-B). We used 1 um pore sized membranes in order to achieve high flow
rates while keeping the pressure low.

The chemical activation of the conjugation sites on RC membranes is similar to activation of
chromatographic resins. Since RC membrane has hydroxyl groups, we used succinic
anhydride to generate carboxylic acid groups to be further used as functional moieties for
conjugation (Figure S1-A). Then, carboxyl groups were activated utilizing HBTU with the
addition of DIEA. The tryptamine molecule was conjugated to the membrane in DMF under
basic conditions (Figure 1-B). Functionalization of membranes was characterized by FTIR
(Figure S1-B). Peaks at 1788 cm™ and 1662 cm™ confirm the carboxylation of membrane.
Peaks between 1400-1600 cm™~1 representing C-C stretches in an aromatic ring can be
observed in tryptamine functionalized membrane. Among these functional group changes,
the FTIR spectrum was the same throughout the modification of RC membrane, indicating
that the general membrane structure conserved as it originally was.

The major limitation of membrane chromatography is that ligand-protein association
kinetics limits what the flow-rate can be set to. In order to overcome this limitation and
allow an increased interaction time to promote association, we used several stacks of thin
membranes. Therefore, we functionalized small pieces (4 mm diameter circles) of RC
membranes with tryptamine molecule, and packed the columns (4 mm x 2 cm) with nearly
235 tryptamine-functionalized membranes to construct the m-NBST column (Figure 2).
Then, we tested m-NBST column on the HPLC system (Agilent Technologies 1200 Series)
for antibody capturing and purification.

Capture and purification of antibody via m-NBST column

To evaluate antibody capture efficiency of the m-NBST affinity column, we used Rituximab,
a chimeric anti-CD20 pharmaceutical antibody. Different amounts of antibody (indicated
next to the chromatograms in Figure 3) dissolved in EQ buffer were injected into the
column, successfully captured during EQ Buffer run, and eluted using the ELS buffer
gradient. Antibody recovery was quantified by peak integration. We tested the column-
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loading limit using two approaches: i) by increasing the concentration of the antibody in
samples while keeping the total volume at 10 pL (Figure 3-A); and ii) by increasing the
injection volume while keeping the antibody concentration constant at 0.5 mg/mL (Figure 3-
B). Increasing the amount of antibody injected into the column did not have an affect on
capture efficiency and consistently yielded >98% antibody recovery. The largest amount of
antibody injected on the column was 20 pg of Rituximab (10 pL of 2 mg/mL) into a column
volume of 250 pL without any sign of exceeding the column's antibody capture capacity.
Thus, 10% breakthrough dynamic loading capacity of the m-NBST column was determined
as 0.9 g/L (Figure S3).

To demonstrate that the antibody capture observed with the tryptamine modified membrane
column is attributed to the affinity of tryptamine molecules to the antibody, and was not due
to size exclusion or another intrinsic property of the RC membrane, we tested antibody
capturing and elution properties of the column at various wash times of 3, 20 and 30
minutes. The antibody was retained on the column throughout the EQ wash under all
conditions, and was eluted consistently for 7 minutes into the ELS gradient, leading to
elution times of 10, 27 and 37 minutes, respectively (Figure 4-A). Since the delay in
antibody elution time matches exactly the delay we instilled on the ELS gradient start time,
we conclude that the retention of the antibody on the column is not due to a size exclusion
effect of the membrane column but strictly a result of affinity capture.

In order to further validate our conclusion, we packed a control column with RC membranes
that lack the tryptamine modification. Various contaminants (Ascites, BSA and 3T3 Cell
Lysates) and several monoclonal antibodies (Rituximab, Cetuximab, goat-anti-DNP and
mouse-anti-FITC) were injected to the non-modified membrane packed column. As
expected, neither antibodies nor impurities were captured in the control column, all injected
samples eluted in the flow through (0.5 — 3 minutes) further validating our hypothesis
(Figure 4-B).

Specificity of m-NBST affinity chromatography column

To assess the specificity of m-NBST column in antibody capture, various contaminants were
injected. None of the non-antibody proteins or other biological molecules were retained on
the column, and all eluted within the flow through peak (0.5 — 3 min) following injection
(Figure 4-C). The results validate that the m-NBST column has a high selectivity only for
antibodies without cross-selectivity for other proteins from culture conditions. Flow through
fraction of contaminant injections were collected and analyzed on a SDS-PAGE gel for
further inspection of potential contaminants (Figure S4). According to results of the control
gel, all of the impurities has distinct bands that are not overlapping with heavy and light
chain bands of the antibody at 50 kDa and 25 kDa. Additionally, we were able to efficiently
capture Rituximab upon mixing with the diverse contaminants indicating that these
contaminants do not have any residual negative impact on the affinity of tryptamine column
to antibodies. Taken together, these results show that antibody capture on the m-NBST
column is a result of specific interactions between the immobilized tryptamine on the
membrane and the antibody.
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In order to show the capability of tryptamine modified membrane based chromatography to
separate antibodies from challenging impurities, we tested antibody samples spiked with
various amounts of BSA contamination. Since BSA is the major impurity in the cell culture
supernatants and ascites fluid, and is also known to aggressively adhere to surfaces through
non-specific interactions; we identified it as a definitive method to test the column. To
accurately interpret the experimental challenges we exposed the column, it is important to
note that the extreme BSA concentrations were much higher in the samples than the typical
biological fluids antibodies are isolated from (normal albumin range in serum is 20 — 50 g/L;
thus, in cell media supplemented with 10% FBS is 2-5 g/L).53-65 We collected flow through
and elution fractions from the BSA contaminated antibody samples (0.5 mg/mL) for ELISA
and SDS-PAGE analysis (Figure 5-A). Our analysis revealed some reduction in the column's
ability to capture antibody at elevated BSA concentrations, as some levels of antibody were
detected in the flow through (Figure 5-B). According to ELISA, at higher BSA
concentrations, the column achieved 90-98% antibody recovery compared to >98% at lower
but more relevant BSA concentrations. More importantly, we verified that even at the
highest concentrations of BSA contamination, elution peak contained only pure antibody
and did not contain any detectable BSA (Figure 5-C). All BSA was found in the flow
through fractions of each injection.

We further investigated the column efficiency for isolating the antibody from more typical
contaminants that would arise from common sources along with BSA: conditioned cell
culture supernatants, mammalian cell lysates and ascites fluid. Samples of 0.5 mg/mL
antibody were mixed with these contaminants and subsequently purified on the tryptamine
column (Figure 6-A). The flow through and elution peaks were collected and analyzed for
antibody recovery and purity using ELISA and SDS-PAGE. ELISA results showed no
significant loss in antibody recovery from any of the tested contaminant sources (Figure 6-
B). SDS-PAGE results showed that all contaminants eluted within the flow through fraction,
and none of the impurities were detectable within the elution fraction (Figure 6-C).
Combined, these results further validated our earlier findings that tryptamine column
successfully separates various contaminant proteins and other molecules from the culture
media and yield highly pure antibody (>98%).

Removal of host cell proteins and host cell DNA

Therapeutic antibodies are typically produced in bioreactors using mammalian cells. As a
consequence, cellular components from the culture media are the largest source of
contaminants, which include host cell proteins (HCPs) and DNA. Therefore, we investigated
presence of host cell DNA in the flow through and elution fractions of antibody purified
from various sources including cell culture supernatant, lysates and ascites; as determined
via binding of fluorescent dye to dsDNA present. This fluorescence was converted to
nanograms per microliter of dSDNA by using a standardized curve (Figure S6) and then
normalized to antibody content in each fraction. Table 1 shows a summary of DNA content
in the collected flow through and elution fractions with log reduction value (LRV). LRV was
calculated by taking the logarithm of the ratio of load (sum of flow through and elution) to
elution fractions. The results demonstrated that DNA flows through the column leaving a
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very low level of DNA in the purified antibody elution fraction with around 2-4 of LRV,
running congruently with protein A DNA clearance values.18:66

Furthermore, residual HCP content in each collected fraction was analyzed via a broadly
reactive HCP ELISA assay (Figure S7). The concentration of HCP present in the initial
rituximab/contaminant source solution (sum of flow through and elution fractions) was
compared to the purified product. The LRV values were >7 and around 2 when Rituximab
was purified from 3T3 cell conditioned media and from other impurities, respectively. These
LRV values are comparable to that of protein A chromatography.18:67 A summary of the
HCP content in the collected fractions is shown in Table 2. These results further support the
high level of purity (>98%) that the tryptamine column technique can attain.

Effect of NaCl concentration on antibody capture

To evaluate the efficiency of antibody capture by tryptamine column depending on the ionic
strength of the sample injection buffer, we tested various concentration of NaCl in the
sample injection buffer. For this experiment, we prepared antibody samples in EQ buffer that
contained increasing NaCl concentrations and injected them into the column (Figure S5-A).
All injections were run using the same gradient and buffers as the earlier injections in order
to be able to purely and accurately test the effect of ionic strength of the sample solution on
the column. Antibody recovery was quantified by comparing the peak integrations, at 220
nm, of the flow through and elution fractions (Figure S5-B). The integrations from each
peak were summed to confirm that not only was the entire injected antibody sample eluted
from the column but also that addition of NaCl did not promote irreversible antibody capture
on the column. Since high salt concentration of the ELS buffer drives antibody elution, we
expected to see a decrease in tryptamine column capture efficiency with increasing NaCl
concentration. We observed that capture efficiency dropped to 65% at 2.5 M NaCl.

Retaining binding activity of purified antibody after m-NBST column purification

To demonstrate that the NBS affinity-based chromatography method is specific for active
antibodies, we designed an experiment where we purified the active antibody from a solution
containing both denatured and active antibody. Rituximab was chemically denatured using 4
M GndCl, incubating at room temperature for three hours. Then, GndClI buffer was
exchanged to PBS prior to mixing denatured antibody with active antibody. 10 pL samples
of denatured antibody, active antibody and a 1:1 mixture of denatured and active antibody
were injected into the column, and flow through and elution peak integrations were
compared (Figure 7-A). ~49% of Rituximab was determined from the integrated area of the
chromatographs to be denatured during the 3 h incubation with GndCl. The sum of flow
through fractions of denatured antibody (205.5) and active antibody (31.5) perfectly
matched the flow through of mixture sample (234.5). A similar trend was also observed with
elution fractions. The elution fraction area of denatured antibody (1589.1) and active
antibody (3223) sum (4812.1) gave similar integrated area of mixture sample (4378).
Furthermore, to show specificity of the column to active antibody, increasing concentrations
of denatured antibody was mixed with same amount of active antibody, and we were able to
elute increasing peaks of flow through fractions with increasing amount of the denatured
antibody (Figure 7-B). These results demonstrate specificity of the tryptamine column for
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active antibody from a solution containing a mixture of active and damaged or denatured
antibody.

Purification of active Rituximab from a solution of active and denatured antibody

Next, we evaluated the binding activity of the purified antibody, which was accomplished
through the analysis of antibody binding to cell lines that expressed the antigen protein.
Rituximab targets human CD20 and was evaluated using the CD20 expressing multiple
myeloma cell line IM-9.40.68 Both native and purified Rituximab was incubated with 1M-9
cell lines at increasing concentrations for 3 hours on ice. Binding was detected using a
secondary Fc specific fluorescein labeled antibody from goat. The slope of the mean
fluorescence curve was used to determine the binding activity. Purified antibody shows
similar binding activity (slope: 11.44 R? = 0.996) with comparison to native antibody (slope:
11.02 R2 = 0.95) (Figure 7-C). These results demonstrated that the antibodies that were
purified through the tryptamine column had native levels of binding to the cells. This further
validated the tryptamine column purification and confirmed that the antibody activity
(including both antigen detection and Fc recognition) was fully retained post purification.

Column stability and reusability

Through the experiments, over 200 injections were performed on m-NBST column. Results
of Rituximab injections without mixing with any contaminants were shown in Figure 8-A.
On the basis of elution time, peak elution profile, and peak intensity there was no
discernable negative impact on the antibody purification efficiency. The m-NBST affinity
column yielded reproducible results without a loss in performance in antibody recovery
(98.5 + 0.7) even after 189 injections (Figure 8-B). To test the stability and full elution
capability of the column, EQ buffer was injected after a few cycles of antibody injections.
The same EQ Buffer chromatograms were obtained before and after sample injections
indicating that any antibody or other proteins did not remain in the column, everything
eluted during the elution and re-equilibration steps (Figure S9). Furthermore, within these
~200 cycles of injections, the column was taken off from the HPLC system, kept at room
temperature in EQ Buffer, and attached again after several weeks, which did not affect the
column stability or performance.

Conclusion

Here, we demonstrated m-NBST column's competence to purify antibodies from a variety of
complex media using NBS selective affinity. The m-NBST affinity column achieved over
98% antibody recovery with over 98% purity from separations performed on antibody
samples spiked with a variety of contaminants to reflect potential actual situations. Since the
m-NBST column uses mild elution conditions with a neutral pH, it does not require any
adjustments to pH or buffer exchange for the purified antibody following the single
purification step. The results of the binding experiments to cells that express CD20 receptor
with the purified antibody using flow cytometry established that antibody samples purified
via the m-NBST affinity column preserve their antigen binding activity and affinity. The
results of the binding experiment validate that antibody elution facilitated by high ionic-
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strength buffer (3 M NaCl) has no plausible negative impact on antibody structure and
function.

Even though the m-NBST column has a low dynamic capacity, 0.9 g/L, the dynamic
capacity is usually around 1 g/L or higher for most of the small molecule resin-based
columns, a high production rate can still be achieved by running multiple cycles in a short
amount of time to process a batch of antibody owing to ability to run high flow rates on
membrane based columns.34:69-72 Moreover, increased number of injection cycles is not a
concern because our results proved that the m-NBST column retained its function without
any loss in its performance even after 200 injections. This is a significantly high number
compared to any protein based column, especially considering that most of the protein based
affinity columns start showing signs of degradation after just 10 cycles of injections, and
require cleaning cycles regularly.12:21.73 Additionally, if desired, the m-NBST column
material can be easily replaced since membrane production is inexpensive compared to resin
production, and this will also eliminate requirement for cleaning cycles. Therefore,
utilization of small molecules on membrane instead of biomolecules on resin lowers the
production and maintenance costs of the column. Although the maximum binding capacity
of the m-NBST column is still far from the binding capacity values of Protein A affinity
membrane chromatography’47, neutral pH buffer conditions for loading and elution of the
antibodies, high recovery and purity levels of the m-NBST column are very encouraging to
promote more research on small molecule based affinity membrane chromatography. Taken
together, the m-NBST affinity column can serve as a model in the design of small molecule
affinity membrane column utilizing the NBS for capturing antibodies and provides an
alternative to the protein A affinity purification method.

In this demonstration of the proof-of-principle for the m-NBST column for antibody
purification, we used Rituximab; nevertheless, we anticipate other pharmaceutical antibodies
to also deliver similar results on the m-NBST column since NBS is a universal site
conserved on all antibody Fab. Consequently, the m-NBST affinity chromatography column
can potentially be used for the purification of antibody fragments such as Fab, Fab, and
ScFv. We observed the column performance to vary due to the minor changes in the binding
affinity of the nucleotide analogue to these antibodies and their fragments. Therefore,
column optimization studies, such as changing the density of the capture molecule on the
membrane surface to regulate the overall avidity or evaluate alternative nucleotide analogues
that has a higher affinity for the NBS of all antibody isotypes and species, might be needed.
Optimization studies with different nucleotide analogs on various matrixes are currently
ongoing in our laboratory to further improve the NBS column to make it a universally
effective method for the purification of any and all antibodies. In conclusion, we envision
that in the long term, the simplicity and easy scalability of the m-NBST column will provide
a benefit to increase the availability of antibody based treatment and diagnostic systems to
patients, as well as life-sciences research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Location of the nucleotide-binding site (NBS) is shown in red on the crystal structure of
the antibody Fab variable domain (pdb: 20SL, Rituximab Fab structure). The NBS consists
of four residues, namely two tyrosine residues on the variable region of the light chain
(Tyr42 and Tyr103) and one tyrosine (Tyr103) and one tryptophan residue on the variable
region of heavy chain (Trp118). Positions of the residues determined based on IMGT
numbering.58 B) Cartoon representation of antibody capture with tryptamine-conjugated
membrane. Membrane conjugated tryptamine will recognize the NBS, and thereby capture
the antibody on the column, meanwhile contaminant proteins and impurities will be washed
away with the EQ Buffer. When EQ buffer is changed to ELS buffer containing a high salt
concentration, antibody would be eluted from the column delivering high recovery and

purity.
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Figure 2.
Representation of the m-NBST column packing with tryptamine functionalized RC

membranes. Several circular pieces of tryptamine functionalized RC membranes with 4 mm
diameter were packed in a 2 cm long cartage, then this cartage was placed inside a guard
column and was connected to the HPLC system.
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Chromatograms demonstrating the effect of changing injection conditions on the m-NBST
column'’s capture efficiency. Antibody capture profile of m-NBST column was tested with
A) increasing concentrations of the antibody at 10 pL and B) increasing volume of antibody
at 0.5 mg/mL. Rituximab peak was observed during 65% - 75% of elution buffer gradient at

10 minutes.
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Figure 4.
A) Chromatograms demonstrating the effects of changing EQ Buffer wash time on retention

of Rituximab by the m-NBST column. Antibody eluted at 10, 27, and 37 min with 3, 20 and
30 min EQ wash times, respectively indicating that retention of the antibody on the column
is not due to a size exclusion phenomenon. B) Control column packed with RC membranes
without tryptamine modification showed no capture of antibody (Rituximab, Cetuximab,
Goat-anti-DNP, and Mouse-anti-FITC) or contaminants (Ascites, BSA, and Cell Lysate). C)
The m-NBST column did not display any nonspecific binding for an array of contaminants:
3T3 Lysis, IM9 Supernatant, IM9 Lysis, H929 Supernatant, H929 Lysis, Ascites, and BSA.
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Figure5.
Effect of BSA contamination on antibody recovery and purity of the m-NBST column. A)

Chromatograms of Rituximab (0.5 mg/mL) premixed with increasing BSA content; elution
times for BSA and Rituximab are indicated as 1-3 min and 8-10 min, respectively. B) ELISA
results illustrating percent antibody in the flow through and elution fractions. Data
represents the means (£SD) of triplicate experiments. C) SDS-PAGE analysis showed zero
indication of BSA contamination in recovered antibody fractions.
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Figure®6.
Effect of contaminants from various sources on antibody recovery and purity achieved by

the m-NBST column. A) Chromatograms of Rituximab (0.5 mg/mL) contaminated with 2
mg/mL BSA, H929 Cell Supernatant, H929 Cell Lysate, Mouse Ascites and 3T3 Cell
Lysate. B) ELISA results illustrating percent antibody in flow through and elution fractions.
Data represents the means (£SD) of triplicate experiments. C) SDS-PAGE analysis showed
absence of no protein contamination in recovered antibody fractions.
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Figure7.
Chromatograms illustrating specificity of the m-NBST column to active, full-length

antibodies. A) Comparison of native, denatured and 1:1 mixture of native and denatured
antibodies. Denatured antibodies eluted in the flow through fraction, and non-denatured
native antibodies were captured by the m-NBST column, and eluted with NaCl gradient. B)
Mixture of native antibodies with increasing concentration of denatured antibodies. C) Flow
cytometry results showing the binding activity of native and purified antibodies via the m-
NBST column.
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Figure 8.
Evaluation of the m-NBST column durability according to conservation of antibody

recovery after a high number of injections. A) Overlaid chromatograms of only Rituximab
injections (0.5 mg/mL, 10 pL) on the m-NBST column over the course of the 189 injections.
B) Percent antibody recovery based on 220 nm peak integration of the Rituximab injections.
Average represents the mean (£SD) of the five Rituximab injections.
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Table 1

HPLC method for the m-NBST column

Time(min) EQ Buffer (%) ELSBuffer (%) Flow Rate(mL/min) Observed Pressure (bar)
0 100 0 0.5 14
3 100 0 0.5 14
13 0 100 0.5 17
15 0 100 0.5 17
15.5 100 0 0.5 17
30 100 0 0.5 14
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Table 2

DNA content in flow through and elution fractions

Sample Flow Through DNA (ng/mg mAb)  Elution DNA (ng/mg mAb) LRV

313 3x108 2x10° 311

Cell Extract 9x108 9x104 3.98
Ascites 1x108 1x10° 2.99
H929 Lysates 2x107 7x104 2.38
H929 Supernatant 1x108 5x104 3.47
IM9 Lysates 1x107 7x10% 2.18
IM9 Supernatant 2x108 2x105 2.95
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Table 3

HCP content in flow through and elution fractions

Sample Flow Through HCP (ng/mg mAb)  Elution HCP (ng/mg mAb) LRV

313 1x107 2x1071 7.82

Cell Extract 8x10° 6x103 217
Ascites 1x106 3x108 2.59
H929 Lysates 3x10° 4x103 2.78
H929 Supernatant 1x106 3x103 2.77
IM9 Lysates 2x10° 8x103 1.48
IM9 Supernatant 6x10° 1x103 2.59
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