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Protein A chromatography has been used as the mAb capture step in the majority of FDA
submissions. In this study, the performance of protein A chromatography, as indicated by
capacity, operational flow rate, and productivity (rate of mAb production per liter of resin)
was examined over its full history to gain insights into the reasons for its consistent use.
Protein A productivity and capacity have increased 4.3 and 5.5% a year, respectively, since
1978. In contrast, protein A operational flow rate increased between 1978 and 2001 and
then remained constant or declined as further improvements provided only marginal benefits.
The productivity of protein A resin and also the mAb bioreactor titer (14% growth) rapidly
improved starting in about 1990 to economically provide material for clinical trials. Tech-
nology improvement is typically driven by product sales. The sales of protein A resin, as
indicated by sales of protein A ligand (21% growth), have closely paralleled the sales of
mAbs (20% growth). Both increased rapidly in 2000 after the first major mAb therapeutics
were approved and the markets were developed. It is likely that alternatives to protein A
chromatography have not been implemented because of the order of magnitude improvement
in protein A performance. Protein A membrane adsorbers and monoliths have higher pro-
ductivity than packed columns due to their short bed heights and high operational flow rates.
These devices are not currently practical for large-scale manufacturing but may represent a
format for future improvements in protein A productivity. © 2016 American Institute of
Chemical Engineers Biotechnol. Prog., 32:1193-1202, 2016
Keywords: protein A, SpA, mAb, monoclonal antibody, affinity chromatography, purification

attributed the binding to natural antibody specificity for a
bacterial antigen (antigen A). Subsequently, the antigen was
incorrectly described as a bacterial polysaccharide® and then
correctly shown to be a bacterial cell wall protein.7 This pro-
tein was first called protein A in 1964 to distinguish it from
other polysaccharides and proteins.”

Introduction

The standard process for the purification of a mAb from
harvested cell culture fluid typically involves at least two
chromatography steps: protein A affinity and ion-exchange
chromatography. Protein A chromatography separates pro-
teins from impurities based on a reversible interaction
between the Fc portion of a molecule and a protein A ligand
immobilized on a chromatography matrix.! Impurities flow
through the matrix while the mAb stays bound to the col-

Subsequently, the theory of natural antibody specificity for
a bacterial antigen was disproven. Protein A was shown to
bind to antibodies lacking bacterial antigen specificity and
also to bind to Fc portions of antibodies.’ In addition, it was

umn. The column is subsequently washed to achieve addi-
tional impurity removal.? Product is eluted from the matrix
by a reduction in pH. Subsequently, the mAb is typically
either bound to a cation-exchange chromatography resin or
flowed through an anion-exchange resin to remove additional
host-cell proteins, DNA, leached protein A, media derived
impurities, potential viruses, and aggregated species.3 This is
often followed by an additional polishing ion-exchange or
hydrophobic interaction chromatography step.*

The binding of protein A to a wide range of human and
rabbit serum antibodies was first observed by Jensen,” who
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shown that protein A bound more strongly to Fc fragments
of antibodies than Fab regions or light chains. Subsequently,
use of protein A immobilized on a solid support for the
affinity purification of antibodies was developed'® and pat-
ented."’ The first protein A resin was commercialized in
1978."

Protein A will bind to a range of antibody isotypes
derived from different species.'® The first therapeutic anti-
body, Orthoclone, was approved in 1986 and utilized protein
A chromatography as a capture step in the purification pro-
cess.'* Protein A was subsequently used as the mAb capture
step in 86% of FDA submissions.'> Early protein A resins
were expensive and had limited capacity, flow rate, and life-
time. A number of studies have described replacing the
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protein A chromatography step with alternative purification
methods. Ion-exchange chromatography is a frequently dis-
cussed alternative mAb capture strategy.'”'® Antibody or
impurity precipitation“’14’19‘20 or crystallization21 have also
been suggested. Alternative protein®® or synthetic molecule®?
affinity resins have also been proposed to replace protein A.

However, since 1978, both the performance and availabili-
ty of protein A resins have steadily increased. Newer beads
are more rigid yet highly porous, allowing fast flow rates,
low pressure drops, and high mAb capacities.24 The sizes of
both beads and bead pores have been optimized to improve
performance. A number of base bead chemistries including
cross-linked agarose,25 controlled pore glass,26 polystyrene-
divinylbenzene,24 ceramic material,?’ polymethacrylate,28
cross-linked cellulose,” and polyvinylether’® have been
developed to improve protein A performance.

Protein A resins have benefited from the removal of ani-
mal derived production materials.*’ Improvements in how
protein A ligands are immobilization on beads, e.g., via a
single or multipoint linkage,24 has helped improve ligand
accessibility and increase capacity. Changes to the number
of protein A domains and the amino acids in those domains
has led to improved protein A capacity, lifetime, caustic sta-
bility, elution pH, and mAb Fc speciﬁcity.Szf34 These
improvements have led to an improvement in the amount of
mADb that can be produced per liter of protein A resin per
hour (productivity).

In this study, the growth of protein A productivity, capaci-
ty, and operational flow rate is tracked using available litera-
ture data. This comparison provides insights into how fast
the performance of protein A chromatography has improved
and how this improvement compares to the rate of improve-
ment in bioreactor titers. In order to get insights into the
timing and reasons for current and potential future improve-
ments in protein A chromatography, the growth of protein A
performance is then compared to the growth of protein A
resin sales and therapeutic mAb sales.

Review of Protein A Evolution

Data from citable studies that provide the protein A col-
umn bed height, flow rate, and capacity at 10% breakthrough
were compiled and used to evaluate growth in protein A pro-
ductivity, capacity, and operational flow rate. The resin
launch date was obtained from the resin vendors or estimated
from the earliest date of publication of resin information.

The flow rate used to obtain the reported capacity data
(operational flow rate) was compiled. The maximum flow
rate is not summarized here because in some studies only
maximum pressure is reported, and in other studies maxi-
mum flow rate values are provided without also providing
the corresponding capacity data.

There is limited data available for some of the key attrib-
utes of protein A media. Unfortunately, pricing information
is rarely published by vendors or customers®> and therefore
was not evaluated in this study. The global protein A media
market was estimated to generate annual revenues between
350 and 400 million USD annually in the 2015 Repligen
annual report. In addition, limited data are available for resin
lifetime, nonspecific product and impurity adsorption,2 ligand
leaching, and reproducibility

The high pH stability of protein A ligands has improved
through selective mutation of the protein A ligand.”® The
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chemical stability data provided in the references are listed
in Table 1. However, very few references provide the
expected loss in performance based on exposure to a specific
pH value for a fixed duration. This makes it difficult to mea-
sure the rate at which chemical stability has improved.

Productivity is defined as the grams of mAb that can be
purified per hour on a liter of protein A resin. Most, but not
all studies provided the antibody load concentration. There-
fore, a mAD titer of 1 g/ was assumed during loading. The
wash, elution, and regeneration steps were assumed to be 10,
3, and 5 column volumes (CV), respectively. The total CVs
per run were determined from the reported resin capacity, the
bioreactor titer, the number of wash CV, the number of elu-
tion CV, and the number regeneration CV according to Eq. 1:

Resin Capacity

Total CV=—————
o Bioreactor Titer

+Wash CV+Elution CV+Regen CV
(L

The productivity was then calculated from the total CV
using the reported resin capacity, linear flow rate, and bed
height according to Eq. 2:

Resin Capacity x Linear Flow Rate
Total CV « Bed Height

Productivity= 2)
The amount and the quality of protein A performance data
varied. Data for early protein A resins typically had only one
or a few low capacity and/or low flow rate data points.
Therefore, it was not possible to compare all resins at a sin-
gle reference flow rate, or to compare flow rates at a single
reference capacity. Therefore, data from all flow rates
reported in each study are used to plot and evaluate the
growth in productivity, capacity, and operational flow rate.
Some of the vendor literature provided limited experimental
details and may have utilized conditions favorable to their
products. One study utilized an IgG3, which may have
impaired the capacity of some resins.”> The load antibody
concentration ranged from 0.33 to 10 mg/mL and was not
reported in some studies. Higher concentration has been
reported to improve*® or not affect protein A capacity.*>3*8
A load concentration of 1 mg/mL was assumed to calculate
productivity. The bed heights used in the studies ranged
from 2 to 30 cm, with lower bed heights typically allowing
higher flow rates and productivity. Lower bed heights how-
ever are less representative of a mAb manufacture process
and can result in lower capacities.

Protein A productivity growth

The resin productivity is plotted vs. resin launch year in
Figure 1. A compounded annual productivity growth rate r
of 43 = 1.4% and an initial value Y, of 5.8 = 2.4 g/L/h
was determined by fitting all data points except the mem-
brane adsorber and monolith data to Eq. 3, where t is the
number of years:

Y=Yo(1+r) (3)

The growth rate was somewhat sensitive to the assumed
titer but not the assumed CV for the various process steps.
Assuming a load titer of 0.1 or 10 g/L, instead of 1 g/L,
changed the growth rate to either 2.4 = 1.2 or 7.7 £ 1.8%.
Doubling the assumed wash, elution, and regeneration CV
did not alter the productivity growth rate as all data was
changed to a similar degree.
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Figure 2. Protein A capacity at 10% breakthrough as a func-
tion of protein A launch date.

Data are connected by solid (solid and dotted when there are two
studies in the same year) lines for studies providing capacities at
multiple flow rates. A compounded annual capacity growth rate
of 55 £ 1.2% and an initial value Y, of 7.2 * 2.6 g/L was
determined by fitting all data except the membrane adsorber and
monolith data to Eq. 3. Resins are depicted with squares and
membrane adsorbers and monoliths are depicted by crosses.
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Figure 3. Protein A operational flow rate (the flow rate used
for the reported capacity data) as a function of pro-
tein A launch date.

Data are connected by solid (solid and dotted when there are two
studies in the same year) lines for studies providing capacities
at multiple flow rates. Resins are depicted with squares and
membrane adsorbers and monoliths are depicted by crosses.

$1,300,000 = 390,000 was determined by fitting the GE
Healthcare sales data to Eq. 3 and is plotted in Figure 4.
This was similar to the over 20% ligand sales growth rate
reported by Repligen in their 2015 annual report.

Repligen’s annual reports indicated that GE Healthcare,
their biggest protein A ligand customer by a large margin,
primarily purchased protein A ligand for resin production.
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Figure 4. The growth of Repligen protein A ligand sales.
A compounded annual sales growth rate of 21 = 2% and an initial
value Y, of $1,300,000 = 390,000 was determined by fitting the
GE Healthcare sales data to Eq. 3. Though these sales included
protein A ligands used for small-scale research and diagnostic
purposes, Repligen’s annual reports indicated that GE Healthcare,
primarily purchased protein A ligand for resin production.
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Figure 5. The growth of protein A productivity, protein A

capacity, mAb titer, protein A sales, and mAb sales
Vvs. year.

mADb sales were determined from the sum of the sales of the
top five mAbs (Avastin®, Humira®, Rituxan®, Remicade®,
Herceptin®) and Enbrel® in each year. The growth curves that best
fit the protein A productivity and capacity data in Figures 1 and 2,
respectively, are plotted here. The sales of protein A ligand from
Repligen to GE Healthcare in Figure 4 are plotted here.

Based on this, it is estimated here that total sales of protein
A resin grew at the same rate as sales of Repligen protein A
ligand to GE Healthcare: 21% between 1999 and 2014.
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The growth of protein A productivity, protein A capaci-
ty, bioreactor mAb titer,>?:%¢ protein A sales and mAbD sales
were compared vs. year in Figure 5 . The growth curves
that best fit the protein A productivity and capacity data in
Figures 1 and 2, respectively, are plotted in Figure 5. The
sales of the top five mAbs (Avastin®, Humira®, Rituxan®,
Remicade®, Herceptin®) and Enbrel®®! in each year were
obtained from annual reports and then added and plotted.
The sales of protein A ligand from Repligen to GE Health-
care in Figure 4 are plotted in Figure 5.

Discussion

Growth in productivity, capacity, and operational flow rate

Protein A productivity (Figure 1) and capacity (Figure 2)
have increased steadily since 1978 and have improved by an
order of magnitude. It is believed that protein A productivity
and capacity are still improving. One indicator of this is the
fact that two of the highest performing resins, MabSelect
SuRe™ LX and Toyopreal® AF-rProtein A HC-650F, have
been launched recently (2011 and 2013, respectively).

Surprisingly, the operational flow rate increased from
1978 to 2001 and then remained constant or declined (Figure
3). Operation at or above 1000 cm/h was first reported in
1993 and last reported in the Table 1 data in 2008. It is pos-
sible that this is because operating above 1000 cm/h provides
a marginal improvement in the total time required for a pro-
tein A step. For example, at high flow rate it takes 70 min to
do one protein A cycle (including the load, wash, elution,
and regeneration steps), assuming a 20 cm bed height,
1000 cm/h flow rate, 40 g/L capacity, and 1 g/L titer. Given
that the harvest and low pH viral inactivation steps that
occur before and after the protein A step typically take more
than an hour, and the antibody titers are now typically above
1 g/L, there is limited incentive to reduce the protein A
cycle time below 70 min. The protein A flow rate can also
be limited by pumping capacity.**

The highest productivity for a protein A resin always
occurred at the highest flow rate in cases where data for
multiple flow rates are reported. For example, the capacity
of one resin was reported to be 10 g/L. at 1500 cm/h and
20 g/L at 600 cm/h.*’ The higher flow rate condition is more
productive on a g/L/h basis, but it is unlikely a capacity of
10 g/L would be acceptable in a manufacturing process.

It is interesting in Figure 2 to speculate on the theoretical
limits of protein A capacity. Cation-exchange chromatogra-
phy capacities approaching 200 g/L have been reported.'®%*
It is far easier to produce a cation-exchange resin with a
high density of properly orientated ligands than a protein A
resin. However, it is likely that the capacity of protein A res-
ins will continue to increase. It is likely that the size of the
protein A ligand will be further reduced by eliminating all
amino acids not required for structure, expression, or bind-
ing. This would allow for an increase in ligand density on
the beads and an increase in space available for mAb bind-
ing. More porous but structurally rigid beads will also
increase the space available for ligand immobilization and
mAb binding. The number of protein A domains per ligand
can be altered to optimize resin capacity. Optimal ligand
immobilization, using more selective reactions and spacer
arms, can improve capacity.

Protein A monoliths and membrane adsorbers can be oper-
ated at far higher flow rates and shorter bed heights than
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packed columns and can therefore provide very high produc-
tivity.63’64 They have a number of disadvantages however
that have prevented their use in manufacturing. They are cur-
rently only available up to the 8 mL scale and have low
capacities (2.7-10 g/L in this study) and therefore dilute elu-
tion peaks.65 For example, if three column volumes are used
for elution, the elution pool concentration would range
between 1 and 3 g/L. Breakthrough of mAb has been
reported during loading of protein A membrane adsorbers.®
Despite these disadvantages, they are included in this evalua-
tion because of their potential. They may represent a format
for future improvements in protein A productivity. The resi-
dence times, and therefore also the cycle times of protein A
membrane adsorbers and monoliths are dramatically lower
than those of columns, which would be beneficial for multi-
column chromatography operations.67

Growth of protein A performance in the context of the
mADb industry

It is interesting to consider the reasons for protein A pro-
ductivity growth and to compare it to other industries. The
technology improvement in 62 different technology indus-
tries has been described to be associated mainly with cumu-
lative production growth in that industry.®® Since protein A
resin is mainly used for the production of mAbs, the growth
of protein A production will be associated with the growth
of the mAb industry. The average compound annual revenue
growth rate for the top five mAb products and Enbrel over
the 20042013 period was 20%.°" The growth rate of protein
A sales (estimated here to be 21%) is higher than that
reported for other advanced chromatography resins (5.8%%),
but similar to the sales growth rate of the mAb industry
(20%), which is not surprising since protein A resin is used
for mAb production.

Complicating the comparison of antibody and protein A
resin sales is the fact that mAb revenues have increased in
part due to higher drug prices, which would not be associat-
ed with increased protein A use. This is possibly compensat-
ed for by the growing use of protein A resin to make
clinical phase antibodies which do not generate mAb
revenue.

The mAb titer in bioreactors has increased from about
500 mg/L in 1987 to 5 g/L in 2006 in one study,’ an annual
growth rate of 14%. In another study,59 the titer increased
from 0.2 g/L in 1985 to 2.64 g/L in 2015, also an annual
growth rate of 14%, which is higher than the rate of growth
of protein A productivity (4.3%). This difference is not sur-
prising because limitations in titer and bioreactor capacity
were a significant threat to the early growth of the therapeu-
tic mAb industry.”®’! Limitations in protein A productivity
never threatened mAb industry growth and required large
development investments. In addition, since roughly 2000,
revenue from protein A sales have been far lower than reve-
nue from mAb sales (Figure 5). Because of this, the financial
resources available to protein A vendors for product
improvements are far below the resources available to mAb
producers to improve bioreactor titers.

It is notable in Figure 5 that protein A productivity and
mAb titer both increased rapidly starting in about 1990, with
the mAb titer increasing faster than protein A productivity.
This coincides with the beginning of early clinical develop-
ment of the highest selling mAbs. The sales of protein A
and therapeutic mAbs started to increase rapidly about ten
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years later in 2000. This gap roughly coincides with the time
required to perform all clinical testing, obtain regulatory
approval, and develop the market for a mAb. The fact that
growth in bioreactor titer and growth in protein A perfor-
mance happened before growth in sales indicates that invest-
ments in development were occurring at risk assuming that
future sales would be strong.

Conclusions

While the sequence of steps used for mAb purification has
not changed since the first therapeutic antibody was licensed,
the performance of protein A chromatography, as indicated
by capacity and productivity has steadily improved. Protein
A productivity and capacity have increased 4.3 and 5.5% a
year, respectively, since 1978 and are likely to continue to
increase. The improvements have been caused in part by
improvements in bead rigidity, size, polymers, and pore
structure. In addition, changes in ligand immobilization, the
number of protein A domains, and the protein A amino acid
sequence have led to improvements.

In contrast, protein A operational flow rate increased
between 1978 and 2001 and then remained constant or
declined as further improvements provided only marginal
benefits. The productivity of protein A resin rapidly
improved starting in about 1990, in parallel with improve-
ments in bioreactor titer, to economically provide material
for clinical trials. The sales of protein A resin, as indicated
by sales of the protein A ligand (21% growth), have closely
paralleled the sales of mAbs (20% growth). Both increased
rapidly in 2000 after the first major mAbs were approved
and the markets were developed. It is likely that the many
alternatives to protein A chromatography that have been
explored have not been implemented because of the steady
improvement in protein A performance.>> Protein A mem-
brane adsorbers and monoliths have higher productivity than
packed columns due to their short bed heights and high oper-
ational flow rates. These devices are not currently practical
for large-scale manufacturing, but may represent a format
for future improvements in protein A productivity.
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