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VIRUS REDUCTION METHOD

BACKGROUND
[0.001] Embodiments disclosed herein relate to methods for reduction of viruses and viral
polynucleotides in preparations containing a desired protein to be purified.

[0002] Some virus species are known to be inactivated by means of exposure to extreme

conditions such as highly acidic pH. These include most species of lipid-enveloped viruses.

Some virus species are known to be resistant to such inactivation These include many non-lipid
enveloped virus species, also referred to as protein coat viruses.
[0003] Anion exchange chromatography is commonly used for the purification of protems

including removal of contaminating virus species. Anion exchangers used for such applications

are frequently quaternary amine ion exchangers. These applications are performed at neutral to

slightly alkaline pH because they generally support the strongest virus bihding under those

- conditions (C. Curtis et al, Biotechnol. Bioehg. 84 (2003) 179-185), and such conditions are

required to remove contaminating host cell proteins in paralle] with removing viruses (P.
Gagnon, J. Chromatogr. A 1221 (2012) 57-70. Primary amine-based anion exchangers have also
been described for removal of virus and host cell protein at neutral to alkaline operating pH (W.

Riordan et al., Biotechnol. Prog. 25 (2009) 1695-1702). .

SUMMARY
[0004] In some embodiments, disclosed herein are methods for reduciﬂg virus and viral DNA
levels in an acidic preparation of a desired prct'ein, the method comprising contacting the acidic
preparation of the desired protein with a surface bearing a primary amine, secondary amine, or

both.

: DETAILED DESCRIPTION .
[0005] Methods are provided forenha‘nced removal of virus and viral DNA from a preparation

containing a desired protein, during or following low pH treatment, by contacting a low pH preparation

with a solid surface bearing primary and/or secondary amines. As used herein, “low pH” treatment refers
toa sufﬁc1ent1y low pH as part of a virus inactivation treatment, i.e., a sufficiently low pH to inactivate at

least one Virus. Thus a top end of the pH range will typically not be greater than about 4.0. Thus, in some
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embodiments, a low pH may range, for example, from about 1.0 to about 4.0, in some
embodiments, or from about 2.0 tb about 4.0, or about from 2.0 to about 3.8. Those skilled in the art
will appreciate that the pH may be vsélected to conform to regulaiory stahdards. In a typical case, the
upper end regulatory limit pH may be about 3.8. In some embodiments, there are provided methods
for reducing virus and viral DNA levels in an acidic prepafation of a desired protein, the method

comprising contacting the acidic preparation of the desired protein with a surface bearing a primary

_ amine, secondary amine, or both.

[0006] In some embodiments, an operating pH during the contacting step is in a range selécted
from the group consisting of (a) from about 2.0 to about .4.0, (b) from about 2.25 to about 3.75, (c)
from about 2.5 to_about 3.5, (d) from aboﬁt 2.775 to about 3.25, (e) from about 3.5 to about 3.75, and
(f) from about 3.25‘ to about 3.5 and intermediate ranges or intermediate individual Valﬁes in
between. ' |

{0007]  In some embodiments, a salt concentration during the contacting step is range selected |

from the group consisting of (a) from about 0.0, or a non-zero value, up to about 0.5 M, (b) from -

about 0.05 to about 0.3 M, and (c) from about 0.1 to about 0.2 M. The salt concentration may be any

intermediate ranges or intermediate individual values in between these recited ranges.
[0008] In some embodiments, the duration of the contacting step is in a range selected from the

group consisting of (a) from about 15 to about 120 minutes, (b) from about 30 to about 60 minutes,

- (c) a non-zero amount less than about 30 minutes, (d) a non-zero amount less than about 15

minutes, (€) a non-zero amount less than about10 minutes, (f) a ﬁon-zero amount less than about.5
minutes, () a non-zero amount lesé than about 2 minutes, (h) a non-zero amount less than about 1
minute, and (i) a time required fo pass the preparation through a devicé housing the primary amine-
bearing éurface. ' ‘

[0009] In some embodiments, the surface comprises one or more moieties selected from the
group consisting of ethylenediamine, tris(2-aminoethyl)amine, diethylaminetriamine,
triethylenetetraamine, tetracthylenepentamine, polyalkylamine. In some embodiments, the surface
may comprise any primary amine, secondary amine, or combinations thereof. The surface niay be
derived from or take the form of any straight chain or branched primary monoamine fragment
attached at the surface of a substrate. Exemplary primary amine moieties include, without
limitation, fragments based on methylamine, ethylamine, propylamine, isopropyla'minev, butylamine,

sec-butylamine, iso-butylamine, any isomeric configuration of hexylamine, any isomeric
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configuration of heptylamine, octylamines, any isomeric configuration of nonylamine, any isomeric
conﬁguratiori of decylamine, or mixtures or combinations thereof.

[0010] - Insome embodiments, diamine fragments may be employed. Suitable dianiines include,

~without limitation, diamines of the general formula

H2N—R—NH2
wherein R is linear or branched alkyl dr alkenyl groups having about 1 and about 20 carbon atoms,
cyclbalkenyl groups having about 1 and about 20 carbon atoms, alkylcycloalkenyl groups having
about 1 and about 20 carbon atoms, alkarenyl group haviﬁg between about 1 and about 20 carboh
atoms, aralkenyl group having about 1 and about 20 carbon atoms, or the like or mixtures or
combinaﬁbns thereof. The R group can also include atoms other than carbon and hydrogen such as -
oxygen, nitrogen, fluorine and/or chlorine.

[0011]  Suitable surface amine moieties may»be based on diamines and tﬁamines including,

‘without limitaﬁon,' alkyl diamines, cycloalkyl diamines, alkacycloalkyl diamines, aralkyl diamines,

aryl diamines, alkaryl diamines, and the like and analogs thereof and where one or more of the
carbon atoms ¢an be replaced with nitrogen atoms, oxygen atdms, or mixtures thereof where the

oxygen atoms form carboxy, hydroxy and or ether moieties and the nitrogen atoms form tertiary

‘amine and/or amide moieties and/or one or more hydrogen atoms can be replaced with fluorine

atonis, chlorine atoms or mixture thereof and including between 2 and about 20 carboh atoms,
including, about 3 to about 15 carbon atoms and including, about 4 to about 10 carbon atoms.
Exemplary alkyl diamines include, without limitation, 1,2-diaminoethane (1,2-ethylene diamine),
1,2-diaminopropane, 1,3-diaminopropane, 1,2-diaminobutane, 1,3-diaminobutane, 1,4-
diaminobutane, l,2-diaminopéntane, 1,3-dia‘minopehtane, 1,4-diaminopentane, 1,5-diaminopentane,
and similar higher diaminoalkanes, hexamethylenediamine, ami‘nomethylcyclopentylamine, 1,2-
cyclopentanediamine, 1,6—hexanedi_amine, 1,2-diaminobenzene, lysine (or other diamine amino
acids), 1,2-diaminobenzene, 1,4-diamine benzene, 1,2-dipheny1-1,2-ethané diamine, phenylene
diamine, 2-hydroxypropylene diamine, hydantoin, N,N-Bis(dihydroxyethyl)ethylenediamine,
hexahydrotriazine, aminoethylpiperazine (AEP) or the like, or mixtures or combinations thereof.
Examples of other aliphatic diamines and triamines that can be satisfactorily used in makmg the

subject compositions include 1,4-diaminocyclohexane and bis-héxamethylenetﬁanﬁne. In all of the

- aformentioned embodiments, presentation of the amine on the surface of a substrate méy be

achieved through connectivity to any atom of any of the fragments, including the nitrogen itself. In



10

15

20

25

30

35

- ‘WO 2015/183180 : : . PCT/SG2014/000232

~some embodlments a secondaly amine may also be employed. Such secondary amines may

comprise a further straight chain or branched C; to Cs fragment _

[0012])  In some embodiments, the surface is in the form of one selected from the group
consisting of a particle, a membrane, a monolith, a hydrogel-coated skeletal framework, and
combinations t_hereof.

[0013] In some embodiments, the contacting step is performed by an operaﬁon selected from

‘the group consisting of (a) dispersing primary and/or secondary amine-bearing particles in the

preparation, (b) passing the preparation through a device in fluid contact with the eurface, (©
recirculating the preparation through a device in providing fluid contact with the surface, and (d)
combinations thereof. ' ' _

[0014] It has been unexpectedly discovered that virus binding to primary and/or secondary

amines on a solid surface breaks the accepted rules of anion exchange chromatography. Binding

-~ strength, as measured by the concentration of salt required to elute bound virus or viral

polynucleotides from the primary amine-bearing surface, increases as a function of decreasing
pH, in some cases by more than a factor of 2 compared to binding on the same surface at pH 8, by
more than a factor of 5 compared to binding on quaternary exchangers at pH 8, and by nearly a
factor of 10 compared to binding on quaternary exchangers at pH 6. Binding becomes
progressively stronger at lower pH values so that at pH 3, up to 5 M guanidine is requlred to
remove DNA from the primary and/or secondary amine-bearing surface. At the same time,
experimental data show that retention of peptides and proteins with a mass lower than about 150
kDa is not enhanced compared to pH 8, thereby _creeting a wihdow in which the desired protein in
most preparations does not bind to the primary and/or secondary-amine-bearing surface under the

conditions where retention of virus and viral DNA is enhanced. Experimental data show that this

translates to a more than 700-fold reduction of non-lipid enveloped viruses such as Hepatitus A |

virus and Minute virus of Mice, which are not significantly inactivated by treatment with low pH.

This is unexpected because retention of solutes such as viruses, DNA, and proteins on quaternary

| anion exchangers diminishes with decreasing pH, as a result of the solutes becoming more

_ el_ectrepositive (and/or less electronegative). This is generally understood to render anion

exchange chromatography un-useful for virus removal at acidic pH, and especially at strongly

acidic pH values, such as the conditions customarily used for virus inactivation. Without ascribing

to any particular theory, the contrary behavior of viruses and viral DNA on primary and/or
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- secondary-amine bearing surfaces may be mediated by hydrogen bonding. This is unexpected

because hydrogen bonding is known to involve an electrostatic component that tends to suggest

its contribution should parallel ion exchange béhayior. Data from competition experiments with
selective hydrogen dbnof—acceptors such as sorbitol nevertheless indicates hydrogen bonding. The
behavior is fuﬂher unexpected because it is distinct and contrary in multlple respects to results
known in the art, indicating that retention increases substantially at pH 6 compared to pH 8 for
proteins ranging in size from 18 to 78 kDa; 1ndlcat1ng that there is no size correlation of increased.
binding with decreasing pH; and 'indicatin.g that retention becomes strongest at about pH 6,
weakens at lower pH, and is lost at pH 4-5 (US Patent 6,090,288). Supporting the methods
disclosed hefein, experimental data indicate that there is substantially no enhancement of retention
for a protein of about 66 kDa, while there is a strong correlation between size and enhancement,
and retention continues to become stronger at pH values below 6 for solutes with a size

approaching about | MDa and greatér, particularly at pH values less than 4, all of which are

* necessary enabling factors.

[0015] In some embodiments, the operating pH‘ may be less than 6, such as pH 5 or less, or 4 or
less, or 3.9 or less, or 3.8 or less, or 3.7 or less, or 3.6 or less, or 3.5 or less, or 3.4 or less, or 3.3 or
1ess; or3.3 or 1ess, or 3.20r lesS, or 3.1 or less, or 3.0 or less, down to the lowest pH that can be

tolerated by the desired protein without it sustaining permanent damage that may affect its clinical

efficacy or safety. In some embodiments, the tolerable pH may be 2.5 or less, or 2.0 or less, or

about 1.0. The lowest tolerable pH will be understood to be unique to each desired product, and
not possible to express on a broad generic basis. In some embodiments, the maximum pH will be
no greater than about 4 since inactivation of even lipid-enveloped virus species requires a pH

below 4. In some embodiments, the pH will between 3.25 and 3.75.

'[0016] In some emquiments, the preparation may be devoid of salts. In some embodiments, the

preparation may contain one or more species of salts, wherein the concentration of such salts is a
non-zéro amount up to 0.01 M, up t6 0.05M,upto 0.1 M, up to 0.2 M, up to 0.3 M, upto 0.4 M,
up to 0.5 M, or higher, potentially up to 1.0 M. In sdme such embodiments, the species of salt
may be sodium chloride (NaCl). In some embodiments, the presence of salt may have a negligible
effect on virus removal by the primary amine-bearing surface, while in some embodimerits_ the
presence of salt may decrease the degree of virus removal achieved by the primary amine-bearing

surface. In some embodiments, the presence of salts may either enhance virus inactivation, or
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imprpve stability of the desired ‘protein, or decrease solubility of the desired proteins. Such effects

can be determined for each species of desired protein. In some embodiments, increasing salt

concentration within the indicated ranges may limit the degree to which virus removal is
enhanced by the primary amine-bearing surface over the degree of inactivation achieved solely by
treatment at low pH, but the degree of removal will remain significant.

[0017] In some embodiments, the preparation may contain elements intended to enhance virus
inactivation, such as ethacridine, méthylene blue, daunomycin, doxorubicin, chlorhexidir;e,
alexidine, benzalkonium chloride, tris(2-aminoethyl)amine, tri(N-butyl)phosphate, a surfactant, a
chelating agent, or combinations of such elements. o ‘ »
[0018] In some embodiments, the primary—amine-bearing surface may additionally include other
species of electropositive éhemical moieties, such as secondary amine groups. In other
embodiments, the primary-afnine-bearing surface may additionally include other species of

electropositive chemical moieties, such as tertiary or quaternary amine groups. In some

~ embodiments, the primary-amine bearing surface may additionally include more than one species |

of electropositive chemical moieties. In some embodiments, the primary-amine-bearing surface
may additionally include a combination of electropositive chemical moieties consisting 0f
secondary and tertiary amines; secondary and quaternary amines; tertiary and quaternary amines;
secondary, tertiary, and quéte_mary amines, in any relative propdrtions.

[0019] In some embodiments, the chemical specieé that contains the primary amine, may be
tx’is(2-aminbethyl)amine (TREN). In other embodiments, the chemical species that contains the
primary amine may be ethylenediamine. In other embodiments the chemical species that contains
the primary amine may be polyallylamine or another polymeric primary amine.

[0020] In some embodiments, the primary-amine-bearing surface niay include chemical elements
that perrﬂit the surface as a whole to engage in electrostatic interactions, hydrogen bonds,
hydrophobic interactions, pi-pi bonding, and metal coordination interactions. “

[0021] In some embodiménts, the primary-amihé-bearing surface may include elements with a
charge opposite to the primary amines. In some embodiments, the primary-amine-bearing surface
may include elements that are electroneutral, either by virtue of being uncharged or by virtue of
containing balanced pfoportions of negative and positive charges, or both.

[0022] In some embodiments where a plurality of surfaces are present, the respective surfaces

may bear the same primary amine-containing species. In some embodiments where a plurality of
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surfaces are present, the respective surfaces may bear different primary amine-containing species.

In some embodiments where a plurality of surfaces are present, some of the respective surfaces
may bear species other than primary amines.

[0023] In some embodiments, the primary-amine-bearing solid surface may be in the physical
form of a particle, a membrane, a monolith, a hydrogel on a macro-reticulate skeleton. In some
such efnbodiments, more than a single physical unit may be.present, such as a plurality of
particles, or a plurality of membranes, or a plurality of other physical forms, cr combinations of
different physical erms; In some sﬁch embodiments, a plurality of particles may be packed in a
column. | | |

[0024] In some embod.iments, a plurality of primary-amine surfaces may be suspended within the
preparation contai‘ning' the desired protein. In some such embodiments, the suspended surfaces .

may be removed after treatment by sedimentation, or filtration, or ﬂotatidn‘, or entrapment in a

magnetic field, or entrapment on an oppositely charged surface, or any other expedient means. In

some embodiments, the preparation containing the desired protein may be flowed through a

- device containing one or more primary-amine-bearing fluid-contact surfaces after low pH

treatment for virus inactivation has been nominally completed. In some embodlments the de51red
protein preparation may be recycled contlnuously through a device containing one or more
primary-amine fluid contact surfaces for a period of time up to the full duration of the low pH
treatment. In some embodiments, the desired protem preparation may be contacted with one or
more primary amine binding surfaces by any combination of the foregoing modes of contact.
[0025] In one embodiment that illustrates the key elements of the disclosed method, a preparation
containing épartially purified desired protein such as an IgG monoclonal antibody is titrated to a pH of 3.5
and held at that pH for 60 minutes. A monolith with a surface modified to bear ethylenediamine is |
equilibrated to nominally ﬂie same pH and salt conditions as the ahtibody preparation; The preparation is

~ then flowed through the monolith. The monolith may optionally be rinsed with clean buffer at pH3.5t0

maximize recovery of the desired protein. The monolith may then optionally be discarded or regenerated.
[002 6] In another embodiment that illustrates the key elements of the disclosed method, a preparation
containing a partially purified antibody is titrated foa pH of 3.5. A monolith with a surface modified to
bear ethylenediamine is equilibrated to nominally the same pH and salt conditions as the antibody
preparation. The preparation is then recirculated through the monolith until the desired protein has been
exposed to pH 3.5 for 60 minutes, or some other specified time interval.
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[0027] In another embodiment that illustrates the key elements of the disciosed method, a preparation
containing a partially pnn'ﬁed antibody is titrated to a pH of3.5. A membrane adsorber with a surface
modified to bear polyallylamine is equilibrated to nominally the same pH and salt conditions as the
antibody preparation. The preparation is then recirculated through the membrane for a period of 60’
minutes. In a closely related embodiment, the antibody preparation is incubated at pH 3.5 for 60 minutes

then flowed through the membrane adsorber in a single pass.

{0028] In another embodiment that illustrates the key elements of the disclosed method, a preparation
containing a partially purified antibody is titrated to a pH of 3.5. Particles thh surfaces modified to bear
ethylenediarnine, or polyallylamine,. or other primary-amine-inclusive ligand are equilibrated to nominally
the same pH and salt conditions as the antibody preparation. The particles are maintained in a suspended
state by stirring for a period of 60 minutes, following which they are removed by sedimentation or

*filtration or any other expedient method. The particles may optionally be nnsed with clean buffer at pH 35

to maximize recovery of the desired protein. In a closely related embodiment, the antibody preparation is
incubated af pH 3.5 for 60 minutes, then passed thlough a column packed with particles bearing
etllylenediarrliné, polyallylamine, tris(2-aminoethyl)amine, or other primary-amine-inclusive ligand.
{0029] Terms below are defined so that the embodiments herein may be understood more
readily. Additional deﬁm'ti_ons are set forth throughout the detailed description.

[0030] “Amines” are defined as organic compounds derived from ammonia by replacement of
one or more hydrogen atoms with organic radicals, often with a hydrocarbon such as a methyl or
ethyl group. On a “primary amine,” one hydrogen atom is replaced by an organic radical. On a
“secondary amine,” two hydrogens are replaced by organic radicals. On a.“tertiary amine,”
three hydrogens are replaced by organic radicals. On a “quaternary amine,” three hydrogens
are replaced by organic radicals and a fourth organic radical replaces an electron pair that exists
on less substituted amines. Primary-amine-containing compounds may also contain other types

of amines, or non-amine species.

[0031] “Hydrogen bonds” are defined as weak bonds between two molecules resulting in part

from an electrostatic attraction between a proton in one molecule and an electronegatlve atom in

another and in part from covalent interactions.

' [0032] “Virus” or “virion” refers to an ultramicroscopic (roughly 20 to 300 nm in diameter),

métabolic“ally inert, infectious agent that replicates only within the cells of living hosts, mainly |

bacteria, plants, and animals: composed of an RNA or DNA core, a protein coat, and, in more
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complex fypes, a surrounding envelope containing one or two layers of lipids. Examples include

but are not limited to a dsSDNA virus, a ssSDNA virus, a dsSRNA virus, a ('+)ssRNA virus, a (-
)ssRNA Virus, a sSRNA RT virus and a dsDNA-RT virus; an adenovirus, a herpesvirus, a
poxvirus, a.paivovirus, a reovirus, a norovirus, a picornavirus, a togavirus, an oﬁhomyxovims, a -
rhabdovirus, a retrovirus, a hepadanvirus, a papillbomavims, a Human IMmunodeﬁciency Virus
(HIV), an influenza virus, dengue virus, Japanese encephalitis virus, West Nile virus, and
bacteriophages. The term virus is understood to include virus particles for use as vectors for gene

therapy, for use as vaccines, and as replacements for antibiotics. It is also understood to include

“so-called pseudovirions, which may be described as virus particles that have been recombinantly

modified to conserve their ability to generate protective immunity while eliminating their ability

~ to cause infection, and may also described as xenotropic viral species where distinct viral species

spontaneously transfer genes from one to the other within a host that is infected with both.

© [0033] “Virus inactivation” refers to a process that damages the virus in a way that suspends its

ability to réproduce. Heat is commonly used for this purpose, as well exposure to chemical
agénts or extreme chemical environments such as highly acidic or highly alkaline conditions, or
exposure to organic solvents, among others. |

[0034] “Virus removal” refers to a process that removes virus from a preparation. Such removal
may result from physical methods, such as filtration, where the porosity of a filtration device

prevents the passage of virus, or size exclusion chromatography, where the size of a virus causes

it to be fractionated from smaller proteins. Removal may also result from the chemical

association of a virus with a complementary surface, such as a chromatography surface, such as
in‘ion exchange, affinity, hydrophobic interaction, or hydrdxyapatite chromatography, or other
chromatography methods.

[0035] “Virus redinction” refers to the total reduction of virus load from a preparation by
inactivation and removal. '

[0036] “Viral polynucleotides” refers to the genetic material of a virus, in some case DNA, in
some cases RNA.

[0037] In certain embodiments, the disclosed méthod can be applied without _variatioh from the
general examples described above to .enhanée virus reduction. The pH of the inactivating :
solution should be selected to achieve the highest degree of virus inactivation possible without

consideration of the solid material bearing a primary amine. Within the effective range of pH
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values known to inactivate virus without permanently damaging the product of interest, which
may be from a value lower than pH 4, to a value of about pH 3, the solid material may be
expected to sﬁbstantially enhance net viral reduction. Time of exposure may also be selected
independent of the solid material bearing primary amine. Temperature of exposure may also be
selected independent of the solid material bearing primary amine. Addition of antiviral
components may be coﬁsidered, however, it will be prudent to check certain variables to assess
their individual and collective impact. Nonionic, zwitterionj'c, or positively charged additives can
be expected to be tolerated ‘without significant interference to the ability of the solid material
bearing primary amines to retain virus or viral DNA. Electronegative additives may have a
tendency to interfere with virus binding to the solid material bearing primary amines. C'ohductive |
additives such as salts may limit the ability of the eolid material bearing primary amines to bind
virus, though generally, saltv'concentr‘ations that produce roughly physiological conductivity or
less will be well tolerated, and in some embodiments, salt concentrations twice or thrice
physiological conductivity will still permit the solid material bearing primary amines to deliver a
worthy enhancement to overall virﬁs reduction. Simple experiments can be conducted at various

levels of additives to determine the degree to which they may reduce the ability of the solid

- material bearing primary amines to reduce virus. The technique known as Design of Experiments

 (DoE) is Widely known in the art for minimizing the number of tests required to obtain a

statistically valid body of data to identify the optimum conditions for a given set of variables. As
a general matter, the conditions that support the most effective virus inactivation independent of
the solid material bearing primary amines, will support the greatest overall reduction of virus in

combination with the solid material bearing primary amines.

[0038] In some embodiments, the disclosed methods will enhance removal of DNA and/or

contaminating proteins in parallel with enhancing virus reduction. Expen'mental data indicate
that this occurs through the same chemical mechanism as virus reduction; unexpectedly
increasing with decreasing pH. In some such embodiments, for example where the desired |
product does bind to the primary-amine-bearing surface, it may be advantageohs to employ the

lowest praetical salt concentration to favor the highest reduction of virus. In other embodiments,

for example where the desired protein has an attraction to the primary amine-bearing surface, it

- may be necessary to increase the salt concentration for the dual purpose of preventing loss of -

desired product, and to prevent bound desired protein from interfering with virus-binding

10
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 capacity. In some such embodiments, the increase in salt concentration should generally not be

greatér than neceésary to prevent desired pfdtein loss and/or desired protein interference with
virus binding. Since each species of desired protein presents different properties, it is understood
that experimentation may be required to determine if salts are required, and to determine their
minimum effective concentrations. It is within the ability of persons skilled in the art td
determine the effective concentration through simple experiments.

[0039] In some embodirﬁents, it will be beneficial to evaluate primary amine bearing surfaces

and devices of various form and composition to determine which provides the most effective

‘contact and highest capacity for virus reduction. As a general matter, membranes offer less flow

.resistar_lce than monoliths but monoliths offer higher virus binding capacity. Porous particles
suspended in the désifed protein preparation generally suffer from poor capacity and retarded
vims binding kinetics due to the lafge molecular distances among viruses and charged particles.
Columns pécked with porous particles offer more rapid kinetics than suspended particles, though -
they are still slow in comparison to membran‘es and monoliths and still suffér from low capacity,
but porous particles may achieve Worthy enhancement of virus reduction nonetheless. _
R EXAMPLES |
[0040] Example 1. DNA bindihg on an ethylenediamine-bearing monolith (CIM EDA, BIA
Separations) as a function of pH. Genomic DNA from salmon sperm was used as a surrogate for
viral DNA. An EDA monolith was equilibrated with buffers ranging from pH 8.0 to 3.5 in |
separate expér-imehts. DNA suspended in 50 mM Tris, pH 8 was injected onto the monolith. After

‘a wash step to displace unbound sample components, the DNA was eluted in a linear gradient of

either NaCl or guanidine. In both cases, results 'ind_icateAa disproportionate increase in strength of

retention beginning at pH 4. Experimental results are provided in Table 1:

Tablel
pH . buffering species j M NaCl elution M Guanidin.e elution
8.0 50 mM Tris 1.65 . 1.84 |
70 50 mM Hepes 200 215
6.0 50 mM MES | 282 2.9
5.0 50 mM acetate 3.35 3.06
4.0 50 ﬁlM acetate -4.85 .' 5.39

: 3A.O - 50 mM acetate 485 541

11
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. [0041] Example 2. Enhancement of DNA retention on a primary amine-bearing surface versus

weakened retention on a quaternary amine-bearing surface. Genomic DNA from salmon sperm.
was used as a surrogate for viral DNA. Retention of DNA was evaluated at pH 8§, 7,and 6 on a

primary amme'—bearmg monolith (CIM EDA, BIA Separatlons) versus a quaternary amine-

bearing monolith (CIM QA, BIA Separations). DNA eluted from QA at 0.6 M NaCl at pH 8.0,

weakening to 0.55 M NaCl at pH 7.0, and further weakening to 0.47 M NaCl at pH 6.0. DNA
eluted from EDA at 0.83 M NaCl at pH 8.0, 1.11 M NaCl, at pH 7.0, and 1.8 MYNaC,I at pH 6.0.
These results highlight the fact that retention on the primary amine-bearing surface is opposite to
the trend, and of dramatically greater magnitude than observed with the Quatemary amine- | '
bearing surface. | | ‘

[0042] Example 3. Enhancement of virus retention on a primary amine-bearing surface versus
Weakened retention on a quaternary amine- beanng surface Bacteriophage M13 was used as a
test virus. Retention of DNA was evaluated at pH 8, 7, and 6 on a primary amme-beanng
monolith (CIM EDA, BIA Separations) versus a quaternary amine-bearing monolith (CIM QA,
Bm Separations). DNA eluted from QA at 0.7 M NaCl at pH 8.0, weakening to 0.61 M NaCl at -
pH 7.0; and further weakening to 0.53 M NaCl at pH 6.0. DNA eluted from EDA at 1.02 M
NaCl at pH 8.0, 1.47 M NaCl, at pH 7.0, and 2.5 M NaCl at pH 6.0. These results highlight the
fact that retention on the primary amine-bearing surface is epposite to the trend, and dramatically
greater than obsefved with the quaternary amine-bearing surface. _ _

[0043] Example 4. Enhanced reduction of minute virus of mice (MVM) with a primary amine-
bearing monolith. A virai cell culture containing MVM was exposed to pH 3.5 for 60 minutes.
MVM is known not to be inactivated by these conditions. Solids were removed by filtration an‘d'
the filtrate was passed through an EDA monolith equilibrated to pH 3.5. MVM content was . |
reduced by a logo factor of 2.85. This represents about a 700-fold enhancement of virus
reductlon and particularly highlights the ability of the disclosed method to enhance removal of
nonenveloped virus species, particularly including retroviral species such as MVM.

[0044] Example 5. Enhanced reduction of Hepatitus A virus (HAV) with a primary amine-
bearing monolith. A viral cell culture containing HAV was exposed to pH 3.5 for 60 minutes.
HAV is known not to be inactivated by these conditions. Solids Wefe removed by filtration and
the ﬁltfate was passed through an EDA monolith equilibrated to pH 3.5. MVM content was

reduced by a log;o factor of 2.85. This represents about a 700-fold enhancement of virus reduction
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and further highlights.the ability of the disclosed method to enhance removal of nonenveloped_
virus species. ‘ | | |

[0045] It will be apparent to the person of skill in the art, that the disclosed methods may also
be used for the purification of viruses, especially non-lipid enveloped viruses where the low pH

of b1nd1ng may provide the secondary benefit of i inactivating lipid- enveloped viruses in

conjunction with purification. For the same reasons, it will be equally apparent that the

disclosed methods may also be used for isolation of DNA from preparations that may be

contaminated by lipid-enveloped viruses. In both cases, the ability of the disclosed methods to

' disproportionately enhance the retention of target products according to their size will also favor -

the elimination of smaller contaminants such as proteins. »

[0046] All references cited herein are incorporated by reference in their entir_ety and for all
purposes' to the same extent as if each individual publication or patent or patent application was
specifically and individually indiceted to be incorporated by reference in its entirety for all
pnrposes. To the extent publications and patents or patent applications incorporated by reference
contradict the disclosure contained in the speciﬁcation, the specification is intended to supersede:
and/or take precedence over ony such contradictory mateﬁal. -

[0047] All numbers expressing quantities of ingredients, chromatography conditions, and so forth
used in the specification and claims are to be understood as being nﬁodiﬁed in all instances by the
term "about.” Accordingly, unless indicated to the contrary, the numerical parameters set forth in
the specification and attached claims are approximations that may vary depending upon the
desired performance sought to be obtained by the present embodiments.

[0048] Many modifications and variations of the embodiments herein can be made without
departing from its spirit and scope, as will be apparent to those skilled in the art. The specific
embodiments described herein are offered by way of example only and are not meant to be

limiting in any way. It is intended that the specification and examples be considered as exemplary

“only, with the true scope and spirit of the embodiments being indicated by the following claims.
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CLAIMS

What is claimed is: |

1. A method for reducing virus and viral DNA levels in an acidic pfeparatioﬁ of a desired
protein, the method comprising contacting the acidic preparation of the desiréd protein with a
surface bearing a primary amine, secdndary amine, or both. |

2. The method of claim 1, wherein an operating pH during the contacting step is in a range

‘selected from the group consisting of (a) from about 2.0 to about 4.0, (b) from about 2.25 to

about 3.75, (c) from about 2.5 to about 3.5, (d) from about 2.75 to about 3.25, (¢) from about
3.5 to about 3.75, and (f) from about 3.25 to about 3.5.

3. The method of claim 1, wherein a salt concentration during the contacting step is range

selected froin the group consisting of (a) from about 0.0 to about 0.5 M, (b) from about 0.05 to
about 0.3 M, (¢) from abouf 0.1 to about 0.2M.

4. The method of claim 1, wherein the duration of the contacting step is in a range selected
from the group éonsfsting of (a) from about 15 to about 120 minutes, (b) from about 30 to
about 60 minutes, (c) a non-zero amount less than about 30 minutes, (d) a non-zero amount less
than about 15 minutes, (¢) a non-zero amount less than about10 minutes, (f) a non-zero amount
less than about 5 minutes, (g) a non-zero amount less than about 2 minutes, (h) a non-zero
amount less than about 1 rhinute, and (i) a time required to pass the preparation through a
device housing the primary amine-bearing surface.

5. The method of claim 1, wherein the surface comprises one or more moieties selected
from the group consisting of ethylenediamine, tris(2-aminoethyl)amine, diethylaminetriamine,
triethylenetetraamine, tetracthylenepentamine, and a polyallylémine.

6. The method of claim 1, wherein the surface is in the form of one selected from the
group consisting of a particle, a membrane, a monolith, a hydrogel-coated skeletal framéwork,
and combinations thereof. | | |

7. - The method of claim 1, wherein the contacting step is performed by an operation
selected from the group consisting of (a) dispersing primary or secondary amine-bearing
particles in the preparation, (b) passing the preparation through a device in fluid contact with
the primary amine-bearing surface, (¢) recirculating the preparation through a device in -

providing fluid contact with the primary amine-bearing surface, and combinations thereof.
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