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Membrane-Based Clarification
of Polysaccharide Vaccines
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olysaccharide vaccines are
essential for protection against
infectious diseases, which
remain an alarming cause of
mortality. The first glycoconjugate
vaccine for use in humans — a
Haemophilus influenzae type b (Hib)
conjugate — was licensed in the
United States in 1987. This vaccine
successfully reduced the incidence of
invasive Hib disease in childhood
and led to the further development of
conjugate vaccines designed to
prevent infection by other
encapsulated bacteria (1).
Polysaccharides are relatively
complex carbohydrates made up of
many monosaccharides joined together
by glycosidic bonds. Bacterial
polysaccharides represent a diverse
range of macromolecules that include
peptidoglycans, lipopolysaccharides,
capsules, and exopolysaccharides —
compounds whose functions range
from structural cell-wall components
(e.g., peptidoglycan) to important
virulence factors (e.g., Streptococcus
pneumoniae, Neisseria meningitidis, and
Haemophilus influenzae). Most
polysaccharides produced by bacteria

Figure 1: General polysaccharide conjugate vaccine process (UF/DF = ultrafiltration/diafiltration)
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are of high molecular weight with
acidic isoelectric points (pI). Table 1
shows general properties of
polysaccharide antigens.
Polysaccharide antigens consist of
repeating epitopes that are not
processed by antigen-presenting cells
(APCs). These antigens interact
directly with B cells, which can induce
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antibody synthesis in the absence of

T cells (known as T-independent
antigens). T cells can influence the
antibody response to certain
polysaccharides, such as the capsular
polysaccharide of S. pneumoniae

type 3. T-independent responses fail
to induce significant and sustained
amounts of antibody in children below



Table 1: General polysaccharide antigen properties

Molecular Weight
Microorganism of Antigen (Da)

Composition of Antigen

pl of

Antigen References

Neisseria A > 100,000 Heteropolysaccharide. 2-5
meningitidis Major N-acetyl
neuraminic acid
B > 100,000 Heteropolysaccharide.
Major N-acetyl
neuraminic acid
C > 88,000 Heteropolysaccharide. 1.9
Major N-acetyl
neuraminic acid
Y > 197,000 Major is glucose 24
X D-glucosamine 3.65
Streptococcus Pneumococcal 49 6-8
pneumoniae surface antigen
34539
Choline binding
protein A, 75 kDa
Neuraminidase 5.1

NanA, 108 kDa and

Glycoprotein 9,10

NanB, 75 kDa

Haemophilus Heamagglutinin

influenzae 76,000
Neuraminidase Glycoprotein
220,000

Salmonella typhi Vi> 2,000 kDa

Polysaccharide 11

Figure 2: General depth filter performance for clarification of harvest
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the age of 18 months (1, 2). In 1929,
Avery and Goebel demonstrated that
the poor immunogenicity of purified
§. pneumoniae type 3 polysaccharide in
rabbits could be enhanced by
conjugation of the polysaccharide to a
protein carrier. That led to the
foundation for the development of
conjugated polysaccharide vaccines (1).

Modern polysaccharide vaccines are
generally conjugated to nontoxic,
nonreactogenic carrier proteins or
tetanus toxoid (a 150-kD protein from
the Gram-positive anaerobic bacteria
Clostridium tetani). Alternatively,
CRM 197 (a single point-mutated
68-kD protein purified from

Cornybacterium diptheriae or as
recombinant protein expressed in
Eshcherichia coli or Pseudomonas) has
been the carrier protein of choice in
several vaccines. The selection of a
carrier protein can be driven by a
number of factors, including
availability, price, and chemical
characteristics such as stability at
certain pHs and adjuvant effect (2).
Several polysaccharide-based
vaccines are in current development
pipelines. Carbohydrate-based
vaccines in development are being
derived from Srreprococcus,
Pseudomonas aeruginosa, Salmonella

typhi, Shigella dysenteriae, Shigella

flexneri, Shigella sonnei, Vibrio cholera,
Leishmania species, and others (3).
Table 2 shows a selection of
carbohydrate vaccines that have been
licensed.

There are several other carrier
proteins used as conjugation partners
for polysaccharide vaccines.
Pneumococcal surface protein A
(PspA) is one such carrier protein (3).
Another is protein D (PD), a 42-kDa
surface lipoprotein found in all
Haemophilus influenzae, including
nontypeable (NT) H. influenzae used
as an antigenically active carrier
protein in an 11-valent pneumococcal
conjugate investigational vaccine (4).
Diphtheria toxoid (DT), tetanus
toxoid (T'T), and CRM197 also have
been used as protein carriers in
licensed vaccines (5).

Vaccines for N. meningitidis are
based on outer membrane vesicles
between 20 and 200 nm. Outer
membrane vesicles (OMVs) are
released spontaneously during growth
by multiple Gram-negative bacteria.
OMVs have lipopolysaccharides,
phospholipids, proteins, RNA/DNA,
and peptidoglycan, and they are
produced by bacterial fermentation.
Centrifugation has been implemented
for recovery. Tangential-flow filtration
(TFF) cassettes (10-100 kDa) also
have been used to separate OMV from
small soluble components (6). TFF
provides a range of surface antigens
that are in native conformation and
possess natural properties such as
immunogenicity, self-adjuvation, and
uptake by immune cells. Such
characteristics make them attractive
for applications as vaccines against
pathogenic bacteria. An OMV-
containing meningococcal vaccine
(Bexsero from Novartis) was recently
approved by US and EU regulatory
agencies, and research on its
application continues.

Despite growing interest, no
established template exists for a
vaccine purification platform because
of the complexity and diversity of
vaccines (7). The manufacturing
process of vaccines can be divided into
three segments: upstream processing,
downstream processing (purification),
and formulation (fill-finish



operation). Figure 1 illustrates a
generic conjugated polysaccharide
vaccine production process.

Clarification is an essential
operation in the production of
biological products because it directly
affects yield, product consistency, and
reproducibility. The goals of
clarification include high yield,
product consistency, and
reproducibility. Primary clarification
removes the majority of large particles,
whole cells, and cell debris. This step
can be performed by TFF-
microfiltration (TFF-MF),
centrifugation, or (in some cases)
depth filtration. Secondary
clarification is used to remove colloids,
lipids, DNA-RNA, residual cells, and
other particles not removed in a
primary clarification process.
Secondary filtration typically includes
a series of filters to remove
progressively smaller particles (8).

Traditionally, a combination of
technologies has been used for the
clarification of conjugated
polysaccharide vaccines, as
summarized in Table 3. Because
centrifugation can handle high solid
loads, it has been the preferred
method. Generally, initial cell mass
is in the range of 7-30 OD at
590 nm or can reach 5 g/L dry cell
weight (9). Centrifugation can
concentrate cell mass to about 40%
of the initial volume (8). Clarifying
filtration can be performed by
normal-flow filtration (NFF, also
known as dead-end filtration) or
TFF (also known as cross-flow
filtration). Depth filters contain
positively charged material and filter
aid that enhance retention of cell
debris, colloids, and unwanted
negatively charged components (8,
10). Membrane filters retain particles
by size exclusion, but they have
limited dirt-holding capacity and are
more suitable for a secondary
clarification step.

Scalability is not a concern with
depth filters or membrane filters.
TFF is used mostly for primary
clarification (microfiltration) with
successful cut-offs in the range of
0.1-0.65 pum (preferably with open

channel). Linear scalability and

Table 2: Licensed carbohydrate-based vaccines (13)

Indication

Vaccine

Manufacturer (Trade Name)

Haemophilus influenzae
type b (Hib)

Neisseria meningitidis A,
C,Yand W 135

Salmonella typhi

Streptococcus

Glycoconjugate, polysaccharide
with tetanus toxoid (TT)

Diphtheria toxoid (DT), TT and
acellular pertussis adsorbed,
inactivated poliovirus and Hib—
TT conjugate vaccine

Hib conjugate (meningococcal
protein conjugate)

Hib conjugate (meningococcal
protein conjugate) and hepatitis
B (recombinant) vaccine

Glycoconjugate, meningococcal
polysaccharide with DT

Meningococcal polysaccharide

Vi capsular polysaccharide

Pneumococcal polysaccharide 7

Sanofi Pasteur (ActHIB);
GlaxoSmithKline Biologicals
(Hiberix)

Sanofi Pasteur (Pentacel)

Merck & Co (PedvaxHIB)

Merck & Co (Comvax)

Sanofi Pasteur (Menactra)

Sanofi Pasteur (Menomune A/C/
Y/W 135
Sanofi Pasteur (TYPHIm Vi)

Pfizer (Prevnar)

pneumoniae 4, 6B, 9V, 14,
18C, 19F and 23F

Streptococcus
pneumoniae 1,2, 3,4,5,
6B, 7F, 8, 9N, 9V, 10A,
11A, 12F, 14, 15B, 17F,
18C, 19F, 19A, 20, 22F,
23F and 33F

23 valent

Pneumococcal polysaccharide,

valent-CRM197 conjugate

Merck & Co (Pneumovax 23)

The table provides examples of polysaccharide vaccines. The list does not cover all marketed

vaccines

reusability of TFF devices
significantly reduces costs of
consumables in the clarification
step (11).

Improper optimization of
clarification steps can affect the
performance of subsequent
downstream unit operations in terms
of capacity of filters or life of
membranes and resins. With a need
for well-characterized vaccines,
simplified processes, as well as
increased purity, new filtration
technologies can handle clarification
challenges for more process flexibility,
possibility of single-use, and reduced
investment costs.

CLARIFICATION OF
POLYSACCHARIDE VACCINES
Considerations for Polysaccharide
Vaccines Clarification: After
fermentation of polysaccharide
vaccines, the next step is harvest
clarification. For high-packed cell
volumes, direct filtration through
normal-flow filters is not
economically feasible because of low
throughput. In most cases,
centrifugation is common practice

for separation of cell mass. TFF-MF

also could be used (12-14). Filtrate
from the TFF-MF step can be
further clarified using NFF depth
filtration train, followed by
bioburden reduction by filtration. In
some cases, homogenization can be
implemented to enhance
performance of clarification (15).
Bufter conditions and pH can affect
polysaccharide clarification.Hadidi et al.
demonstrated the effect of ionic strength
and pH on the hydrodynamic radius of
the free polysaccharide and conjugated
polysaccharide, which then had an
impact on retention time during size-
exclusion chromatography (SEC) (16).
The study also showed that retention
time of the pneumococcal
polysaccharides increases in SEC
columns with increasing ionic strength
and decreasing pH because of
compaction of the polysaccharides
associated with a reduction in
intramolecular electrostatic interactions.

STRATEGY FOR POLYSACCHARIDE
VAcCINES CLARIFICATION

Primary Clarification Step:
Centrifugation is the preferred
technology for separating high cell

mass from fermentation broth.



Table 3: Combination of technologies used for clarification of vaccines

Vaccine

Primary Classification

Secondary Classification References

Meningococcal conjugated

polysaccharide vaccine cartridges (TFF)

0.2-pm hollow fiber

300-kDa cassettes (TFF) 20

Typhoid Vi capsular 0.45-um cassette (TFF) NA 22,23
polysaccharide
Pneumococcal capsular 300-kDa cassettes (TFF) NA 24

polysaccharide

Depending on scale, continuous or
batch centrifugation could be used.
General centrifugation conditions
are 14,000-15,000¢ for 45-60
minutes (17, 18).

TFF at microfiltration (MF) range
can be used as an alternative to
centrifugation. The molecular weight of
polysaccharides that are large and
complex in structure typically ranges
from about 500 kDa to over 1,000 kDa.
MF membranes (e.g., 0.22 pm, 0.45 pm,
and 0.65 pm) are preferred to ensure
successful recovery of polysaccharide
molecules in permeate because of their
large open pore size.

Secondary Clarification Step: The
clarity/turbidity of cell-free
fermentation broth depends on the
specific bacteria, lysis type, individual
serotype, and technology used for
primary clarification. Turbidity of
postcentrifuge centrate could range
from about 50 NTU to 1,300 NTU.
After primary clarification steps, NFF
with depth media (e.g., BIHC,
COHC, FOHC, or XOHC grades of
Millistak Pod disposable depth filters
from MilliporeSigma) could be used
to achieve turbidity <5-10 NTU,
suitable feed levels for further
purification steps.

Volumetric throughputs on the
depth filter can range from about
30 L/m? to 500 L/m?. Depth filter
clarified product fluid could be
filtered through a subsequent 0.45-um
bioburden-reduction—grade or 0.22-
pm sterilizing-grade membrane. In
general, performance of depth filters
varies among different polysaccharide
vaccines, and values and performance
might vary from case to case. Feed can
range between 100 NTU and
10,000 NTU. Depth filters in general
have shown capacities of 50-300 L/
m?. In the postprimary clarification,
the filtrate turbidity can drop down to
<50 NTU. Figure 2 shows

performance of several depth filters.

CASE STUDIES

Clarification of Postcentrifuge
Centrate of S. pneumoniae
Fermentation Broth: The traditional
method of clarification is
centrifugation, followed by time-
consuming, multiple-step depth
filtration. Some researchers have made
efforts in developing single-step,
filtration-based clarification methods
for polysaccharide vaccines. In one
study, charged depth filters were
implemented for clarification of S.
pneumoniae serotype 9V fermentation
broth, resulting in 10- to 13-fold
reduction of turbidity from 130 NTU
(data not published). Such one-step
clarification operated at flow rate of
50-60 L/m?/h (LMH) resulted in
completion of clarification of a
2,000-L batch in about three to four
hours. This translated to a volumetric
throughput of about 180-200 L/m?.
Similar filtration performance also
was observed with S. pneumoniae
serotype 20F, 12F, and 17F.

As a result of this study, the
method of centrifugation for
clarification of pneumococcal harvest
was changed to depth filtration. The
ideal way to judge the effect of a
change in clarification method is to
observe performance of downstream
filtration. If filtrate quality improves,
downstream filtration performance
ideally would improve in terms of
capacity (volumetric processing) and
can lower differential pressure due to
slower plugging.

Clarification of Postcentrifuge
Centrate of H. influenzae Fermentation
Broth: Centrifugation is generally the
preferred choice for primary
clarification. But in 2008, Takagi
evaluated a two-way approach (19).
First, H. influenza B fermentation
broth was loaded onto depth filters.
Filtration was performed using a train
of two charged depth filters.
Reduction of feed turbidity was

observed from about OD 5 to less
than OD 0.1 at 650 nm. Tests were
performed at 10-30 LMH, and 300 L
were processed in about 3—4 hours
with capacities of about 20-30 L/m?.

The other approach was to subject
the harvest to microfiltration TFF
(using two pump-based, permeate-
controlled operation) as an alternative,
reusable option to depth filters (20).
After this TFF processes the feed,
OD of the filtrate decreased from 5 to
<0.1. The flux was 10 LMH, with
loading of about 30—40 L/m?. Area
requirement for processing 300 L of
volume was 10 m? in three hours
(unpublished data).

If possible, single-step TFF is a
good alternative to centrifugation and
secondary clarification. Scaling-up or
scaling down centrifuge is not easy.
Depending on specific conditions,
TFF cassettes can be used for
multiple batches.

Clarification of Salmonella typhi Vi
Harvest: Inactivated Salmonella typhi
bacteria can be clarified using a two-
step process. As an option for primary
clarification, a TFF device (0.45-pm
cassette) was used to concentrate
bacteria cells 7-10-fold and then
diafiltered 10 times against 1M NaClL
During cell concentration, some Vi
polysaccharides passed through the
membrane into the permeate. A
significant quantity of Vi
polysaccharides is generally retained
because of the ionic interaction
between the negatively charged Vi
polysaccharides and other positively
charged components in the broth. A
high salt concentration can be used to
weaken those interactions —
neutralizing the strong negative charge
on the Vi polysaccharides (at pH ~7.0),
facilitating passage of Vi
polysaccharides through membrane
pores, and resulting in increased
recovery of Vi polysaccharides (12, 13).
Typical volumetric loading for such
operation is 45-55 L/m? and the
processing can take three to five hours.

As a secondary clarification option,
30-kDa TFF can be used on the
permeate pool from first TFF step for
concentration (10—15 fold) and
diafiltration (8-10 times) against water

for injection (WFI). During this step,



Vi polysaccharides will remain in the
retentate, and low—molecular-weight
impurities and excess water would pass
through the membrane into the
permeate. Diafiltration against water
was required to remove excess salt to
make negatively charged Vi
polysaccharides readily accessible to
the positively charged Cetavlon for
subsequent precipitation step (12, 13).
Typical volumetric loading for such
operation is 45-55 L/m?, and the
processing can take 3-5 hours,
resulting in about 100% recovery.

TFF coupled with changes in
solubility or ionic interactions facilitate
clarification procedures and help
reduce contaminant load and size-
dependent impurities. This results in
high recovery of polysaccharides.

Clarification of Postcentrifuge
Centrate of Fermentation Broth By
Addition of a Flocculating Agent:
Adding flocculating agent to a
bioreactor before centrifugation can
improve depth-filtration—based
clarification. A study conducted in our
labortory evaluated multiple depth
filters to select an appropriate
secondary clarifying filter. The study
found that implementation of a
Millistak+ COHC filter
(MilliporeSigma) alone as a secondary
clarification filter on centrate reduced
turbidity by ~90% (from feed NTU
100, to 10 NTU). Filtration using a
Millistak+ COHC filter was
performed at ~500 LMH, resulting in
a capacity >400 L/m? (unpublished
data). With a Millistak+ COHC filter,
a minimal AP was observed,
suggesting that the centrifuge is
removing larger particles, and the
Millistak+ COHC filter (with a tighter
nominal pore size) is probably
removing smaller particles.

Those results indicate that with
proper screening of depth filters, a
filtration train can be reduced while
still achieving a desired throughput
and reduction in turbidity. In turn,
that may result in smaller footprint
and ease of operation. In our study,
only one step depth filtration achieved
the desired clarification of centrate.

A number of next-generation
filtration products are being
introduced to enable better, easier,

and more robust clarification
applications. Kang et al. observed
that Clarisolve filters (from
MilliporeSigma) can be implemented
for better clarification of flocculated
monoclonal antibody harvest (14).
Those filters are more open, with
pore sizes 20—60 pm in range.

In a study on pneumococcal vaccine,
Clarisolve 60HS (polypropylene) filters
(from MilliporeSigma) were evaluated
on a harvest pretreated with celite and
cetyltrimethylammonium bromide
(CTAB). This study resulted in loading
of 50 L/m? and found that performance
of Clarisolve filters as primary clarifying
filters do not depend on cell viability
and cell count. Implementation of
Clarisolve filters for pretreated
polysaccharide vaccine harvest can omit
centrifugation and secondary
clarification steps, resulting in a smaller
footprint and easier operation.

NEXT-GENERATION

CLARIFICATION METHODS
Clarification of polysaccharide
vaccines presents several challenges.
Typically, filtration processes and
filtration trains vary case by case.
Because of high cell mass,
centrifugation or microfiltration
devices typically are preferred for
primary clarification. Of late, charged
depth filters have shown promise for
primary clarification, and membrane
filters are proving to be better options
for secondary clarification.

Templates for purification of
polysaccharide vaccines are being
implemented or adopted, and
clarification schemes by filtration are
delivering high degrees of success due
to robustness, ease of scalability, and
process economics. Improvement in
clarification steps have resulted in
higher final yields and purity in
vaccine processes. As new clarification
products, tools, and solutions are
being made available, vaccine
developers and producers will continue
to be better prepared for efficient and
effective clarification processes.
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