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Abstract
Chromatography is used extensively to purify monoclonal antibodies (mAbs) at process
scale. This work examines key performance parameters that affect the separation of such
process using a two-step purification approach including Protein A (PA) capture followed
by weak partitioning chromatography (WPC) with anion-exchange (AEX) resins.
The first part of this work focuses on understanding the fouling mechanism of the Protein
A MabSelect resin. A fouling mechanism was proposed based on both macroscopic and
microscopic studies. The structural and performance characterization of the cycled resin
was studied by chromatographic and batch adsorption/desorption experiments.
Microscopic studies including transmission electron microscopy (TEM) and confocal
scanning laser microscopy (CLSM) was used to determine the nature and spatial
distribution of the foulants and to understand protein conformational change when bound
to PA resin. The second part of this work focuses on understanding the relationship
between AEX resin structure and protein properties in WPC. Chromatographic
experiments were used to determine protein partition and diffusion and to obtain the pore
size distribution of AEX resin under WPC conditions. Microscopic experiments were
performed with both TEM and CLSM. TEM was used to understand the architecture and
pore structure of the AEX resin and CLSM was used to observe mAb and impurity

adsorption profile and to understand the mass transfer mechanism under WPC conditions.
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1 Chapter 1

Motivations, Background and Theory

1.1 Motivations

This work focuses on a two-step downstream purification process of monoclonal
antibodies (mAb). The mAb purification process consists a capture step using a Protein A
column and a polishing step using an anion-exchange column. The capture step can
remove up to 95% of the impurities [1]. The second column is used in weak partitioning
chromatography (WPC) to remove the remaining impurities from the Protein A elution
pool.

Protein A capture has been the "gold standard” for mAb purification because of its high
specificity. Due to the very high cost and relatively low binding capacity, cycling the
Protein A resin is often desired. As a result of cycling, substantial performance losses are
sometimes observed and are attributed to the accumulation of foulants on the resin beads
in as few as 20 cycles. Therefore, understanding the fouling mechanism of the Protein A
resin is critical.

Weak portioning chromatography (WPC) was introduced by Kelley et al. in 2008 [2] as
an operating mode intermediate between “flow through (FT)”, where the product does
not bind at all, and “bind-elute (B/E)”, where the product is initially strongly bound and
then elutes. It has been shown that different anion-exchange (AEX) resins exhibit
different WPC performance even though the ligand is chemically the same or very
similar, suggesting that the resin physical structure may have a greater effect than the

ligand chemistry itself. There have also been cases where an AEX resin may work well in



WPC mode for one mAb, but poorly for another, suggesting that protein properties also
play an important role in WPC. Therefore, understanding the relationships between
protein properties and WPC performance will be helpful.

1.2 Background

Monoclonal antibodies (mAbs), whose use as therapeutic applications emerged in the
mid-1990s’, have risen in importance dramatically in recent years and now occupy a
large portion of the biopharmaceuticals that are currently in clinical trials [3][4][5][6].
Many successful multi-million dollar mAbs already exist on the market and many more
are expected to be licensed in the future [7][8].

The industrial scale production of mAbs remains challenging mainly because of the
following three reasons. First, unlike small molecules that might be synthetized by in-
vitro methods, mAbs are exclusively produced by recombinant DNA technology [9][10].
Due to the complexity of mAb structures, which consist of more than 1,000 amino acids,
and because of glycosylation requirements, mAbs are almost exclusively produced either
in yeast cells or, more commonly, in mammalian cells, including Chinese Hamster Ovary
(CHO) and baby hamster kidney (BHK-21) cells [11]. The complexity of the cell
cultivation media used in these systems requires purification processes that can deal with
various impurities including host cell protein (HCP), lipids, and DNA, which have vastly
different biophysical attributes [12]. Second, due to the potential toxicity of these
impurities, therapeutic mAbs need to be of purity usually higher than 95% chemically
and 99% conformationally even at the end of shelf-life [13]. Third, the biological
function of mAbs depends highly on their molecular conformation, which, typically, is

affected by harsh conditions such as extreme temperature and pH. Based on all these



facts, currently, chromatography and membrane filtration are the main tools used in the
industrial purification of mAb.

1.2.1 Protein A Capture

Protein A is a protein originally derived from prokaryotic organisms, notably
Staphylococcus aureus, with the ability to bind immunoglobulins with high specificity.
This ability to bind immunoglobulin explains, for example, the aggressiveness of so-
called “Staph infections”. Once these organisms enter the blood stream, they recruit
antibodies on their surface becoming virtually “invisible” to the host immune system
[14]. This property is used to develop so-called Protein A adsorbents where there native
or recombinantly produced Protein A is immobilized on a solid matrix. Engineered forms
of Protein A, having, for example, improved chemical stability, are also available [15]. In
either case, since the Protein A binding site is located in the constant region of antibody
molecules and is not affected by glycosylation, Protein A adsorbents are ideally suited for
so-called platform processes, which can be rapidly deployed to purify different antibody
products [1][16][17][18][19]. A basic Protein A cycle consists of feed loading, normally
at or near physiological pH and ionic strengths conditions, followed by wash with the
load buffer, elution with a low pH buffer, typically acetate at pH 3 to 4, strip, typically at
even lower pH values, clean-in-place (CIP), most commonly with dilute NaOH, and re-
equilibration with the load buffer.

The acidic eluate from the Protein A column is usually further purified, following pH and
salt concentration adjustment, with either one or two polishing columns [20]. For cases
where only one polishing step is used, an AEX resin is normally used and the operating

conditions are chosen to bind the impurities while the mAb flows though. For cases



where two polishing steps are used, after the AEX step, an additional cation exchange or
ceramic hydroxyapatite or hydrophobic interaction column [2] is operated in bind/elute
mode usually with the mAb binding and the impurities flowing through.

With the demand of therapeutic mAbs approaches the one ton per year level [19], and
because of their high cost and relatively low capacity, Protein A resins are almost always
used over multiple cycles. In such cases, consideration of the resin lifetime under cycling
process conditions is critical [15][21][22].

In a case recently reported by Pfizer [23], a MabSelect Protein A column used in a mAb
manufacturing process exhibited substantial performance losses in as few as 20 cycles,
characterized by rapidly declining product recovery accompanied by a rapidly increasing
strip peak. Changes in the chromatographic elution profile also resulted in increased
product pool volume with each subsequent cycle. Since such losses are unlikely to have
been caused by ligand degradation over the limited number of cycles used, resin fouling
was suspected as the culprit. Although improved cleaning protocols could be developed
empirically, for example, on high throughput screening studies, understanding the nature
of fouling is desirable.

1.2.2 Weak Partitioning Chromatography

Weak partitioning chromatography was developed as a way to replace the two polishing
steps routinely used in mAb purification with a single step. If only one polishing column
can be used, substantial cost savings can be obtained. Because both leached Protein A
and most of the HCPs have low pl [24][25] and DNA is usually negatively charged at or

above neutral pH, an AEX column is typically used as the single polishing step.



WPC is defined as an isocratic chromatographic process performed under mobile phase
conditions where both target product and impurities bind to the resin but where the
impurities bind much more strongly than the product. While a significant amount of the
product protein binds to the resin, well in excess of typical FT operations, the amount
bound is much less than in a typical B/E process [2]. A partition coefficient, Kp, defined
as:

target protein concentration in resin

P= target protein concentration in solution
is often used to define WPC conditions. Values of Kp between 0.2 and 20 (preferably
between 1 and 3) are usually chosen for WPC [2]. Kelley et al. [2] showed that for these
conditions, removal of impurities from the Protein A pool elution pool was more
effective. The potential product loss caused by the high K, can usually be mitigated by
incorporating a short wash step [2][26]. The WPC operating conditions are usually
determined by high throughput screening (HTS) methods to identify, empirically, the
combination of pH, salt concentration, and resin type that yield Kp-values in the desired
range [27][28]. Although an extensive database has been established defining conditions
where WPC is effective for different resins and mAbs, the relationship between the
physical structure of the AEX resin and performance is not known. It is noted that
although the functional ligand is chemically the same or very similar among many AEX
resins, their WPC performance can be dramatically different. Moreover, there have been
cases where a certain AEX resin worked well for one mAb but poorly for another. These
situations indicate that the physical structure of the AEX resin and the protein properties
play important roles in WPC. Therefore, understanding these relationships is thought to

be helpful in choosing AEX resins for novel proteins.



1.3 Theory
1.3.1 Intraparticle porosity and distribution coefficient
In columns packed with porous particles, there are three easily definable porosities: the

intraparticle porosity, ¢,, the extraparticle porosity, ¢, and the total porosity ¢,, which is
related to ¢, and ¢ by:
£l=s+(1—£)sp (1)

The distribution coefficient, K, , is usually defined as the ratio of a molecule
concentration in the resin bead and the molecule concentration in solution at equilibrium.
For a non-bound molecule, K, can be obtained from the retention volume in the column
according to the following equation:

K,=(CV=-¢)/(1-¢) )
where CV is the mean retention volume divided by the column volume. K , depends on

the size of the molecules and that of the pores. If the pores are treated as long cylinders of

uniform radius r

pore

K, is given by the following equation [29]:

2

r

K,=¢, (1 -FL] (3)
pore

where r, is the molecular radius.

In WPC, the distribution coefficient Kp, defined as [2]:

P

_@
Ky =2 (4)

where Q is the amount of protein partitioned into the resin divided by the settled resin

volume and C is the protein concentration in solution at equilibrium, is conventionally



used instead of K, . The settled resin volume includes both the volume of particles
(including the intraparticle pores) and the volume of the solution surrounding the
particles. ¢ is defined here as the amount of mAb partitioned in the resin per unit of
particle volume without extraparticle solution, and can be written as

9=q+K,C (5)

where ¢ is the amount of protein bound per unit particle volume. Accordingly,
Q=(1-£)g=(1-£)g+K,C) or
_ q
K, =(-6)(L+K,) (6)

If there is no protein binding, K, is at a minimum and is given by
K, .=0-8K,. (7)
Since K, <1 and € ~0.5, according to eq. (6), K, values between 1 and 3 correspond to

values of ¢ that are comparable to C. Thus both protein bound and protein held in the
pores need to be considered for such conditions.

1.3.2 Protein binding

Two different cases are considered here. The first pertains to the B/E conditions of the
initial capture step. Binding of antibodies to Protein A resins occurs as a result of the
strong affinity of the Protein A ligand for the Fc region of human IgG1, IgG2 and IgG4 at
neutral pH [30]. This interaction is typically described by an association constant, K, or
by its reciprocal, K. Since the number of Protein A ligands immobilized in the resin is
finite, the following relationship is obtained:

_q,KC q,C
1+K,C Kd+C'

q (8)



The value of K, usually varies between 5x10™ and 2 x10™*mol/L [31]. Since the

molecular mass of antibodies is around 150,000, the K, values, in g/L units, are between

7.5%x10™ and 3.3x107. In practical cases, C is on the order of 0.1 to 5 g/L. As a result,

q ~ q,, implying that at neutral pH the adsorption isotherm is essentially rectangular.

The value of K, is, however, a strong function of pH increasing dramatically under acidic
conditions. In practice K, is very large at pH<4 indicating that there is essentially no mAb
binding for the conditions used in the elution step.

The kinetics of mAb binding to Protein A resins at neutral pH is controlled by pore
diffusion [32]. Since the adsorption isotherm is essentially rectangular owing to the small
Kg-values, the kinetics for these conditions is described by the so-called shrinking core

model. Accordingly, the position of the protein adsorption front in a single bead, 7, is
given by [33]:

2p3—3p3+1=6?ezct 9)

7 -

where p, =r,/r,, D, is the effective pore diffusivity, C is the protein solution
concentration, ¢ is the binding capacity and r, is the bead radius.

Since g,, is usually large (~50-100 g/L for modern Protein A resins [34]), g ~ q, - The

values D, found experimentally fall in the rage 3.0x10* to 4.0x10”" cm?/s dependent
on protein concentration, resin pore size and porosity [35].

Less is known about the kinetics of mAb desorption from Protein A resins when a mAb-
loaded resin bead is exposed to a low pH buffer. For these conditions, assuming that
detachment of the mAb molecules from the Protein A ligands is fast, the mAb

concentration in the resin pore is expected to approach, rapidly, values near the neutral
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pH binding capacity. Further, assuming that the time needed for the low pH buffer to
diffuse in the particle is short and that negligible diffusion of the mAb out of the particle

occurs during that time, the following equation is obtained [33]:

1-_2 exp(—nzﬂzKDt ) (10)
r

n= l D'p
where F is the fractional amount of protein desorbed.
Taking into account the particle size distribution, by [36]:

Y0 TNI

i=1 n=1 Dpi

(1)

l

where F is the average value of F'and f; is the volume fraction of particles of radius 7,

and M is the number of fractions in the particle size distribution. Both egs. 10 and 11
assume that desorption occurs in a large volume of desorbent so that the concentration of
the mAb in the solution surrounding the particle remains close to zero.

The second case pertains to the WPC polishing step. In this case, protein binding is
expected to depend on the stoichiometric exchange with counterions such as chloride.
Accordingly, the so-called Steric Mass Action (SMA) model [37] can be used to describe
binding:

q, = K,,lq,-2(z+0)q1"C, (12)

(C.)"

where K, ; is the equilibrium constant for the exchange of a protein i with chloride, g, is

the resin charge density, o, is the number of ligands blocked by the protein 7, C_,_ is the

counterion (Cl™) concentration and z; is the effective charge of the protein i. The protein

effective charge is used instead of protein net charge because the former considers only
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the charged residues that directly interact with resin ligands. If the chloride concentration
is relatively high and a single protein i is present, eq. (12) yields [10]:

K qg'C.
qiNLOZ.I=miCi (13)
(C, )"

which corresponds to a linear isotherm. For these conditions, protein retention for a pulse

injection in a column under isocratic conditions is given by [10]:

CV=e(+k')) (14)
where

k', =k' . +AC, )" (15)
In this equation, k', = 1_781( p; and A, = 1_T(‘?Ke!iqé" .

Predicting retention of the mAb in the column for conditions where proteins are strongly
bound is obviously more complicated. Consider, for example, the case of a weakly bound

mAb product (A) together with a strongly bound impurity (B). In this case, eq. 12 yields:

K, ,[q, (25 +05)q,]"C,

AT ’ = (CA’CBaC -) 16

q C_ ) f o (16)
K, 5lq, = (2 +05)q51" Cy

B = ; . = (CB’C _) 17

q €y f o (17)

Since, under practical WPC conditions, binding of the impurities is not expected to be
affected by the presence of the mAb product, the model parameters for binding of the

impurity (eq. 17) can be determined independently of the mAb. If the term (z; +0)q, is
close to g, , little if any mAb binding will occur where the impurity is present. For these

conditions in a column process, mAb binding will occur only in the region of the column

downstream of the impurity adsorption front.
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1.3.3 Mass transfer effects

Due to the size of the pores typically encountered in porous resin media, protein
adsorption and desorption processes are usually controlled by diffusion. Therefore
diffusional mass transfer is expected to be another important aspect that characterizes
resin-protein interaction in WPC to an extent that depends on the resin structure. For
example, macroporous or polymer-grafted resins should have different effects on protein
diffusion. Under high salt conditions, protein has little interaction with ligands.
According to Carta and Jungbauer [10], the height equivalent to the theoretical plate

(HETP) is correlated to the effective diffusivity by the following equation:

L2 2
HETP=a+ 2”( k ) b (18)
1-e\1+k') 15D,

where a is a constant.
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2 Chapter 2
Structural and Functional Characteristics of Virgin and Fouled Protein A

MabSelect Resin Cycled in a Monoclonal Antibody Purification Process

2.1 Introduction

Protein A resins are used extensively in the purification of monoclonal antibodies and Fc-
fusion proteins [1][2][3][4][5]. Because of their high cost and relatively low capacity,
these resins are almost always used over multiple cycles, requiring consideration of the
resin lifetime under cycling process conditions [6][7][8].

The potential for degradation of resin performance as a function of cycling is well
documented [5][6]. However, less is known about the underlying mechanisms. Several
potential causes can be considered including chemical alteration of the Protein A ligand,
leakage of the ligand, loss of structural integrity of the resin beads and/or the packed bed,
and accumulation of strongly held impurities and/or residual product resulting in reduced
access to the binding sites within the resin. Jiang et al. [7] examined the effects of cycling
the Protein A resin MabSelect for the capture of an Fe-fusion protein and concluded that
the primary factor leading to loss of performance was ligand degradation due to the harsh
conditions used for cleaning. Significant improvement in resin lifetime performance
could be obtained in their case by using milder cleaning conditions or adding stabilizing
excipients to the cleaning solution. Other authors, however, have observed fouling of
Protein A resins due to accumulation of protein impurities. Gronberg et al. [8], using a

high throughput screening methodology, found that the Protein A resin MabSelect SuRe
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was extensively fouled by proteinaceous material which could be extracted from the
cycled resin with an SDS buffer at 95 °C and analyzed by SDS-PAGE.

In our own experience, we have observed substantial performance losses for the Protein
A resin MabSelect with certain monoclonal antibodies in as few as 20 cycles. Figure 2.1
gives an example for manufacturing-scale mAb production process showing a significant
decline in product yield. Additionally, an increased strip peak and changes in the
chromatographic elution profile resulting in increased pool volume were noted with each
subsequent cycle. Since such losses are unlikely to have been caused by ligand
degradation over the limited number of cycles used, resin fouling was suspected as the
culprit. Upon unpacking the column used for these studies, the cycled resin was found to
be highly agglomerated, especially for samples collected from the bottom third of the
column, near the exit. Attempts to re-suspend this resin in buffer and repack it in the
column resulted in very poor packing quality. Although improved cleaning protocols
could be developed empirically, understanding the nature of fouling was thought to be
desirable.

The objective of this work is thus four-fold: (i) to determine what, if any, structural
changes occur in the resin during cycling; (ii) to determine what intrinsic performance
characteristics are affected by cycling, including binding capacity and kinetics during
both adsorption and desorption; (iii) to obtain an understanding of the mechanisms
leading to fouling; and (iv) to show how some of the techniques developed to study the
resin’s structural properties can be used to assess the effectiveness of alternative cleaning
strategies. The tools used in this study comprise both macroscopic and microscopic

techniques and include: inverse size exclusion chromatography (iSEC) to determine any
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with the protocol described in the Materials and Methods section.
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effects on pore accessibility; transmission electron microscopy (TEM) to determine any
effects on internal resin structure; equilibrium isotherms to determine any effects on
binding capacity; batch adsorption/desorption and confocal microscopy (CLSM) to
determine any effects on rates and transport mechanisms.

2.2 Materials and Methods

2.2.1 Materials

The Protein A resin used in this work, MabSelect, was obtained from GE Healthcare
(Piscataway, NJ) and is based on a crosslinked agarose matrix. It should be noted that,
compared to other resins such as, for example, MabSelect SuRe, also from GE
Healthcare, MabSelect has more limited base stability, which prevents use of harsh
cleaning conditions that would result in rapid degradation of the Protein A ligand [5]. The
resin’s particle size distribution was determined from microphotographs (data not shown)
and ranged from 44 to 122 um with a volume-average particle diameter of 86 um. The
mADb used in this work was provided by Pfizer (St. Louis, MO) and is a glycosylated
IgG2 antibody with a molecular mass around 160 kDa. Rhodamine Red"™-X
succinimidyl ester amine-reactive dye was purchased from Invitrogen Corporation
(Carlsbad, CA). Other chemicals were from Fisher Scientific (Pittsburgh, PA) and Sigma-
Aldrich (St. Louis, MO). All experiments were conducted at room temperature (22+2 °C).
2.2.2 Methods

2.2.2.1 Process cycle

The MabSelect resin was packed in a 60 cm diameter, 20 cm long column from Pall Life
Sciences (Resolute® Chromatography Column, Port Washington, NY). Packing was

done according to the resin manufacturer specifications using a compression factor
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(defined as the settled bed height divided by the packed bed height) of 1.16. The packed
columns was then used in an antibody manufacturing campaign over multiple cycles
according to the following protocol:

Equilibration: Tris buffer with high NaCl at pH 7.5 for 5 CV

Load: Conditioned CHO cell culture supernatant with a mAb load of 25 to 38

mg/mL of column volume

Wash: First equilibration buffer for 3 CV, then Tris buffer with low NaCl at pH
7.5 for 3 CV

Elute: 25 mM sodium acetate at pH 3.5 for 4 CV

Strip: 250 mM acetic acid and 250 mM NaCl for 4 CV

Clean: 50 mM NaOH with 1 M NaCl for 4 CV

All steps were operated in the downflow direction. No product breakthrough was
observed during cycling. However, as shown in Fig. 2.1, a steady decline in product
recovery occurred after the first 10-11 cycles. This decline was accompanied by obvious
changes in the elution profile requiring increasingly larger pool volumes (data not
shown).

After 20 cycles, the resin was removed from the column and two fractions of the cycled
resin were collected — one corresponding to the bottom 1/3 of the column (near the exit),
and the other corresponding to the top 2/3 (near the entrance). Since the amount of mAb
loaded during each cycle was also on the order of 2/3 of the column equilibrium binding
capacity (which was about 59 mg/mL), the top 2/3 resin sample represents resin that was
saturated with mAb to a significant extent prior to wash and elution steps. Unlike the

virgin resin, the particles in the samples from these two resin fractions have an
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agglomerated appearance and a strong tendency to stick to each other, which may
indicate the presence of hydrophobic foulants on the bead surface. Dispersion of these
particles in PBS required vigorous shaking. Using this particular mAb feedstream in the
process cycle described above, MabSelect resin fouling was found to occur independent
of the load storage or handling conditions.

2.2.2.2 Inverse size exclusion chromatography

Inverse size exclusion chromatography (iISEC) was used to determine accessible porosity

and pore radius using glucose dextran standards. Values of the distribution coefficient,
Kp, were calculated for each standard as K, = (CV —¢)/(1-¢) where CV is the mean
retention volume divided by the column volume. Intraparticle porosity, ¢,, and pore

radius, 7,0, were calculated by fitting the Kp-values to the following equation [9]:
2
KD=gp(l—rrL) (1)
pore
were 7y, 1S the molecular radius of each standard.
2.2.2.3 Transmission electron microscopy
Transmission electron microscopy (TEM) was performed with a JEOL 1230 instrument
(JEOL Ltd., Tokyo, Japan) after dehydrating the resin samples by washing them with
increasing ethanol concentrations from 0 to 100% anhydrous ethanol. Each sample was
then embedded in LR-White resin (London Resin Company, Ltd., London, UK)
following the procedure outlined by Corbett et al. [10] and ultramicrotomed into 80 nm
sections. For better contrast, sections of the virgin resin samples were stained with lead
citrate followed by uranyl acetate, while sections of the cycled samples were viewed

unstained. Images were taken by a SIA CCD camera with 4Kx4K resolution.
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2.2.2.4 Adsorption isotherms and batch adsorption/desorption kinetics

Adsorption isotherms were obtained by first equilibrating the resin samples with PBS
with vigorous shaking and then filtering them in a microcentrifuge filter for 15 min at
5,000 rpm to remove the extraparticle solution. Weighed resin samples were then added
to 1.5 mL microcentrifuge tubes containing 1.5 mL of mAb solutions at different initial
concentrations in PBS. After rotating the tubes end-over-end at 20 rpm for 20 h, the
supernatant concentration in each tube was measured with a NanoVue spectrophotometer
(GE Healthcare, Piscataway, NJ) and the adsorbed protein concentration was calculated
by mass balance. The hydrated resin densities, obtained with a pycnometer and used to
convert the adsorbed concentrations to units of mg per mL of hydrated bead volume,
were all in the range 1.04+0.01 g/mL.

The batch adsorption kinetics was determined as described by Carta et al. [11]. Briefly,
the resin particles were first dispersed in PBS. This was immediate for the virgin resin but
required vigorous shaking for the fouled samples. PBS-equilibrated resin samples (each
containing 0.22 to 0.23 g of resin) were then added to 20 mL of 2.0 mg/mL mAb in PBS
in amounts estimated to adsorb about one half of the mAb. The solution was agitated with
a small paddle stirrer and a stream was continuously recirculated through a UV detector.
The amount of protein adsorbed was obtained by mass balance based on the UV readings.
The batch desorption kinetics was determined by first mixing a 0.25 g resin sample with
an excess amount of 5 mg/mL purified mAb in PBS for 1 to 3 h. The resin sample was
then washed with PBS and centrifuged in a microcentrifuge filter. The resin particles
were then re-suspended in 0.7 mL of PBS buffer and added to a vial containing 19 mL of

the elution buffer (25 mM sodium acetate at pH 3.5). UV absorbance readings of the
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supernatant were collected over time and used to calculate by mass balance the amount of
mAb desorbed.

2.2.2.5 Confocal microscopy

Confocal laser scanning microscopy (CLSM) was performed with Rhodamine Red-
labeled mAb as described by Perez-Almodovar et al. [12] and Tao et al. [13]. Briefly, the
mAb was mixed with Rhodamine Red X dye in a 3:1 ratio and incubated in 500 mM
sodium bicarbonate buffer at pH 8.5 for 1 h. A desalting column was then used to
separate the labeled mAb from unreacted dye. A labeling ratio of 0.2 was determined
spectrophotometrically. The labeled protein mixture was further diluted with unlabeled
protein in a 1:40 ratio yielding a final ratio of labeled to unlabeled protein of 1:200.
CLSM experiments were conducted with a Zeiss LSM 510 microscope with a Plan-
Apochromat 63 x/1.4 NA oil objective (Carl Zeiss Microlmaging, LLC, Thornwood,
NY). The excitation wavelength was 561 nm and emission wavelength greater than 575
nm was collected. All images were taken at the equator of the beads. Batch measurements
were made to determine the adsorption kinetics by adding 10 mg of resin to a tube
containing 10 mL of the labeled protein at a total concentration of 2.0 mg/mL,
periodically pipetting out 300 uL. samples of the slurry, and rapidly filtering them in a
microcentrifuge filter to remove the extraparticle solution. The particles were then re-
suspended in PBS and imaged. Since the time scale for desorption is much shorter than
for adsorption, a microfluidics flow-cell was used instead of batch measurements. The
cell was constructed by cutting a 5-mm long, 5-mm wide slit in a 280 um-thick
polydimethylsiloxane (PDMS) film and laser etching a small recessed area, 40 pm deep,

in the film at one end of the slit. The film was then sandwiched between a glass cover slip

23



and a piece of 1-mm thick Corning glass with glued tubing connectors providing a 280
um channel with the 40 pm deep area serving as a weir to retain the particles in the
channel under flow. A model 11V-0150H multiport valve from Valco Instruments Co.
Inc. (Houston, TX), connected to model 11 Plus syringe pumps (Harvard Apparatus,
Holliston, MA), was used to feed load, wash, and elution buffers at a flow rate of 3 mL/h,
which corresponds to an average velocity of 214 cm/h past the particles.

2.3 Results

2.3.1 Structural characterization

Table 2.1 shows the porosity and pore radii obtained from the iISEC data. As seen from
this table, the cycled samples have lower accessible intraparticle porosity and smaller
pore size compared to the virgin sample. However, the differences between resin samples
from the top and bottom of the column appear to be statistically insignificant.

Figure 2.2 shows representative TEM images of virgin resin (a, stained) and cycled resin
samples (b, ¢, d, unstained). In all four images, the uniform light grey areas are the
embedding material, while the darker grey is the MabSelect resin backbone. Very dark
areas are also visible in the cycled resin samples both near the bead outer surface as a
roughly continuous film (b and c), as well as in the particle’s interior (d) as dense
globules that are generally less than about 0.1 um in size. Only small differences are seen
between the top 2/3 and bottom 1/3 samples.

2.3.2 Batch adsorption and desorption results

Figure 2.3 shows the mAb adsorption isotherms. The virgin resin isotherm is highly
favorable and consistent with prior equilibrium measurements for other mAbs (e.g. Hahn

et al., [14]; Bankston et al., [15]). The isotherms for the cycled samples are also highly
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Table 2.1. Properties of virgin and cycled resin samples.

Resin sample Total column Intraparticle Apparent pore
porosity, &, porosity, ¢, radius, #por (NM)

Virgin 0.899 0.851 36.2+2.3

led, t
Cycled, top 0.871 0.811 31.7+1.8
sample

1 tt
Cycled, bottom 0.870 0.805 27.7+2.9

sample
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Figure 2.2. Representative TEM images of: (a) virgin resin; (b) cycled resin from top 2/3
of column; and (c¢) and (d) cycled resin from bottom 1/3 of column. Images (a)-(c) are
taken near the outer edge of a bead. (d) is taken near the center of the bead. White
circular areas in (c) are artifacts resulting from incomplete infiltration with the
embedding polymer, or from the sectioning and imaging processes. Magnification was

20k for all four images. Scale bar is 0.5 wm.
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Figure 2.3. mAb adsorption isotherms for virgin and cycled resin samples in PBS.
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favorable, but show lower capacity compared to the virgin resin. The corresponding
maximum capacities, estimated by regressing the Langmuir isotherm to the data, are
91.1£1.4 mg/mL for the virgin resin and 82.2+1.0 and 83.8+0.9 mg/mL for top and
bottom samples, respectively, all per mL of bead volume. The reasons for the decline in
binding capacity with cycling are likely to be in part degradation of the Protein A ligand
and in part accumulation of foulants that block or hinder access to a portion of the
ligands. Since the total number of cycles was small, it is likely that the latter is more
important. In practice, the approximately 10% drop had little effect on process
performance since the protein loads were substantially below these capacity values. As a
result, no breakthrough of the mAb was seen during cycling.

Figure 2.4 shows the batch adsorption and desorption curves. The time scale in the two
panels is different (4000 s for adsorption and 60 s for desorption) according to the time
needed to approach equilibrium in each case. As seen in Fig. 2.4a, similar uptake curves
are obtained for virgin and cycled resin samples. Except for the fact that a higher value of
q is attained for the virgin resin, significant differences are only seen for short times
(<500 s) which show that the initial rate of adsorption is smaller for the cycled resin
samples. Since the isotherm is very favorable, the shrinking core model taking into
account a film resistance as well as the resin particle size distribution was used to
determine the best fit values of the effective pore diffusivity, D., and Biot number

Bi=kr,/D,, where kris a film mass transfer coefficient and r, is the particle radius. The

relevant equations are given by Stone and Carta [16]. Table 2.2 gives the best fit values
of these parameters. For virgin MabSelect resin, based on similar measurements, Hahn et

al. [14] obtained effective pore diffusivities varying between 3.0x10™® and 40.0x10™®
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Table 2.2. Biot number and diffusivities obtained from batch adsorption and batch

desorption experiments.

Batch adsorption

Batch desorption

sample

De De/KD D
Resin Bi (10 (107 5 em?
cm?/s) cm?/s) (10 cm?/s)
Virgin 102 5.9 2.6 15.9
Cycled, top sample 39 5.4 1.9 10.5
Cycled, bott
yeled, hortom 25 4.9 1.8 9.3
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cm?/s for protein concentrations varying from 3 to 0.05 mg/mL. Bankston et al. [15], on

the other hand, based on a microscopic technique, obtained a nearly constant D.-value of
(7.720.7)x 107 cm*/s independent of protein concentration in the range from 0.1 to 1.8

mg/mL. The D.—values obtained in this work are closer to those of Bankston et al. The
free solution diffusivity of the mAb, obtained by dynamic light scattering with a Wyatt
Nanostar instrument (Santa Barbara, CA), is Dy = 3.7x10” cm?/s, which corresponds to a

molecular radius 7, = 5.4 nm. Using a value of Kp =0.612 for the mAb calculated from

eq. 1 and our value of D, =5.9x10* cm?/s, the tortuosity factor for diffusion in the
virgin resin is 7 = DK, /D, =3.9, which falls in the range of tortuosity factors typically

encountered for transport in macroporous media [17]. As seen from Table 2.2, cycling
has a relatively large effect on the Bi-value but only a small effect on D.. Since the actual
boundary layer mass transfer coefficient, being dependent only on hydrodynamic factors,
is expected to be the same for virgin and cycled samples, the trend observed suggests that
the lower Bi-values are connected with the fouled film at the bead outer surface. The
somewhat smaller D.-values also seen for the cycled samples compared to the virgin
resin are also an indication that fouling affects protein transport, consistent with the
reduction of accessible pore size observed by iSEC.

As seen in Fig. 2.4b, desorption occurs on a much shorter time scale compared to
adsorption. Even though the final mAb recovery is nearly complete for all three samples
(about 100% and 98% for virgin and cycled resins, respectively), the desorption rate is
significantly slower for the cycled resins. Neglecting the time needed for the desorption

buffer to diffuse in the particles and assuming that desorption is controlled by diffusion of
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the unbound mAb in the particle pores, the following equation can be used to describe the

fractional amount, F, of protein desorbed from a resin sample [18][19]:

2)

M oo
6 1 » 2 Dt
F=Eﬁ[l—?2?exp(—n 1 X

D p,i

where Kp is the distribution coefficient for the unbound mAb (based on eq. 1), f; is the
volume fraction of particles of radius r,;, and M the number of fractions in the particle
size distribution. This equation assumes that desorption occurs in a large volume of
desorbent so that the concentration of the mAb in the solution surrounding the particle
remains close to zero. Since, in each case, whether virgin or fouled resin samples were
used, the particles were initially fully dispersed in PBS by vigorous agitation and did not
appear to re-agglomerate, the values of fi used in eq. 2 were those obtained for the virgin

resin. Table 2.2 gives the values of D,/K,, obtained by fitting eq. 2 to the data. As shown
by this table, D, /K, is significantly lower for the cycled resins, likely as a result of the

accumulation of foulants that block or restrict some of the pores. The corresponding D.-
values, obtained using Kp from eq. 1, also decrease with cycling, but still remain about
twice as large as the D, -values obtained from the batch adsorption experiments
suggesting that diffusion under adsorption conditions is hindered by the bound mAb
molecules [20]. For the cycled resin, the effect on D, during adsorption appears to be a
combination of diffusional hindrance due to the bound mAb and the additional hindrance
caused by the foulants accumulated in the cycled resins.

2.3.3 CLSM results

Figure 2.5 and 2.6 show representative CLSM images for the adsorption of 2 mg/mL

mAb on virgin and cycled resin particles, respectively. The virgin particles (Fig. 2.5)
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Figure 2.5. Representative CLSM images of virgin resin particles during adsorption of 2

mg/mL mAb in PBS. The actual particle diameter is shown in each image. The graph on

the right hand side shows the position of the adsorption front vs. reduced time Ct/q'r; .

The solid line is based on eq. 4 with D, = 6.1x10™ ¢cm®/s and 1/Bi = 0. The dashed lines

bracket all data points with D, = 4.8x10™ cm*/s and 8.5x10™ cm?s.
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Figure 2.6. Representative CLSM images of particles from the cycled resin sample
(bottom 1/3) during adsorption of 2 mg/mL mAb in PBS. Pairs of beads with comparable

size at the same adsorption time are shown in each panel. The graph on the right hand

side shows the position of the adsorption front vs. reduced time Ct/ q*r; . The solid line

is for the virgin resin based on eq. 4 with D, = 6.1x10™® cm?/s and 1/Bi = 0. The dashed

lines bracket all data points with D, = 0.86x10™ cm*/s and 10.0x10™* cm?/s.
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show sharp and circular adsorption fronts consistent with the shrinking core model.

Accordingly, the front position, 7y, is related to time by the following equation [17][18]:

3(1-p2)-2[ 1. 1-01) - 225 G

p
where p, =r,/r,, Cis the protein solution concentration, and g is the binding capacity.

A high value of Bi is expected based on the batch adsorption measurements. A

comparison of this equation taking 1/Bi=0 with the data is shown in Fig. 2.5. The
regressed value of D, = (6.1 + 0.2) x 107 cm?/s is in good agreement with the value

obtained from the batch adsorption experiments. D, is bracketed by 4.8x10™® cm?/s and
8.5x10™® cm*/s as shown in Fig 2.5. All beads examined in this sample behaved in a
consistent manner. However, this was not the case for the cycled samples. As seen in Fig.
2.6, not only is the progress of the adsorption front in the particles generally slower than

for the virgin resin, but, as seen from the plot of the average value p, included in Fig.

2.6, different beads in the same sample show drastically different rates for samples
collected either from the top or from the bottom of the column. D, in this case is
bracketed by 0.86x10™® cm*/s and 10.0x10™® cm?/s as shown in Fig 2.6. Moreover, for
several particles in each sample, the front did not exhibit the circular pattern expected for
homogenous diffusion.

The observed variations from particle to particle in the cycled samples suggest that the
degree of fouling and its effects on protein adsorption are different for different particles.
Additionally, it is apparent that fouling is also not uniformly distributed on the bead
surface, probably being dependent on the physical contact with other beads in the column

used for the process cycle. Based on the CLSM observations about 12% of the beads in
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Figure 2.7. Representative CLSM images of a virgin resin bead (a) and of a bead from the
bottom 1/3 sample of the cycled resin (b) during desorption at pH 3.5 following
incubation with 5 mg/mL mAb in PBS. The bead diameters are 72 and 85 pm for the
virgin and cycled bead, respectively. The graphs on the right show the digitized
fluorescence intensity at the bead centerline from the bead surface to the bead center as

indicated by the arrow in the left image.

36



the cycled samples showed significant deviations from a circular front and exhibited rates
significantly slower than those observed for the virgin resin particles.

Figure 2.7 shows representative CLSM images obtained in the flow cell for a virgin (a)
and a cycled resin bead (b) during desorption at pH 3.5 following incubation with 5
mg/mL mAb in PBS for 3 h for the virgin sample and for 1 h for the cycled sample. The
fluorescence intensity profiles, normalized based on the fluorescence intensity profile of
the virgin saturated bead as discussed by Perez-Almodovar et al. [12] and Tao et al. [13],
are also shown along the bead centerline for both the virgin and the cycled bead. As seen
from this figure, the CLSM results for the virgin bead are consistent with the batch
desorption measurements with desorption essentially complete in less than 90 s. The
intensity profiles, in this case, follow the pattern expected for a diffusion-controlled
process with the intensity dropping to near zero after a very short time following
exposure to the desorption buffer. Longer times are obviously needed for the cycled bead.
In this case, both the images and the digitized profiles show that the fluorescence
intensity at the bead surface drops quickly upon initial exposure to the desorption buffer,
but then settles to a value that remains about constant for the rest of the duration of the
experiment. Even after 158 s, the fluorescence intensity at the bead surface is still more
than 30% of the initial value indicating that essentially irreversibly bound protein persists
near the bead surface. Although some residual mAb appears to exist throughout the bead
even after a relatively long time in the desorption buffer, accumulation of the mAb seems
to be greatest near the bead surface where accumulation of foulants during process
cycling is also greatest.

2.4 Discussion and conclusions
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The results obtained in this work show that cycling the Protein A MabSelect resin
through a standard process for mAb capture from a clarified cell culture supernatant
results in some significant changes in resin structure and properties that appear to be
correlated with declining process performance. Macroscopically, the cycled resin
particles have a strong tendency to adhere to each other and have a “clumpy” appearance,
which makes it difficult to disperse the particles in a homogeneous slurry and repack
them into a column and is likely caused by accumulation of hydrophobic foulants. The
cycled resin samples show reduced porosity and apparent pore size and contain a dense
residue both as a film at the bead surface and as granules through the bead interior. With
regards to performance properties, the cycled resin samples exhibit mAb binding
capacities that are fairly close to that of the virgin resin and adsorption rates of the
purified mAb which differ only for short times from the rates observed for the virgin
resin. Based on the rate measurements and consistent with the TEM results, the nature of
the foulant film at the bead outer surface appears to be heterogeneous thereby still
allowing the protein to diffuse into the beads, albeit at a reduced rate. This reduction is
evident from the much lower apparent Biot numbers for the fouled beads (see Table 2.2),
which suggest the addition of a “fouling resistance” associated with a solid film
analogous to that often seen in heat transfer equipment. This fouling resistance is in
addition to the ordinary boundary layer resistance on the fluid side of the bead-fluid
interface and results in a lower apparent Bi. Desorption rates were more significantly
affected by cycling with the time required for desorption becoming significantly longer
for the cycled resin. Microscopic examination by CLSM confirms that both adsorption

and desorption are diffusion-limited for both virgin and cycled resin. Different beads
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from the virgin resin sample behaved in a consistent manner under both adsorption and
desorption conditions, indicating that structural and chemical characteristics are initially
homogeneously distributed. This was not the case, however, for the cycled resin samples
for which different beads exhibited dramatically different behaviors under both
adsorption and desorption conditions. The reasons for this heterogeneity are not known.
One possibility is that the extent to which the beads are fouled depends on the existence
of locally areas exposed to minimal or no flow in the packed bed actually used for the
capture process. Corbett et al. [10] and Close at al. [21], have shown that fouling of an
anion exchanger resin used in a mAb polishing step was heterogeneously distributed
which was shown to be correlated with the highly compressed nature of the packed bed
that created areas with little or no flow of the mobile phase.

A final consideration is whether some of the techniques used in this work can be used to
assess the effectiveness of modified cleaning protocols. Figure 2.8 shows TEM images of
resin beads taken from the top 2/3 and bottom 1/3 of a different column that was cycled
with the same clarified cell culture supernatant for the conditions described in the
Materials and Methods section, but replacing the 50 mM NaOH/1 M NaCl cleaning step
with a different, improved cleaning protocol. A discussion of the nature of the
improvements made is beyond the scope of this paper and the results above are shown
only to provide an example where some of the techniques developed in this work were
used to validate a successful cleaning protocol. As shown in this figure, even after 40
cycles there is no evidence of accumulation of foulants of the type seen with the original

protocol. This new protocol resulted in a process that did not exhibit significant changes
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Figure 2.8. TEM images of cycled resin from: (a) the top 2/3; and (b) the bottom 1/3 of a
column after 40 cycles used with the protocol described in the Materials and Methods
section but with an improved 3-step cleaning procedure. Magnification was 15k. Scale

bar is 1 wm. No stain was used.
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in performance suggesting that absence of the dense deposits from the TEM is correlated

with stable process performance.

Two aspects not specifically considered in this work are the potential effects of the low

pH strip that was included in the process protocol and the nature of the mAb on the

fouling behavior observed with the original cleaning protocol. With regards to the effect
of the low-pH strip, although consistent with operating protocols provided by the resin
manufacturer, a possibility is that this step could potentially lead to degradation of protein
molecules left in the resin at the end of the elution step. With regards to the effects of the
nature of the mAb, the results presented in this work are specific to the specific mAb
used, which is more hydrophobic in nature compared to other mAbs. In either case, it is
clear that further research is needed to generalize our findings.
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3 Chapter 3
Nature of Foulants and Fouling Mechanism in the Protein A MabSelect Resin

Cycled in a Monoclonal Antibody Purification Process

3.1 Introduction

Protein A resins are used extensively in the purification of monoclonal antibodies (mAbs)
at manufacturing scale [1][2][3][4]. Due to their high cost, the ability to reuse these resins
is critical for economic reasons [5][6][7]. Sodium hydroxide is often the cleaning agent of
choice for many Protein A resins as it has the ability to hydrolyze proteinaceous residues
and simultaneously sanitize the resin [4][8][9]. Its use, however, has to be balanced
against the limited stability of the Protein A ligand. Although more expensive resins
containing engineered Protein A ligands are now available with the ability to sustain
prolonged exposure to relatively concentrated NaOH [4][10], concentrations around 50
mM NaOH are recommended and are typically used as a compromise between cleaning
effectiveness and minimum damage to the ligand for more traditional recombinant
Protein A resins [6]. Although many processes can be operated successfully for an
extended number of cycles (>100) with such conditions without major loss of
performance, situations exist where substantial resin fouling occurs even after a relatively
small number of cycles. In such cases, the ability to monitor the accumulation of foulants
within the resin and on the resin surface is critical in order to assess the effectiveness of
cleaning protocols or to develop strategies to prevent fouling in the first place. In prior
work [11], we have shown that recovery of a mAb from a clarified CHO cell culture

supernatant with the Protein A MabSelect resin declined substantially in fewer than 20
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cycles. Resin removed from the process column showed clear evidence of fouling
demonstrated by a strong tendency of the resin beads to adhere to each other forming
resin aggregates that were difficult to disperse and prevented the effective re-packing. In
our work we showed that the cycled resin had smaller porosity and apparent pore size
compared to the virgin resin. Moreover, electron microscopy showed the accumulation of
foulants both on the external surface of the resin beads as well as in the resin interior. The
presence of these foulants was related to the reduced binding capacity and slower mass
transfer kinetics observed when a purified version of the mAb was adsorbed and
desorbed from the cycled resin samples. Further investigation by confocal laser scanning
microscopy (CLSM) showed that the effects of fouling were not the same for all beads in
the same sample and that even within individual resin beads the fouling was
heterogeneously distributed.

In principle, various types of foulants can accumulate on Protein A resins during the load
step as a result of non-specific, irreversible interaction of either the product or media
components with the resin [12][13][14]. However, fouling can also potentially occur
during the elution step. Since elution generally occurs at low pH where certain proteins
can be destabilized, precipitation of large product aggregates can potentially occur on and
within the resin resulting in fouling that can be recalcitrant to ordinary cleaning protocols.
A few different methods have been proposed to determine the nature of foulants
accumulated on Protein A resins. Hahn et al. [5], for example, boiled resin samples that
were used in a lifetime study in a SDS buffer and then performed SDS-PAGE analysis of
the species extracted from the resin. The results showed that some of the Protein A resins

tested contained residual IgG, IgG fragments, and BSA, which was present in the protein
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mixture loaded on to the column. Gronberg et al. [7] also used the approach of boiling the
resin in SDS but they analyzed the extract in a high-throughput screening mode using
chip-based electrophoresis to determine the presence of proteinaceous foulants. This
approach was used to assess the effectiveness of more robust cleaning protocols.
Although boiling in SDS provides semi-quantitative information about the types of
foulants that may be present in cycled resins, it does not provide information about their
physical nature or their spatial distribution within the resin beads. The analysis is also
lengthy and subject to difficulties in quantitation when silver staining is necessary for
high sensitivity [5]. Thus, in this work we apply a combination of electron microscopy
and confocal microscopy tools to (1) characterize the composition of foulants in the
Protein A MabSelect resin for a mAb that resulted in substantial losses of product
recovery with cycling; (2) determine the physical nature and spatial distribution of
foulants within resin beads cycled in this process; and (3) help determine the mechanisms
that lead to the accumulation of foulants during the process. These approaches are also
tested by comparing fouling in resins used for different mAbs, with different resins, and
for different operating conditions that did not result in significant fouling.

3.2 Materials and Methods

3.2.1 Materials

The monoclonal antibody (mAb A) principally used in this work is the same as that used
in our prior work [11] and is a glycosylated IgG2 antibody with a molecular mass of
about 160 kDa. It was provided by Pfizer (St. Louis, MO) both in highly purified form
(>99% purity by SDS-PAGE and <1% of aggregated species by SEC) and as produced,

in a conditioned CHO cell culture supernatant. Two additional purified mAbs (mAb B
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and mAb C) that exhibited fouling behaviors different from that of mAb A, as well as
anti-CHO-HCP polyclonal antibodies were also obtained from Pfizer. Other proteins,
including BSA, a-lactalbumin, cytochrome-C, and BSA labeled with 10 nm gold were
obtained from Sigma-Aldrich (St. Louis, MO). Protein A was obtained from Repligen
Corporation (Waltham, MA). Protein A labeled with 10 nm gold was obtained from
Electron Microscopy Science (Hatfiled, PA). Sodium phosphate, sodium bicarbonate,
acetic acid, sodium hydroxide, sodium chloride, and SDS were purchased from Fisher
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO). Rhodamine Red"™-X
and Rhodamine Green' X succinimidyl ester amine-reactive dyes were purchased from
Invitrogen Corporation (Carlsbad, CA). All experiments were conducted at room
temperature.

The MabSelect resin used in this work was obtained from GE Healthcare (Piscataway,
NJ). The resin was packed in a 60 cm diameter, 20 cm long column from Pall Life
Sciences (Resolute® Chromatography Column, Port Washington, NY) according to
manufacturer specifications and used in the mAb A purification process over multiple
cycles comprising the following steps:

Equilibration: Tris buffer with high NaCl at pH 7.5 for 5 CV

Load: Conditioned CHO cell culture supernatant with a mAb load of 25 to 38

mg/mL of column volume

Wash: First equilibration buffer for 3 CV, then Tris buffer with low NaCl at pH
7.5 for 3 CV

Elute: 25 mM sodium acetate at pH 3.5 for 4 CV

Strip: 250 mM acetic acid and 250 mM NaCl for 4 CV
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Clean: 50 mM NaOH with 1 M NaCl for 4 CV

As described previously [11], after 20 cycles, the column was unpacked and the resin
divided in two samples — one from the top 2/3 of the column and one from the bottom
1/3. Small differences were seen between the two cycled samples. For example, the
particles in both samples were highly aggregated and could be dispersed in buffer only
with vigorous agitation. Both samples were stored in 20% ethanol at 4 °C. Our prior work
describes the physical characterization of these samples by inverse size exclusion
chromatography and by TEM along with their antibody binding capacity and
adsorption/desorption kinetics.

Two additional MabSelect resin samples were obtained for resin cycled with the same
protocol described above except that the cell culture supernatant in one case was replaced
by the purified mAb A dissolved in PBS while in the other it was replaced by a null cell
culture supernatant containing no mAb. The null cell culture was conducted following the
same process conditions as the product expressing culture, while producing
commensurate peak cell density and viability data. Both of these samples were obtained
with laboratory scale columns. A 1.1-cm diameter, 20-cm long column, cycled for 33
times was used with the purified mAb feedstock while a 0.66-cm diameter, 19-cm long
column, cycled for 20 times was used with the null cell culture supernatant.

A final sample was obtained by cycling the MabSelect resin in a scaled-down column
with the conditioned CHO cell culture supernatant spiked with both fluorescently-labeled
mAb A and with fluorescently-labeled BSA. Two different fluorophors were used,
rhodamine red for the mAb and rhodamine green for BSA, in order to monitor the

accumulation of each in the resin beads. For this purpose, the virgin resin was packed in a
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0.5 diameter x 5 cm long HR chromatography column from GE Healthcare (Piscataway,
NJ) fitted with two adapters to obtain a packed bed height of 0.5 cm (corresponding to a
0.1 mL column volume) and subjected to 30 cycles of the steps described above at a flow
rate of 0.1 mL/min. A Model A-60-S pump (Eldex Laboratories, Inc., Napa, CA) with a
Model E12 electrically actuated rotary valve (Valco Instruments Co. Inc., Houston, TX),
with a computer-based control system was used for this purpose. The molar ratios of
labeled mAb and labeled BSA to the mAb contained in the cell culture supernatant were
1:240 and 1:20, respectively. After 30 cycles, the column was unpacked and the resin re-
suspended in PBS.

The strong cation exchanger SP-Sepharose-FF was also obtained from GE Healthcare
and was used in a few control experiments.

3.2.2 Methods

3.2.2.1 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed as described in detail by
Corbett et al. [15]. Briefly, the resin samples were dehydrated in a water-ethanol gradient,
embedded in an acrylic resin (LR-White, London Resin Company, Ltd., London, UK),
and ultramicrotomed. The sections were then observed with a model 1230 electron
microscope from JEOL Ltd. (Tokyo, Japan). Images were taken by a STA CCD camera
with 4Kx4K resolution.

Gold-labeled Protein A and gold-labeled BSA were used to determine the association of
these proteins with the foulants present in the cycled resin samples and the spatial
location of such interactions in the beads. For this purpose, 10 mg of each resin sample

were first mixed for 2 h with 300 pL of either gold-labeled Protein A or gold-labeled
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BSA, both of which had been diluted 10-fold in PBS. The samples were then washed
with PBS, fixed by mixing them with 2% glutaraldehyde for 20 min, washed again with
PBS, and finally embedded, ultramicrotomed, and imaged by TEM as described above.
3.2.2.2 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was used to determine the association of
fluorescently labeled Protein A, BSA, a-lactalbumin, cytochrome-C, and anti-CHO-HCP
antibodies with the foulants present in the cycled resin beads. Fluorescent labeling was
achieved for each protein as previously described [16][17]. Briefly, each protein was
mixed for 1 h with the chosen rhodamine reactive dye in a 3:1 molar ratio in 500 mM
sodium bicarbonate buffer at pH 8.5. Econo-Pac 10 DG desalting columns (Bio-Rad
Laboratories, Hercules, CA) were then used to separate the labeled protein from any
unreacted dye. Molar labeling ratios between 0.2 and 0.3 were obtained as determined
with a NanoVue Spectrophotometer (GE Healthcare, Piscataway, NJ).

CLSM imaging was conducted with a Zeiss LSM 510 microscope using a Plan-
Apochromat 63 x/1.4 NA oil objective (Carl Zeiss Microlmaging, LLC, Thornwood,
NY). For this purpose, the resin particles were mixed with each labeled protein solution
for 30 min in a microcentrifuge filter tube, then filtered, washed with PBS, re-suspended
in PBS, and observed by CLSM. The excitation wavelength was 561 nm and 488 nm for
red and green lasers. Emission wavelength greater than 575 nm was collected for red
channel and emission wavelength between 490 and 510 nm was collected for green
channel. All images were taken at the equator of the beads.

3.2.2.3 Quantification of BSA binding to mAb
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Since microscope-based experiments indicated that fluorescently-labeled BSA associates
with mAb A when this species is adsorbed on the MabSelect resin, size exclusion
chromatography (SEC) was used as a tool to quantify the extent of association. SEC was
performed with a Model BEH200 SEC 1.7 um UPLC column from Waters Corporation
(Milford, MA) with an ACQUITY UPLC system also from Waters Corporation operated
at 0.2 mL/min in 100 mM sodium phosphate at pH 6.8. The signal was monitored at both
280 nm and 570 nm, the latter corresponding to the absorbance maximum of the dye
conjugated to BSA.

3.3 Results

3.3.1 Resin cycled with conditioned CHO cell culture supernatant

Figure 3.1 shows representative TEM images of beads from a resin sample cycled with
the mAb A-containing cell culture supernatant and incubated with 10 nm gold-labeled
Protein A. Fouling is evidenced by denser bodies present both as a film on the bead outer
surface and inside the matrix of cycled beads, which are not present in TEMs of the
virgin resin [11]. As shown previously, these foulants are heterogeneously distributed
with individual beads and different beads from the same cycled samples showing
different degrees of fouling. Sections from two different beads are shown in Fig. 3.1, one
with a heavily fouled bead surface and the other one with a less fouled surface, but still
exhibiting evidence of dense bodies in the bead interior. Similar results were obtained for
beads from the top or bottom sections of the column. As seen from these images,
accumulation of gold-labeled Protein A is visible both near the outside bead surface and
in its interior around the denser bodies. Because of the high specificity of Protein A for

mAbs, the result suggests that the foulants in the cycled resin are mAb-related. However,
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Figure 3.1. TEM images of beads taken from the bottom 1/3 of the column cycled with
conditioned CHO cell culture supernatant after incubation with gold-labeled Protein A.
Both images were taken near the resin bead surface. The larger box shown in each image
is an enlarged view of the smaller box of (a) near the heavily fouled bead surface and (b)

inside the bead. Arrows highlight some of the gold nanoparticles for better clarity.
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in a control experiment, no gold-labeled Protein A was seen to accumulate either at the
surface or in the interior of the beads of virgin MabSelect resin (data now shown).

Figure 3.2 shows the TEM image of a bead from the resin cycled with the mAb A cell
culture supernatant and incubated with gold-labeled BSA. As seen in this image, the BSA
accumulates both at the fouled bead outer surface and on the dense bodies present in the
bead interior. No evidence of accumulation of gold-labeled BSA was seen for the virgin
resin (data not shown) suggesting that BSA also has an affinity for the foulants.

Figure 3.3 shows representative CLSM images of three different resin particles taken
from the bottom 1/3 of the column cycled with the mAb A-containing CHO cell culture
supernatant followed by incubation in PBS containing a mixture of thodamine green-
labeled Protein A (RG-PA) and rhodamine red-labeled BSA (RR-BSA). As seen in the
images, substantial fluorescence is seen at both wavelengths indicating that both RG-PA
and RR-BSA associate with the cycled resin. CLSM images of virgin resin beads
incubated with the same labeled protein mixture (data not shown) exhibited no
fluorescence at either of the two wavelengths, suggesting that both Protein A and BSA
associate with foulants accumulated in the cycled resin and do not interact with either the
resin backbone or with the immobilized Protein A ligand. As seen in Fig. 3.3, both green
and red fluorescence are heterogeneously distributed throughout the fouled beads, but
follow the same pattern in each suggesting that both Protein A and BSA interact with the
same foulant species. A few particularly bright areas exist in all three particles shown,
mostly at the particle outer surface, but also concentrated in a few spots in the bulk of the
beads, suggesting that these are regions where greater concentrations of foulants have

accumulated.
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Figure 3.2. TEM image of a bead taken from the bottom 1/3 of the column cycled with
conditioned CHO cell culture supernatant after incubation with gold-labeled BSA. The
image was taken near the outside surface of the bead. The larger box is the enlarged view
of the smaller box in the image. Arrows highlight some of the gold nanoparticles for

better clarity.
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Figure 3.3. CLSM images of three different beads taken from the bottom 1/3 of the
column cycled with clarified cell culture supernatant after incubation with a mixture of
rhodamine green-labeled Protein A and rhodamine red-labeled BSA. The actual diameter
of each bead is shown in each image. Arrows indicate for clarity some of the areas of
concentrated fluorescence at the two wavelengths used to detect the rhodamine green and

red dyes.
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Control experiments were done with rhodamine green-labeled a-lactalbumin and with
rhodamine green-labeled cytochrome-c in place of BSA. a-lactalbumin, which, like BSA,
is lipophilic [ 18], gave fluorescence patterns in the cycled beads similar to those obtained
with BSA, while cytochrome-c gave no fluorescence at all (results not shown). These
results suggest that the observed association is common to lipophilic proteins and that it
is not dependent on the fluorescent label. A further control experiment was done by
adding an excess of octanoic acid to the rhodamine green-labeled BSA solution and then
diafiltering the solution to remove the excess acid prior to incubation with the fouled
resin beads. Little fluorescence is seen in the beads in this case, suggesting that the
association of BSA with the foulants is lipophilic in nature (results not shown).

Figure 3.4 shows the CLSM images of a bead from a virgin resin sample (a) and of three
different beads taken from the bottom 1/3 of the column cycled with the mAb A-
containing CHO cell culture supernatant (b, ¢, d) taken after incubation with rhodamine
green-labeled anti-CHO-HCP antibodies (RG-anti-CHO-HCP-Abs) in 25 mM sodium
acetate at pH 3.5. This pH value was selected to prevent binding of the anti-CHO-HCP-
Abs to the Protein A ligand while preserving their ability to bind to HCPs that may be
present in the fouled resin. Since the anti-CHO-HCP-Abs were raised specifically against
the CHO-HCPs found in the actual process, we hypothesize that binding of these
antibodies to CHO-HCPs present in the resin would be stronger than binding to the
Protein A ligand. As seen from Fig. 3.4, there is no fluorescence for the virgin bead, but
some fluorescence is clearly visible at the outer surface of the bead indicating that some

residual HCPs are indeed present in the cycled beads. Interestingly, however, the
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Figure 3.4. CLSM images of a virgin resin bead (a) and three different beads taken from

the bottom 1/3 of the column cycled with conditioned cell culture supernatant (b, c, d)
following incubation with rhodamine green-labeled anti-CHO-HCP antibodies. Actual
particle diameters were 73, 78, 88, and 53 um in a, b, c, and d, respectively. The dashed
lines show the outline of each bead. Arrows indicate for clarity some of the areas of

concentrated fluorescence.
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presence of HCPs in the fouled beads seems to be limited primarily to areas near the bead
external surface.

3.3.2 Resin cycled with purified mAb A and with null cell culture supernatant
Figure 3.5 shows representative results for resin samples taken from the bottom section of
the columns cycled with the purified mAb A in PBS and with the null CHO cell culture
supernatant containing no mAb for conditions otherwise identical to the steps described
in Section 3.2.1. As seen in Fig. 3.5a, TEM shows no evidence of any significant fouling.
In particular, the bead outer surface shows open pores without significant accumulation
of foulants. The CLSM images for beads from the same sample incubated with either
rhodamine green-labeled Protein A or rhodamine green-labeled BSA also show no
fluorescence. Figure 3.5b shows a similar result for beads taken from the column cycled
with the null (i.e. mAb-free) conditioned CHO cell culture supernatant. As seen in this
figure, incubating these beads in rhodamine green-labeled BSA resulted in no
fluorescence in the beads. Similar results (not shown) were obtained for beads taken from
the top sections of the respective columns. These results indicate that accumulation of
foulants in the cycled resin depends on the presence of the mAb in the cell culture
supernatant as neither the purified mAb A in PBS nor the mAb-free supernatant resulted
in any evidence of fouling.

3.3.3 Virgin resin saturated with purified mAb A

In order to understand what is responsible for the apparent association of Protein A and
of BSA with the foulants present in the cycled resin and help explain the mechanism
leading to fouling, a series of experiments was done with virgin resin beads initially

saturated with the purified mAb A in PBS. For this purpose, samples of the virgin
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(a) Resin cycled with purified mAb
0 :'_.1';" ‘

(b) Resin cycled with null cell culture supernatant

Figure 3.5. Images of beads taken from a column cycled with (a) the purified mAb A and
(b) the column cycled with the null cell culture supernatant. (a) shows a TEM image (left)
and CLSM images with the corresponding optical images of the beads (right) for resin
samples incubated in RG-PA (top) and in RG-BSA (bottom). (b) shows CLSM and
optical images for two beads incubated in RG-BSA. The diameter of each bead is

indicated in each image.
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MabSelect resin were first incubated for 2 h in an excess amount of 5 mg/mL purified
mAb A in PBS with or without the addition of rhodamine red-labeled mAb Aina I to
200 molar ratio. In either case, the beads were then washed with PBS, incubated with
rhodamine green-labeled BSA for at least 0.5 h, and imaged by CLSM. As a control, the
same experiment was repeated with a sample of SP-Sepharose-FF initially saturated with
mAD A for otherwise identical conditions. Figure 3.6 shows the results of these
experiments for the case where the resin samples were incubated with a mixture of
labeled and unlabeled mAb A. The same results with regards to the level of green
fluorescence were obtained using the unlabeled mAb A only (results not shown for
brevity). As seen from this figure, the mAb is, as expected, uniformly distributed in both
resins, although the fluorescence intensity is greater for SP-Sepharose-FF as a result of its
higher binding capacity for the mAb (about 190 mg/mL of bead volume for SP-
Sepharose-FF, as determined by material balance, and about 90 mg/mL of bead volume
for MabSelect, as shown previously [11]. The green fluorescence intensity due to the
accumulation of labeled BSA is, however, very different in the two cases. As seen in this
figure, BSA appears to associate very strongly with the mAb-saturated virgin MabSelect
resin, while little or no association is seen with the mAb-saturated SP-Sepharose-FF
suggesting that this association depends on the mAb being bound to the Protein A resin
and does not occur when the mAb is bound to a cation exchange resin. The same results
were obtained by incubating the mAb-saturated MabSelect resin with rhodamine green-
labeled a-lactalbumin, with even stronger fluorescence visible throughout the particles.
In order to test the specificity of the mAb A/BSA association observed with mAb-

saturated virgin MabSelect resin, the same experiment described above and shown in Fig.
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(a) MabSelect

(b) SP-Sepharose-FF

Figure 3.6. CLSM images of beads from virgin resin samples pre-saturated with a
mixture of unlabeled and rhodamine red-labeled mAb A in PBS and then incubated in
rhodamine green-labeled BSA. (a) MabSelect and (b) SP-Sepharose-FF. Actual bead
diameters were 80 and 57 um, for (a) and (b) respectively. Identical CLSM settings were

used in both cases.
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3.6 was repeated with two additional purified mAbs (B and C). The results are shown in
Fig. 3.7. As seen from this figure, even though the binding capacity of the three mAbs on
MabSelect resin was essentially the same, the green fluorescence intensity due to BSA
accumulated in the beads was dramatically different in the three cases. In separate
experiments we measured the retention of the three mAbs on a Toyopearl PPG-600
hydrophobic interaction chromatography (HIC) column (obtained from Tosoh Bioscience
LLC, King of Prussia, PA) with an ammonium sulfate gradient at pH 7.4. These
experiments showed that mAb A had stronger retention than both mAb B and C,
indicating that mAb A, which led to extensive fouling, is either more hydrophobic or
more prone to unfolding on the HIC surface compared to mAb B or mAb C, which did
not lead to significant fouling. For example, using an 18 CV gradient from 1 M to 0 M
ammonium sulfate, mAb A eluted at 13.5 CV while mAb B and C eluted at 11.5 CV.
Overall, these results indicate that association of BSA is specific to the particular mAb
and that the extent of this association is correlated, at least in part, with the mAb
hydrophobic character as measured by HIC.

Finally, SEC was used to determine the extent of association of fluorescently-labeled
BSA with the MabSelect-bound mAb A. For this purpose, 20 mg of virgin MabSelect
resin was first incubated for 2 h with 5 mg/mL of purified mAb A and then washed with
PBS. 200 pL of a solution containing 2.8 mg/mL of rhodamine red-labeled BSA was then
added to the washed resin sample and incubated for 30 min. After washing again with
PBS, 200 pL elution buffer at pH 3.5 was added and after 3 min, 10 pL of the supernatant

was analyzed by SEC as described in Section 3.2.3. The results gave a molar ratio of

63



Figure 3.7. CLSM images of beads from virgin resin samples pre-saturated with three
different mAbs in PBS and then incubated in rhodamine green-labeled BSA. Actual bead
diameters were 64, 73, and 79 pm for mAb A, B, and C, respectively. Identical CLSM

settings were used in all three cases.
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mAb to BSA of 7:1 in the desorbate, indicating that about 14% of the MabSelect-bound
mADb is associated with BSA.
3.3.4 Resin cycled with conditioned CHO cell culture supernatant spiked with
labeled mAb A and labeled BSA
Figure 3.8 shows representative CLSM images of virgin MabSelect resin beads taken
from the 0.1 mL-column that had been cycled 30 times with the mAb A conditioned
CHO cell culture supernatant that had been spiked with rhodamine red-labeled mAb A
and with rhodamine green-labeled BSA following process steps otherwise identical to
those described in the Materials and Methods section. This experiment was designed to
probe any accumulation of the mAb and BSA during cycling. After 30 cycles, the resin
was removed from the column and stored in PBS with no further contact with
fluorescently labeled species. As was the case for the sample taken from the large-scale
column cycled with conditioned CHO cell culture supernatant, the resin beads removed
from this scaled-down model also tended to adhere to each other. As seen from these
images, both the mAb and BSA accumulate in the resin beads during cycling. Although
both red and green fluorescence are seen throughout the beads, a pattern of areas with
concentrated fluorescence consistent with those obtained by incubating the resin fouled in
the actual process cycle with fluorescently labeled Protein A and BSA is evident. This
consistency suggests that the mAb and BSA are comingled in these heavily fouled areas.
3.3.5 Discussion and conclusions
The experimental results obtained in this work indicate that a combination of electron
microscopy and confocal microscopy techniques is useful to assess the composition,

physical nature, and spatial distribution of foulants in a cycled Protein A resin. While the
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Figure 3.8. CLSM images of two resin beads taken from the MabSelect column that was
cycled 30 times with mAb A conditioned CHO cell culture supernatant spiked with
rhodamine red-labeled mAb A and rhodamine green-labeled BSA. The molar ratios of
labeled mAb and labeled BSA to the mAb contained in the cell culture supernatant were
1:240 and 1:20, respectively. Actual particle diameters are 71 and 65 um for (a) and (b)
respectively. The dashed circles show the outline of each bead. Arrows indicate for

clarity some of the areas of concentrated fluorescence.
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approach is potentially of general utility, the experimental results obtained are specific to
mAb A. This mAb has been demonstrated to have a strong tendency to foul the resin
during cycling, resulting in foulants that are not removed by standard cleaning procedures
with dilute NaOH. The same approaches have been used to test the fouling behavior of
the same mAb with alternative cleaning protocols and with other Protein A resins as well
as the effects of cycling MabSelect resin with conditioned CHO cell culture supernatants
containing different mAbs that did not result in recovery losses such as those seen with
mADb A. As shown in our prior work [11], the removal of foulants from MabSelect resin
used for the capture of mAb A employing a different cleaning protocol could be shown
by TEM. A discussion of the nature of the improved protocol is beyond the scope of this
work. However, it is evident that probing the effectiveness of this cleaning method by
CLSM with fluorescently labeled Protein A, BSA, and anti-CHO-HCP antibodies, yields
results that are consistent with those obtained based on electron microscopy suggesting
that the molecular interactions observed in this work by CLSM are correlated with the
structural features observed by EM. We also utilized these methods to test whether
cycling with the mAb A CHO cell culture supernatant also results in the accumulation of
foulants in the Protein A MabSelect SuRe resin, also from GE Healthcare (Piscataway,
NJ). Since more aggressive cleaning (100 mM NaOH) could be used for this more alkali-
resistant Protein A resin, no evidence of accumulation of foulants was seen even after 20
cycles by either TEM or CLSM using the same fluorescent probes used for MabSelect
resin (results not shown for brevity). Finally, the methods were applied to the resin cycled

with another mAb on MabSelect resin. In this case too, we could verify that insignificant
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fouling occurred, ultimately resulting in a stable process over 40 cycles (results not
shown for brevity).

A final consideration regards the mechanism leading to the fouling of the MabSelect
resin used in the mAb A purification process. Our results show that the main foulants in
the cycled resin beads are product-related and accumulate in the resin only when the mAb
is present in the conditioned CHO cell culture supernatant. Further, our results show that
the MabSelect-bound mAb associates with BSA and with a-lactabumin, both of which
are lipophilic proteins. Finally, our results show that the mAb and BSA concentrate
simultaneously in certain fouled areas of resin beads. We thus propose the fouling
mechanism illustrated in Fig. 3.9, which assumes that the behavior of BSA is
representative of that of actual lipophilic CHO proteins. In the first step of the proposed
process, a fraction of the mAb molecules are assumed to undergo conformational changes
upon binding to the Protein A ligand, which, in turn, facilitate association with lipophilic
proteins. The result is a bound mAb complex associated with lipophilic proteins. Upon
desorption at low pH, this destabilized complex detaches from the Protein A ligand in
part refolding to the native conformation and in part forming aggregates that deposit on
and within the resin. Without aggressive cleaning conditions, these deposits grow with
each successive cycle leading to heavily fouled resin that has the reduced porosity, pore
size, and mAb binding capacity and kinetics, shown in our prior work.

A remaining question is whether the fouling behavior observed is correlated with the
HCP level in the Protein A elution pool, which could be assumed to be higher when
association with the bound mAb is more pronounced. In our case, the amount of HCP

found in the MabSelect elution pool for the particular mAb process used was within the
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Figure 3.9. Proposed fouling mechanism of MabSelect resin by mAb A. When the mAb
molecules bind to the Protein A ligands, a fraction of the mAb molecules undergo a
conformational change, which exposes the hydrophobic patches at the surface of mAb
molecules. Lipophilic proteins associate with these mAb molecules. During elution, most
of these complexes are detached from the Protein A ligand in part refolding to the native
form and in part precipitating out on and within the resin under the combined conditions
of low pH and high local concentration. Once formed, unless remove by aggressive

cleaning, these precipitates continue to grow as a result of cycling.
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typical range, albeit on the higher side. Unfortunately, however, our data are not

sufficient to establish a direct correlation, which should be investigated in further work.
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4 Chapter 4
Structural and Performance Characteristics of Representative Anion Exchange

Resins Used for Weak Partitioning Chromatography

4.1 Introduction

The purification of monoclonal antibodies (mAbs) at manufacturing scale continues to
pose significant challenges resulting from the large molecular size, exquisite purity
requirements, and the projected increases in scale that are anticipated for some mAbs [1].
As aresult, efficient downstream processing schemes that can be deployed as a platform
for multiple mAb products are desirable. Three sequential chromatographic steps are used
in a typical mAb purification platform: a Protein A step for capture and initial
purification; an anion exchange (AEX) step for the removal of acidic host cell proteins;
and other negatively charged impurities, and a cation exchange (CEX) step for the
removal of basic host cell proteins and basic product variants, including aggregates [2].
Since each step is costly, normally requires intermediate buffer exchanges, and results in
a yield loss, reducing the number of steps is desirable. Weak partitioning chromatography
(WPC) was introduced by Kelley et al.[3] as a way of achieving simultaneous removal of
both acidic and basic impurities in one step using an AEX resin operated for conditions
where the product interacts only weakly with the resin while the impurities are strongly
bound. These conditions are usually determined from high-throughput screening (HTS)
experiments where multiple resin candidates are tested over broad ranges of salt

concentration and pH. The motivation of this work is to help reduce the number of these
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experimental determinations by providing an understanding of how AEX resins with
different structures perform in a WPC step.
The selection of conditions suitable for WPC operation is typically based on the value of

the product partition coefficient, K,,, defined as:

K:

p

(1)

A=

where g is the protein concentration in the resin averaged over the resin volume and C is

the protein concentration in solution obtained after incubating the AEX resin with the
protein solution. The quantity used to define the “resin volume” varies dependent on the
method of measurement as is either the settled resin volume excluding any extraparticle
mobile phase or the volume of particles. The former is obtained from the latter simply by

multiplying the latter times 1-¢, where ¢, is the extraparticle porosity of the settled
resin bed. Since ¢, is usually in the range 0.3-0.4, the difference between the different

resin volume bases is not very large. As suggested by Kelley et al., values of the product
K, between 0.1 and 20 are usually desirable and, based on practical experience, often lead
to conditions where both acidic impurities and mAb aggregates are strongly bound and
can be effectively removed in one step [3].

The interaction between AEX resins and acidic proteins and the effects of resin structure
on both binding capacity and binding kinetics have been studied by many authors
[41[5][6]1[71[8]1[9][10][11]. Less is known however, about the interaction of AEX resins
with mAb monomers, which are typically basic, and with mAb aggregates, including
soluble dimers, which usually retain the monomer’s basic character but that are much
larger in size. Burchiel et. al. [12], for example, used an AEX HPLC resin to capture

mouse monoclonal antibodies with salt gradient elution. Vetter et al. [13] used medium-
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pressure AEX resins to separate deamidated mAbs with induced pH gradients between
pH 9 and 7. At these pH values, which bracketed the mAb pl, mAb binding was
relatively weak allowing elution for relatively mild conditions. Ansaldi and Lester [14]
separated mAb aggregates from monomeric species using salt steps or linear gradients
with several AEX resins. Wan and Wang[15] also separated aggregates using the AEX
resin Q Sepharose FF noting that aggregates are generally more charged than the
monomer when the pH is close to the pI of the mAb resulting in stronger binding. Finally,
Suda et al. [16] used dextran-grafted AEX resins to separate monomer-aggregate
mixtures based in part on the ability of the grafts to exclude aggregates while allowing
the monomer to diffuse in and bind.

The specific goal of this work is to investigate for three commonly used AEX resins
having widely different structures the partitioning and mass transfer behavior of mAb
monomeric species along with that of (a) mAb dimers and mAb multimeric species, and
(b) BSA, both as a model of typical acidic impurities. The three resins considered are the
tentacle-type, polyacrylate-based TMAE HiCap from EMD Millipore (Billerica, MA,
USA), hereinafter referred to as TMAE, the relatively small-pore, agarose-based Q
Sepharose FF from GE Healthcare (Piscataway, NJ, USA), hereinafter referred to as QFF,
and the large-pore, polystyrene-based POROS 50 HQ from Thermo Fisher Scientific
(Waltham, MA, USA), hereinafter referred to as POROS. The structure of the three resins
is determined by transmission electron microscopy, their pore accessibility by inverse
size exclusion chromatography, and their charge density by potentiometric titrations.

Protein partitioning between solution and resin phase and transport characteristics are

75



then obtained for these resins based on chromatographic and confocal laser scanning
microscopy experiments for conditions similar to those typically used for WPC.

4.2 Materials and Methods

4.2.1 Materials

TMAE is based on cross-linked polymethacrylate backbone having, according to the
manufacturer, a pore diameter of about 80 nm, functionalized with charged polymers,
referred to as “tentacles”, with trimethylaminoethyl groups. QFF is based on cross-linked,
6% agarose beads functionalized with quaternary ammonium ion groups [17][18].
POROS is based on a cross-linked poly (styrene-divinylbenzene) backbone surface-
coated with quarternized polyethyleneimine and a bimodal pore size distribution
including both small and large pores [19][20]. The particle size distribution of each resin
sample was obtained from microphotographs and gave volume-averaged particle
diameters of 76, 99, and 49 um for TMAE, QFF and POROS, respectively.

The proteins used in this work include two purified mAb monomers (mAbA and mAbB),
mAbB dimers, a mAbB multimeric species, and BSA. Both mAbs were produced in
recombinant CHO cell culture and purified by Protein A chromatography followed by
hydroxyapatite chromatography. mAbA is an IgG2 antibody with a pI of 7.6 while mAbB
is an IgG1 antibody with a pl of 8.6. Because of the lower pl and, thus, less basic
character than mAbB, mADbA tends to interact more strongly with AEX resins requiring
lower pH and higher salt concentration to achieve conditions favorable for WPC.
Conversely, because of the higher pI, mAbB interacts more weakly with AEX resins
requiring higher pH and lower salt for WPC. The buffers actually used in this work were

determined from HTS screening experiments according to Kelley et al. [21] and are 50
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mM HEPES, 65 mM NaCl at pH 7.0 for the stronger binding mAbA and 22 mM Tris at
pH 8.1 for the weaker binding mAbB. For simplicity, the same buffers were used for all
three resins and gave product K,-values between 0.1 and 3, well within the range of
typical WPC conditions.

Dimeric and multimeric forms of mAbB were obtained from a process stream rich in high
molecular weight species using first a hydroxyapatite column (CHT Type I from Bio-Rad
Laboratories, Hercules, CA, USA) with a salt gradient to generate fractions enriched in
dimeric and multimeric forms. The enriched fractions were then further purified by SEC
with a 1 cm x 30 cm Superdex 200 column from GE Healthcare (Piscataway, NJ, USA)
using stacked injections to maximize productivity. The purity of the resulting dimeric and
multimeric species was greater than 95% based on HPLC SEC analysis with a
GW3000xr. column from Tosoh (King of Prussia, PA, USA). Both purified dimer and
multimer samples were stable for long periods of time at 4 °C.

The identity of the purified species was confirmed by dynamic light scattering (DLS)
with a Wyatt Dynapro Nanostar instrument from Waters Corporation (Milford, MA, USA)
which gave hydrodynamic radii of 5.5+0.1, 7.2+0.1, and 16.3+0.4 nm for monomer,
dimer, and multimeric species, respectively. The monomer and dimer radii are consistent
with those obtained experimentally by Reck et al. [22]. The large radius determined for
the multimer suggests that this species is comprised of several mAb monomer units as
reported by Ahere et al. [23]

BSA was obtained from Sigma-Aldrich (St. Louis, MO, USA) and was purified using the
Superdex 200 column described above to remove the dimeric and oligomeric forms found

in the sample. Rhodamine Red" -X and Rhodamine Green' -X Succimidyl ester amine
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reactive dyes and DyLight 488 Sulthydryl-reactive dye were obtained from Thermo
Fisher Scientific (Whaltam, MA, USA).

4.2.2 Methods

4.2.2.1 Potentiometric titration

The charge density of the AEX resins was obtained from potentiometric titration
following Stone et al. [24] Briefly, about 1 g of hydrated resin was washed with distilled,
deionized water and centrifuged at 5000 rpm for 15 min and then incubated with 120 mL
0.1 N NaOH for 3 h. Resin sample was then washed with DI H,O in a Buchner funnel
until the pH of the filtrate reached 7. 25 mL of 0.5 M NaCl/0.05 M HCl was added to the
sample. After 1 h agitation, 15 mL of the supernatant was back titrated with 0.1 N NaOH.
The charge densities of the three resins, calculated from the amount of NaOH consumed
by each, were found to be 260, 340 and 230 pmol/mL particle for TMAE, QFF, and
POROS, respectively.

4.2.2.2 Inverse size exclusion chromatography

Inverse size exclusion chromatography (iISEC) was used to determine the accessible
intraparticle porosity and the apparent pore radius of each resin. For this purpose, each
resin was packed in 0.5 cm-diameter, 15 cm-long Tricorn columns from GE Healthcare,
which were used to determine the isocratic retention volume of different dextrans at a
flow rate of 0.5 mL/min with an Alliance €2695 HPLC system from Waters Corporation
(Milford, MA, USA) with a refractive index detector. Glucose and dextran polymers with
4,10, 40, 70, and 2,000 kDa molecular mass, obtained from GE Healthcare and Sigma-
Aldrich, were used for these determinations. The corresponding molecular radii are 0.4,

1.7,2.6, 5.3, 7.0, and 37 nm, respectively [25][26]. The values of the distribution
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coefficient were calculated as K, = (W - 8) / (1-¢) where CV is the retention volume of

each probe at the peak maximum and ¢ is the extraparticle porosity. The latter was
obtained either based on the retention of 2,000 kDa dextran, for TMAE and QFF, or by
fitting the column pressure-flow curve to the Blake-Cozeny equation [27] for POROS.

The total intraparticle porosity, ¢,, and the pore radius, 7o, Of €ach resin were then

determined by fitting the experimental Kp-values with a cylindrical pore model, [25]
using either a monomodal (for TMAE and QFF) or a bimodal pore size distribution (for
POROS) [20][25].

4.2.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed with a JEOL 1230 instrument
(JEOL Ltd., Tokyo, Japan). Small aliquots of each resin sample were first saturated with
BSA in 20 mM bis-tris propane at pH 7.0. After dehydrating the BSA-saturated resin
with increasing ethanol concentrations from 0 to 100% anhydrous ethanol, samples were
embedded in LR-White resin (London Resin Company, Ltd., London, UK) following the
procedure outlined by Corbett et al. [11] and ultramicrotomed into 80 nm sections. The
sections were then stained with lead citrate followed by uranyl acetate. Images were
taken by a SIA CCD camera with 4Kx4K resolution. Pre-saturating the resins with BSA
provided an excellent uptake of the uranyl/lead stain, which resulted in superior
resolution compared to virgin resin [28].

4.2.2.4 Isocratic elution

Isocratic elution (IE) experiments were used to determine the K, values and intraparticle
diffusivities for both mAb monomers and for the mAbB dimer for each resin using the

columns described above. The mAbB multimer as well as BSA were very strongly bound
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and could not be eluted isocratically under WPC conditions. Thus, confocal microscopy
experiments were used to characterize the uptake behavior of these two species. For the
IE experiments, 100 uL samples containing 2 to 5 mg/ml of monomer or mAbB dimer
were injected and eluted isocratically either in WPC buffers or in 2 M NaCl at different
flow rates. Since in most cases the experimental chromatograms exhibited substantial
tailing, the retention factor, k', and the apparent intraparticle diffusivity, D,, were
determined for each case by fitting the analytical solution for pore diffusion in spherical
particles with a linear isotherm obtained by Carta [29]. The isotherm linearity for both
mADb monomers and for the mAbB dimer was checked by increasing the feed
concentration by a factor of two and verifying that it did not affect the shape of the
chromatograms.

K,, defined by eq. 1 based on the resin particle volume is obtained from &’ from the

following relationship

K =—1FK (2)

where ¢ is the extraparticle void fraction of the columns used in the IE experiments,
which was determined as described above.

4.2.2.5 Confocal microscopy

Confocal laser scanning microscopy (CLSM) was performed to determine the penetration
of the mAbB multimeric species and BSA within the resin particles. For this purpose, the
mAbB multimeric species was conjugated with either Rhodamine Red or Rhodamine
Green amine reactive dyes with a previously described procedure [30][31]. Briefly, each
protein was mixed with dye in a 3:1 molar ratio and incubated in 500 mM sodium

bicarbonate buffer at pH 8.5 for 1 h. A 10-PG desalting column (Bio-Rad Laboratories,
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Hercules, CA, USA) was then used to separate the labeled protein from unreacted dye.
The labeled protein was further diluted with unlabeled protein to yield a final molar ratio
of labeled to unlabeled protein of 1:50. The ensuing CLSM results were the same,
regardless of the dye used for all three resins. BSA was conjugated with DyLight 488
Sulthydryl-reactive dye, which reacts readily with the lone free —SH residue in this
protein. A protein to dye molar ratio of 2:1 in PBS with a 2 h reaction time were used in
this case. Diafiltration was then used to remove unreacted dye. A 1:200 labeled protein to
unlabeled protein ratio was used for the CLSM experiment.

CLSM experiments were conducted with a Zeiss LSM 510 microscope with a Plan-
Apochromat 63 x/1.4 NA oil objective (Carl Zeiss Microlmaging, LLC, Thornwood, NY,
USA). The excitation wavelength was 561 nm and 488 nm for red and green lasers.
Emission wavelength greater than 575 nm was collected for red channel and emission
wavelength between 490 and 510 nm was collected for green channel. All images were
taken at the equator of the beads. Batch measurements were made to determine the
adsorption kinetics by adding less than 1 mg of resin to a tube containing 3 mL of the
labeled protein at a total concentration of 0.5 mg/mL for mAbB multimer and BSA. 250
uL of the sample was periodically pipetted out, and rapidly filtered in a microcentrifuge
filter to remove the extraparticle solution. Because of their opacity, prior to imaging, the
TMAE and POROS particles were re-suspended in 50% (w/v) sucrose buffer and benzyl
alcohol, respectively, in order to provide an approximate match of each resin’s refractive
index and, thus, give sharper images [11][32]. QFF, on the other hand, was sufficiently
transparent to enable imaging in the working buffer.

4.2.2.6 BSA adsorption isotherms
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Adsorption isotherms were also obtained for BSA by a batch equilibration method,
following a previously described procedure [27] with a 24 h equilibration time.

4.3 Results

4.3.1 Resin Structure

Figure 4.1 shows representative TEM images taken near the bead surface of TMAE (a),
QFF (b), and POROS (c) particles at 15,000x magnification. In each image, the uniform
light grey area outside the bead outer surface (marked as 1 in the figure) is the embedding
matrix. It can be seen that below the outer surface the structure is very different for each
material. TMAE (Fig. 4.1a) shows very dark, heavily stained areas (marked as 2), which
correspond to the bound BSA, as well as areas of an intermediate shade of grey (marked
as 3), which correspond to the resin backbone. Resin samples without BSA did not show
the dark grey areas (data not included). The presence of these areas in the BSA-saturated
sample suggests that the tentacles form a charged gel-layer where the protein binds.
Based on the image, this layer appears to be as thick as 0.2 um, thereby filling a large
fraction of the backbone porosity. A number of open areas that appear to be filled with
the embedding matrix (marked as 4) are also visible. It is not clear, however, to what
extent, if any, these areas correspond to open pores that are connected to each other and
with the bead outer surface and actually present in the fully hydrated state of the resin or
whether these are artifacts of the drying and embedding process used to produce these
samples. QFF (Fig. 4.1b) shows instead a fibrous structure (marked as 2) that defines a
fairly uniform network of relatively small pores (most below 0.1 um in size). These
fibrous structures are heavily stained because of the bound BSA. In fact, QFF samples

without BSA (results not included) showed very little staining and, thus, very poor image
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Figure 4.1. Transmission electron micrographs of TMAE (a), QFF (b), and POROS (c)

resins. The arrow point to different structural characteristics as indicated in the text.
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resolution compared to the BSA-saturated sample. Finally, POROS (Fig. 4.1c) shows a
“granular” structure with large pores (marked as 2) as large as 1 um in size, as well as
smaller pores within the granules (marked as 3) where most of the BSA appears to be
bound, resulting in heavy staining. POROS samples without BSA gave images similar to
Fig. 4.1c, suggesting that the bound BSA is mostly held within the granules and does not
affect the large pores. The structure observed for POROS 50 HQ, used in this work, is
similar to that of cation exchange resin POROS 50 HS as reported by Wu et al. [32].
Figure 4.2 shows the K values obtained from iSEC experiments with dextran standards
(open symbols) in the mAbB WPC buffer along with those obtained from the isocratic
elution experiments with the mAb monomers and the mAbB dimer in a buffer containing
2 M Na(l (solid symbols). No binding of these molecules is expected for these
conditions and retention is due exclusively to diffusion within the empty pore space of

the resin. Thus, in this case, K is related to the retention factor by k' = (1 - s)K b / e.The

lines shown in Fig. 4.2 are fitted to the dextran standards data according to the following

equation: [20][25]

K, - igm(l_ A ) 3)

which is based on a cylindrical pore geometry assuming a discrete distribution of pore
sizes. The Kp-data were fitted with a monomodal distribution (n=1) for TMAE and QFF
and with a bimodal distribution (n=2) for POROS. Assuming n=2 for either TMAE or
QFF did not alter the quality of the fit, while a value of »=2 was needed to obtain a good

fit for POROS. The fitted parameter values, ¢, and r,,, are summarized in Table 4.1 for

ore

each resin. As seen in this table, the apparent pore radius of TMAE is very small (in fact,
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Figure 4.2. Kp-values obtained from dextran standards in the mAbB WPC buffer (open
symbols) and for mAb monomer and dimer species under non-binding conditions in 2 M
NaCl (filled symbols). Lines are based on eq. 3 with n=1 for TMAE and QFF and n=2 for

POROS. Parameter values are given in Table 4.1.
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Table 4.1. Structural properties of the resins used in this work.

TMAE QFF POROS
Particle diameter, d, (um) 76 99 49
Column extraparticle porosity, & 0.37 0.28 0.36
Total intraparticle porosity, &, 0.68 0.84 0.67
Pore radius obtained assuming a 75 17.0
monomodal distribution, 7, (nm) ) ' i
Intraparticle porosities obtained
assuming a bimodal distribution, ¢, ) ) 0.20 | 0.47
Pore radii obtained assuming a
bimodal distribution, r,,,, (nm) ) ) 7.9 | 220

86




only slightly larger than the mAb’s hydrodynamic radius), rather large for the larger
pores in POROS, and intermediate for QFF. These results are consistent with the
corresponding TEM images. For TMAE, the iSEC results show that the large, isolated
“pores” visible in Fig. 4.1a are indeed either artifacts of the embedding procedure or are
actual pores not connected to the bead outer surface. Thus, we conclude that the observed
size exclusion properties of this resin are mainly due to interactions with the tentacles.

As seen in Fig. 4.2, although the general trends of the Kp-values obtained for the
monomers and mAbB dimer species are consistent with those observed for the dextran
standards, the protein Kp-values are higher than those for the dextrans. The relative
difference between these values is small for POROS, but becomes fairly large for TMAE.
It is likely that this is a result of the high salt concentration used for the protein
measurements (2 M NaCl), which, in turn, is likely to have caused changes in the tentacle
structure resulting in somewhat greater accessibility by the unbound proteins.
Additionally, the different shape of the proteins and dextran may have contributed to the
difference.

4.3.2 Isocratic Elution Behavior

Figure 4.3 shows the isocratic elution behavior of mAbA and mAbB monomers, and
mADB dimer, both for non-binding conditions (2 M NaCl) and for WPC conditions, as
defined in the Methods section. The experiments were done at a flow rate of 0.5 mL/min,
corresponding to a superficial velocity of 150 cm/h. Similar results (not shown) were also
obtained at 1, 2, and 3 mL/min and showed trends similar to those in Fig. 4.3 but, as
expected, with broader and more tailing elution profiles. The vertical dashed line in each

graph corresponds to the extraparticle porosity. For non-binding condition, TMAE (Figs.
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data.
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4.3a, d, and g), shows the same elution behavior for all three species as all three are
almost completely excluded from the resin. Under WPC conditions, the TMAE elution
peaks become highly skewed especially for mAbB monomer and mAbB dimer,
indicating that mass transfer becomes severely limiting. The results for QFF (Fig. 4.3b, e,
and h) under non-binding conditions show broader and more tailing peaks, especially for
the mAbB dimer, compared to those obtained for TMAE. This occurs because of the
greater accessible intraparticle porosity, relatively small pore size, and large particle
diameter, which limit the rate of diffusion in and out of the QFF particles. Under WPC
conditions, QFF shows substantial retention of both mAb monomers and for mAbB
dimer. A broad, but nearly symmetrical peak is obtained for the more strongly retained
mAbA, a more skewed peak for the more weakly retained mAbB, and a broad, highly
tailed peak is obtained for mAbB dimer. Finally, the results for POROS (Fig. 4.3c, f, and
1) show relatively narrow and symmetrical peaks for the monomers under both non-
binding and WPC conditions and a relatively narrow and moderately tailing peak for the
mADbB dimer. The POROS behavior is explained by its relatively large pore size and
small particle diameter that facilitate diffusion in and out of the particles.

Table 4.2 summarizes the K, and D.-values obtained by fitting the isocratic elution peaks
as discussed in the Methods section. For non-binding conditions, the K,-values are close
to the Kp-values of dextran standards of corresponding size for QFF and, especially, for
POROS (c¢f. Fig. 4.2). On the other hand, the non-binding K,,-values for TMAE is
somewhat larger than those obtained for correspondingly size dextrans, probably because,
as discussed earlier, the 2 M NaCl concentration used for the protein experiments

affected the TMAE tentacle structure. In any case, because all three proteins eluted very
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Table 4.2. K, -values, based on the resin particle volume, and effective pore diffusivities,
D, in 10°* cm?/s, obtained from isocratic elution experiments under non-binding
conditions and under WPC conditions as defined in the text. Error margins for the K-

values are + 10%.

Non-binding conditions (2 M NaCl)
TMAE QFF POROS
K, D, K, D, K, D,
mAbA 0.21 ND 0.51  4.0+0.5 0.52 8.0+2.9
mAbB 0.20 ND 0.48  4.0+0.5 0.52 8.0+2.9
mAbB dimer 0.20 ND 0.40  1.9+0.6 0.45 6.8+2.2
WPC conditions
TMAE QFF POROS
K, D, K, D, K, D,
mAbA 1.1 2.5+0.7 29 8.8+0.9 1.8 12.0+4.2
mAbB 041  0.52+0.2 0.86 5.1+1.0 0.72 6.0£2.6
mAbB dimer 2.9 2.70.9 1.9 2.5+0.6 1.7 2.8+1.0
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close to the extraparticle void volume, it was not possible to determine the value of D,
with any accuracy for this resin under non-binding conditions. Even under WPC
conditions and for all three resins, only approximate values could be determined because
of the very extensive tailing. Thus, only an approximate comparison of the D.-values is
possible. As seen in Table 4.2, the D.-values for TMAE vary substantially with
conditions, generally being larger when K, is larger, indicating that the tentacles affect
the diffusion process. Larger D.-values are obtained for QFF and POROS with a
relatively small difference between the values determined under non-binding conditions
and those obtained under WPC conditions. This small difference suggests that the
dominant transport mechanism is pore diffusion and that the resin matrix only affects
transport through the ordinary hindered diffusion mechanism [33]. The smallest D,-
values are obtained for the mAbB dimer in QFF as a result of its larger molecular size
and, hence, greater diffusional hindrance.

4.3.3 Adsorption Isotherms

Figure 4.4 shows the adsorption isotherms for BSA on the three resins for WPC
conditions plotted as mg of protein bound per mL of particle volume. BSA binding is
stronger in the WPC buffer used for mAbB because the ionic strength is lower and the pH
is higher compared to the WPC buffer used for mAbA. The requirement for WPC is that
conditions must be such that basic impurities, including dimer and higher order
aggregates are bound along with acidic impurities (here represented by BSA). As a result
a lower ionic strength and higher pH are needed for mAbB, which binds more weakly to
the AEX resins studied. As seen in Fig. 4.4, for all three resins the BSA binding capacity

is much higher in mAbB-WPC buffer, is highest for TMAE and generally lowest for
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POROS. This result is likely a consequence of the tentacle structure of TMAE, which
facilitates interactions between the resin’s charged groups and the protein.

4.3.4 CLSM Imaging

The goal of the CLSM experiments was to elucidate the spatial distribution of protein
within the particles during transient adsorption of BSA and of the mAbB multimeric
species. Results are given in Figs. 4.5 and 4.6 as gray scale images which more faithfully
reproduce the observed fluorescence intensity patterns than the color microscope pictures.
Figure 4.5 shows the CLSM images for BSA binding to the three resins for the conditions
of Fig. 4.4 at a total (labeled plus unlabeled) BSA concentration of 0.5 mg/mL for all
three resins. For each resin, the top row corresponds to the mAbB WPC buffer (i.e. lower
ionic strength and higher pH), which leads to stronger BSA binding, while the bottom
row corresponds to the mAbA WPC buffer (i.e. higher ionic strength and lower pH),
which leads to weaker BSA binding. As seen in Fig. 4.5a, BSA binding occurs rapidly on
TMAE in both WPC buffers. Moreover, the protein appears to be distributed spatially in
a fairly uniform manner within the particles starting very early on during transient
adsorption, which is especially evident on the mAbA WPC buffer (bottom row in panel
a). This result is consistent with prior results by Corbett et al. [11] at pH 8.5 and suggests
that a solid-diffusion mechanism where the protein migrates while interacting with the
charged tentacle ligands is likely responsible for the fast transport kinetics observed in
our experiments.

The results for QFF (Fig. 4.5b) are quite different dependent on the buffer. In the mAbB
WPC buffer (top row in panel b), when conditions favor very strong binding and a high

binding capacity is observed (cf. Fig. 4.4b), transport is very slow and even after 3.5 h,
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Figure 4.5. CLSM images of particles of TMAE (a), QFF (b) and POROS (c) during
adsorption of 0.5 mg/mL BSA in the mAbB WPC buffer (top row in each panel) and in
the mAbA WPC buffer (bottom row in each panel). The time and actual particle diameter

are shown in each image.
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(a) TMAE

(b) QFF

82um 80um

(c) POROS

Figure 4.6. CLSM images of particles of TMAE (a), QFF (b) and POROS (c) during co-
adsorption of 0.5 mg/mL BSA and 0.5 mg/mL of mAbB multimeric species in the mAbB
WPC buffer. The top row in each panel shows the multimeric species while the bottom
row in each panel shows BSA for the same particle at the time indicated. The actual

particle diameter is shown in each image.
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the bound BSA is confined to a relatively thin layer near the particle outer surface. We
believe that this is a result of the high concentration of bound BSA, which partially
blocks the relative small pores in this resin, and the high binding strengths, which
prevents surface diffusion. On the other hand, in the mAbA WPC buffer (bottom row in
panel b), the BSA adsorption kinetics is much faster as indicated by a nearly uniform
saturation of the bead at 25 min, which is likely a result of the lower BSA binding
capacity and weaker interactions with the charged ligand which provide a surface
diffusion contribution to the mass transfer flux [34].

The results for POROS (Fig. 4.5¢) show qualitatively similar, but quantitatively different
adsorption kinetics in the two buffers. In the mAbB WPC buffer (top row in panel c),
where BSA binds much more strongly, the adsorption kinetics is relatively slow and is
controlled by diffusion in the resin pores according to the well known shrinking core
model [33]. In the mAbA WPC buffer (bottom row in panel c) the resin appears to be
saturated more quickly, but this is primarily a consequence of the much smaller binding
capacity at the 0.5 mg/mL BSA concentration used. Note that for these conditions, the
BSA isotherm is only slightly favorable (c¢f. Fig. 4.4c), which explains the smoother
concentration profiles seen for this case.

Figure 4.6 shows the CLSM images for the simultaneous adsorption of 0.5 mg/mL mAbB
multimeric species (using Rhodamine-labeled multimer as a tracer, top row in each panel)
and 0.5 mg/mL BSA (using DyLight 488-labeled BSA as a tracer, bottom row in each
panel) for all three resins in the mAbB WPC buffer. As seen in Fig. 4.6, simultaneous
adsorption of the multimeric species and BSA occurs in both TMAE (Fig. 4.6a) and

POROS (Fig. 4.6¢), albeit following different patterns of intraparticle concentration
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profiles. Little adsorption of the multimer is seen, however, on QFF, while BSA
adsorption at 25 min is confined to a thin layer near the bead surface, consistent with Fig.
4.5b for adsorption of BSA alone. This result is likely caused by the small pore size of
QFF, which prevents diffusion of the multimer species into the beads in the presence of
the strongly bound BSA. Although both TMAE and POROS can simultaneously adsorb
the multimeric species and BSA, the differences in the binding patterns are striking. In
the case of TMAE (Fig. 4.6a), while the multimer species at 25 min is mainly confined to
a layer near the bead surface (top row), BSA is rapidly adsorbed and appears to have
saturated the particle at the same time (bottom row). On the other hand, in the case of
POROS (Fig. 4.6¢), at 25 min both the multimer species and BSA are adsorbed
predominantly in a layer at the bead surface indicating that their co-adsorption is strongly
mass transfer limited. After 3 h, however, the bound BSA (bottom row) appears to be
displaced by the incoming multimeric species and concentrates near the center of the
particle. Longer times were not investigated since they would exceed the times scales that
are representative of the actual process.

4.4 Conclusions

The principal finding of this work is that conditions can indeed be found where both
acidic impurities (represented by BSA in this study) and basic impurities (represented by
a mAb multimeric species in this study) are simultaneous strongly bound on AEX resins
while the mAb monomer is only weakly retained. The behavior of the mAb dimer in this
study is intermediate showing stronger chromatographic retention than the mAb
monomer, but overall weak binding. It is apparent that selecting WPC operating

conditions solely based on the product K,,-value in the range 0.1-3 provides only some
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guidance as the overall performance is ultimately highly dependent on the structure of the
particular resin used. In our study, TMAE showed slow diffusion for both mAb monomer
and dimer species but rapid rates of adsorption for BSA, which uniformly saturated the
resin beads. For the same conditions, in co-adsorption experiments with BSA, the
multimeric species also adsorbed rapidly although binding appeared to be restricted
predominately to a relatively thin layer near the resin bead surface, likely as a result of
the large size of the multimeric species and its inability to quickly diffuse within the
tentacle structure of this resin.

Binding of BSA on QFF was found to be highly dependent on the particular WPC buffer
used with indications of different rate mechanisms prevailing under different conditions.
Likely as a result of its small pore size, this resin seemed unable to effectively adsorb the
mAb multimer under WPC conditions.

Finally, POROS was able to bind both the multimeric species and BSA under WPC
conditions. In the mAbB WPC buffer, both of these species were strongly bound showing
evidence of competitive displacement of the bound BSA by the multimeric species.
Overall, TMAE had the advantage of a very high binding capacity and fast rate of
adsorption of BSA while nearly completely excluding the mAb monomer. POROS, on
the other hand, seem to have the best resolution ability for the separation of mAb
monomer and dimer under WPC conditions. Obviously, there seems to be no absolute
best resin among the three studies and the choice will be ultimately dependent on what
the main goal of the WPC step as well as on consideration of the rates of adsorption that
can be obtained as a result of different resin architectures and varying buffer

compositions.
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5 Chapter 5

Conclusions and Recommendations

This work has examined the key process parameters in a two-step monoclonal antibody
purification process which includes a Protein A capture step followed by an anion
exchange step operated in weak partitioning mode. For the first part of this work,
macroscopic studies, including protein adsorption and desorption and inverse size
exclusion chromatography, showed that cycled Protein A MabSelect resin had lower
binding capacity, slower mass transfer and decreased intraparticle porosity. Foulants were
imaged both as films at resin bead surface and as granules inside pores under TEM and
CLSM. Further microscopic studies using molecular probes revealed that the fouling was
caused by the aggregate formation mainly caused by the hydrophobic interaction between
mAb and lipophilic proteins while the mAb was bound to the Protein A ligand.

It seems that in this work the resin sample taken from the bottom of the Protein A column
fouled slightly more than the resin samples taken from the top of the Protein A column.
Future study focusing on the difference between the top and bottom of the Protein A
column could be helpful to further understand the fouling in this study.

From practical point of view, slower mass transfer for cycled resin resulted in broader
chromatographic profiles and therefore increased product pool volume. Process yield loss
was mainly caused by the formation of aggregates involving mAb during elution process.
Although as mentioned above, a more aggressive cleaning strategy was shown to
effectively remove the foulants, the process yield was still low since the mAb contained

in the foulants could not be recovered in the harsher cleaning method. Further studies
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based on this work could be potentially useful to increase the lifetime of Protein A
MabSelect resin as well as maintain a high process yield. First, since this work elucidated
that the interaction between mAb and lipophilic protein is hydrophobic driven, a wash
step targeting at interrupting the hydrophobic interaction could potentially be
incorporated to the process after primary wash step with loading buffer. The effects of
additives in the wash buffer, such as organic solvents, could be studied for this purpose.
An alternative method may be a wash step using an intermediate pH buffer or a pH
gradient. Second, as mentioned above, since mAb conformational change on Protein A
ligand was responsible for the binding of lipophilic proteins, method could be developed
to “loosen” the binding between mAb and Protein A ligand. This could potentially be
achieved by either through new engineered Protein A ligand or modification of existing
Protein A ligand. Third, since hydrophobic interaction is affected by temperature, the
effects of temperature on the Protein A fouling could be studied.

The second part of this work compared the structural and performance differences among
three commonly used AEX resins under weak partitioning conditions. iSEC experiments
were shown to be effective at predicting the accessibility of protein to ligands for open
pore structured resins such as Q Sepharose FF and POROS 50HQ. iSEC, on the other
hand, was less effective to predict the accessibility of protein species to ligands in
tentacle typed resin such as TMAE HiCap, mainly because of the more complicated
interactions involving both protein size exclusion effects with tentacles and protein
charge interaction with ligands. This work showed that weak partitioning conditions
could be screened for all three resins where target mAb monomer interacts least strongly

and impurities including mAb dimer, multimer and more acidic proteins interact stronger
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with the ligands. As a result, all three resins were shown to be effective at acidic impurity
capturing represented by BSA batch and CLSM adsorption studies. Q Sepharose FF,
however, showed very poor capturing of mAb multimer species mainly because of the
relatively small pore size of this resin. The mass transfer for BSA adsorption was shown
to be very fast and least dependent on conditions on TMAE HiCap while more dependent
on conditions on both Q Sepharose FF and POROS 50HQ. On the other hand, POROS
50HQ demonstrated best resolution between mAb monomer and dimer probably because
of the relatively smaller bead sized of this resin. Therefore, although TMAE HiCap
showed most potential to be a platform candidate for the AEX step because of its
exclusion of mAb monomer, high impurity binding capacity and fast mass transfer rate,
the ultimate decision should still be made based on the impurity contents in Protein A
pool and the purpose of the AEX step. A further consideration for this work is that other
impurities should also be considered to decide which resin to choose for a certain
product. For example, DNA and most virus partials are negatively charged at pH above 7,
the mAb multimer studied in this work probably indicates that the size of these two
species may be too large to be effectively captured by Q Sepharose FF. Other resins with
different structural characteristics could be considered for the extension of this work. For
example, open pore structured resin with larger pore size than Q Sepharose FF and resin

with intermediate length of tentacles could both be potentially good candidates.
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