Excellence in Separations

Comparison of gradients prepared from OptiPrep™ with those prepared
from CsCl, sucrose or glycerol for the purification and analysis of viruses
and viral vectors

¢ OptiPrep™ is the trademark of a sterile solution of 60% (w/v) iodixanol (p = 1.32 g/ml)

¢ Other OptiPrep™ Mini-Reviews described in the following text and also Application Sheets that
provide detailed methodologies are all available on the following website: www.axis-shield-
density-gradient-media.com or on the OptiPrep Applications flash drive. Start by clicking on
either the “Mini-Review” or “Methodology” tab at the top of the home page.

¢ Mini-Review presents MV01 presents a summary of methodologies for the concentration and
purification of viruses and viral vectors.

1. Recombinant adeno-associated virus (rAAV)

In the first paper to be published from groups at the University of Florida (Gainesville) and the University
of North Carolina (Chapel Hill) on the use of density gradients for the purification of rAAV, Zolotukhin et al [1]
noted the huge saving of time when employing OptiPrep™ rather than CsClI for this purpose. Two or three
rounds of CsCl density gradient centrifugation were required, each of 18 h duration; moreover, in between each
round it was necessary to fractionate, dialyse and analyse the gradient to determine the banding position of the
vector. As a result the final product can take up to 14 days to prepare. In contrast the single iodixanol gradient
required is only 1 h in duration and because of the non-ionic nature of the molecule and its lack of toxicity,
electrophoresis and infectivity measurements can be executed directly on the gradient fractions without dialysis.
The combination of a single iodixanol gradient and a heparin affinity column has now become a standard
procedure for the purification of rAAV vectors for gene therapy investigations. The potentially toxic nature of
CsCl and poor outcome of CsClI gradients contrasting with the vastly improved yields (50-70%), very high
purity (ca. 99%) and high rates of transduction achievable with rAAV purified in iodixanol gradients have been
emphasized in many papers [1-13].

¢ The considerable benefits of iodixanol are also observed with the use of the continuous gradients developed
by Hermens et al [14] working at the Netherlands Institute for Brain Research in Amsterdam.

¢ For the purification rAAV2/6 optimal transduction was obtained with virus sequentially purified in
discontinuous and continuous iodixanol gradients [15].

Moreover other problems associated with the use of multiple CsCI gradients have largely or completely
been resolved by the use of the single iodixanol gradient + heparin chromatography method and other protocols
using iodixanol gradients:

a. The inability of several rounds of CsCl gradient centrifugation to remove contaminating adenovirus,
adenovirus factors and proteins [16,17].

b.  Trace amounts of CsCl lead to inflammatory responses in recipient animals [10] and because of the vastly
improved transduction rate per particle with iodixanol- purified rAAV [18] it is much more suited to
therapeutic applications [19].

c. Resolution of rAAV from host cellular contaminants [20,21] and contaminating proteins that lead to altered
tropism profiles [22].

d. The unsuitability of CsClI gradients for scale-up preparations [23].

e. Use of rAAV vectors for Parkinson’s disease studies identified not only the inconvenience of multiple
rounds of CsCI gradients and their toxicity, but also their inability to resolve assembled virions from empty
particles [24] — iodixanol overcame all these problems.

f.  Aggregation of particles observed with CsCl is avoided by the use of iodixanol gradients [25].

g. A novel method for the purification of rAAV utilizing biotinylation requires iodixanol gradients to remove
biotinylated cellular proteins [26].

h.  In studies of gene transfer to rat brain neurons CsCl-purified rAAV8 showed an unexpected astroglial
transduction, while iodixanol-purified vector showed the expected transduction pattern. This was attributed
to the high levels of cellular protein contamination observed with CsCl [27].



i. Inratislet transduction studies it was necessary to increase the dose of rAAV vectors purified in CsCl
compared to iodixanol because of the much-reduced infectivity in the former [28].

j- Several important improvements in functional parameters were observed in iodixanol gradients [29]: yields
of >1x10™ genome copies per run; a capsid protein purity of >90% and separation of infectious partricles
from empty particles. Consequently improved transduction was obtained both in in vivo and in vitro. The
methodology was found to be effective with most serotypes.

k.  More recently Buclez et al [30] stressed the importance of simplifying the whole concentration and
purification procedure by recommending the use of tangential flow filtration, followed by a modified
iodixanol gradient. The authors observed that this is sufficient to purify several litres of crude lysate in one
working day and yielded rAAV of high titre and good purity.

¢ For methodological details see OptiPrep™ Application Sheet VV14. For a complete rAAV bibliography see
Mini-Review MV02.

2. Adenoviral vectors

The discontinuous gradient used for rAAV vectors (see Section 1) was later adapted to adenoviral vectors
by Manninen et al [31] although the method was first described in detail by Peng et al [32]. More recently a self-
generate iodixanol gradient was described by Dormond and Kamen [33,34]. Compared to two rounds of CsCl
gradients the combination of a single iodixanol gradient + size-exclusion chromatography improved yields
fourfold [32]. This method was found to be particularly beneficial for vectors with arginine-glycine-aspartate-
modified fibre proteins, which aggregated during the second round of CsCl gradients [32]. The separation of
helper virus from helper-dependent adenovirus in CsClI gradients was ineffective, while two rounds of a self-
generated iodixanol gradient gave efficient separation of contaminating components whose density was only
marginally lower than that of the adenovirus [33]; the first round produced a 100% yield and the helper virus
was reduced six-fold. Purification of capsid-modified vectors was faster on iodixanol than CsCI gradients;
moreover it was unnecessary to remove the iodixanol prior to use [35].

¢ For methodological details see OptiPrep™ Application Sheet V07

3. Norwalk virus
Norwalk virus-like particles are unstable in both CsCl and sucrose gradients; this instability is not
encountered in iodixanol gradients [36].

¢ For methodological details see OptiPrep™ Application Sheet V18

4. Papilloma viral vectors

CsCl gradients lead to a loss of 99% of the virus titre of these vectors, while infectivity is retained in
iodixanol gradients; the authors also commented on the need to use much lower concentrations of iodixanol
compared to those of CsCl because of the much lower density of the particles in iodixanol [37]. It was noted that
DNA-containing capsids have a lower density than empty capsids in iodixanol, while the reverse is true for CsCl
[38]. This is probably related to the much lower density of DNA in low osmolality iodinated density gradient
media such as Nycodenz® and iodixanol (1.10-1.17 g/ml) compared to approx 1.7 g/ml in CsCl. The number of
moles of water associated with each mole of nucleotide in DNA isolated from Nycodenz® gradients is 64; from
CsCl gradients the figure is 6 [39]. lodixanol gradients were chosen in the analysis of the formation of infectious
particles because of the higher resolving power of such gradients [38].

¢ For methodological details see OptiPrep™ Application Sheet V10. For a complete papillomavirus
bibliography see Mini-Review MV05

5. Hepatitis C virus
In vivo host viruses form complexes with plasma lipoproteins; iodixanol is superior to both sucrose and
NaBr gradients in the preservation of these complexes [40].

¢ For methodological details see OptiPrep™ Application Sheet V19 and V20, which describe the analysis of
hepatitis C virus from liver and cultured cells and the companion OptiPrep™ Application Sheets V21 and
V22 which describes the isolation of viruses from the Flaviviridae family from cultured cells. For a
complete bibliography see Mini-Review MV06



6. Retroviruses

Enveloped retroviruses used to be routinely prepared in sucrose gradients; a major problem associated with
the high viscosity of these gradients was that hydrodynamic shearing at the surface of the virus caused the loss
of glycoproteins that are important in the binding of the virus to host cells. Low viscosity, isoosmotic iodixanol
gradients overcome this problem entirely [41-43]. Mgller-Larsen and Christensen [41] also commented on the
ease of handling, shorter centrifugation times and reproducibility of self-generated gradients that iodixanol
offers.

¢ There are several OptiPrep™ Application Sheets that provide methodological details for the isolation and
analysis of retroviruses:

Human immunodeficiency virus — 1 (HIV-1) and lentivirus vectors — V34

Moloney murine leukemia virus — V33

Human T-cell lymphotropic virus (HTLV-1) and human endogenous retrovirus (HERV-H) -V31

Foamy viruses (Spumaviridae genus) — V35

Mason-Pfizer Monkey virus — V30

Rous sarcoma virus — V29

For a complete bibliography of retroviruses see Mini-Review MV04
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7. Merkel cell polyoma virus

The high osmolality (low water activity) of CsCI gradients causes severe dehydration of polyoma virus and
leads to an artificially high density [44]. Fully encapsidated virus has a density of 1.24 g/ml in iodixanol
gradients, against 1.34 g/ml in CsCl gradients. See Application Sheet V11

¢ The high viscosity and osmolality of CsCl gradients is considered a big disadvantage for the purification of
all viral vectors [45].

8. References
1.  Zolotukhin, S., Byrne, B.J., Mason, E., Zolotukhin, I., Potter, M., Chesnut, K., Summerford, C., Samulski,
R.J. and Muzyczka, N. (1999) Recombinant adeno-associated virus purification using novel methods
improves infectious titer and yield Gene Ther., 6, 973-985
2. Summerford, C. and Samulski, R.J. (1999) Viral receptors and vector purification: New approaches for
generating clinical-grade reagents Nat. Med., 5, 587-588
3. Wu, P., Xiao, W., Conlon, T., Hughes, J., Agbandje-McKenna, M., Ferkol, T., Flotte, T. and Muzyczka, N.
(2000) Mutational analysis of the adeno-associated virus type 2 (AAV2) capsid gene and construction of
AAV2 vectors with altered tropism J. Virol., 74, 8635-8647
4. Monahan, P.E. and Samulski, R.J. (2000) AAV vectors: is clinical success on the horizon? Gene Ther. 7,
24-30
5. Schwarz, E. M. (2000) The adeno-associated virus vector for orthopaedic gene therapy Clin. Orthop.
Relat. Res., 379S, S31-S39
6. Pfeifer, A. and Verma, I.M. (2001) Gene therapy: Promises and problems Annu. Rev. Genom. Hum.
Genet., 2, 177-211
7.  Zolotukhin, S., Potter, M., Zolotukhin, 1., Sakai, Y., Loiler, S., Fraites, T.J., Chiodo, V.A., Phillipsberg, T.,
Muzyczka, N., Hauswirth, W.W., Flotte, T.R., Byrne, B., and Snyder, R.O. (2002) Production and
purification of serotype 1,2, and 5 recombinant adeno-associated viral vectors Methods, 28, 158-167
8.  Paterna, J-C. and Biieler, H. (2002) Recombinant adeno-associated virus vector design and gene
expression in the mammalian brain Methods, 28, 208-218
9. Mistry, A.R., De Alwis, M., Feudner, E., Ali, R.R. and Thrasher, A.J. (2002) High-titer stocks of adeno-
associated virus from replicating amplicons and herpes vectors Methods Mol. Med., 69, 445-460
10.  Lu, Y. (2004) Recombinant adeno-associated virus as delivery vector for gene therapy — a review Stem
Cells Dev., 13, 133-145
11.  Zolotukhin, S. (2005) Production of recombinant adeno-associated virus vectors Hum. Gene Ther., 16,
551-557
12.  Grieger, J.C., Choi, V.W. and Samulski, R.J. (2006) Production and characterization of adeno-associated
viral vectors Nat. Protoc., 1, 1412-1428
13.  Khan, I.F., Hirata, R.K. and Russell, D.W. (2011) AAV-mediated gene targeting methods for human cells
Nat. Protoc., 6, 482-501
14.  Hermens, W.T.J.M.C., Ter Brake, O., Dijkhuizen, P.A., Sonnemans, M.A.F., Grimm, D., Kleinschmidt,
J.A. and Verhaagen, J. (1999) Purification of recombinant adeno-associated virus by iodixanol gradient



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

ultracentrifugation allows rapid and reproducible preparation of vector stocks for gene transfer in the
nervous system Hum. Gene Ther., 10, 1885-1891

Ussher, J.E. and Taylor, J.A. (2010) Optimized transduction of human monocyte-derived dendritic cells by
recombinant adeno-associated virus serotype 6 Hum. Gene Ther., 21, 1675-1686

Peel, A.L. and Klein, R.L. (2000) Adeno-associated virus vectors: activity and applications in the CNS J.
Neurosci. Methods, 98, 95-104

Shen, W-Y, Lai, Y.K.Y., Lai, C-M.and Rakoczy, P.E. (2003) Impurity of recombinant adeno-associated
virus type 2 affects the transduction characteristics following subretinal injection in the rat Vision Res.,
44, 339-348

Rabinowitz, J.E., Rolling, F., Li, C., Conrath, H., Xiao, W., Xiao, X. and Samulski, R.J. (2002) Cross-
packaging of a single adeno-associated virus (AAV) type 2 vector genome into multiple AAV serotypes
enables transduction with broad specificity J. Virol., 76, 791-801

Shen, W-Y ., Lai, C-M., Lai, Y.K.Y., Zhang, D., Zaknich, T., Sutanto, E.N ., Constable, 1.J., Rakoczy, P.E.
(2003) Practical considerations of recombinant adeno-associated virus-mediated gene transfer for
treatment of retinal degenerations J. Gene Med., 5, 576-587

Xiao, W., Warrington, K.H., Hearing, P-. Hughes, J. and Muzyczka, N. (2002) Adenovirus-facilitated
nuclear translocation of adeno-associated virus type 2 J. Virol., 76, 11505-11517

Yan, Z., Lei-Butters, D.C.M., Liu, X., Zhang, L., Luo, M., Zak, R. and Engelhardt, J.F. (2006) Unique
biologic properties of recombinant AAV1 transduction in polarized human airway epithelia J. Biol. Chem.,
281, 29684-29692

Lawlor, P.A., Bland, R.J., Mouravlev, A., Young, D. and During, M.J. (2009) Efficient gene delivery and
selective transduction of glial cells in the mammalian brain by AAV serotypes isolated from nonhuman
primates Mol. Ther., 17, 1692-1702

Koerber, J.T., Jang, J-Y., Yu, J.H., Kane, R.S. and Schaffer, D.V. (2007) Engineering adeno-associated
virus for one-step purification via immobilized metal affinity chromatography Hum. Gene Ther., 18, 367-
378

Ulusoy, A., Bjorklund, T., Hermening, S. and Kirik, D. (2008) In vivo delivery for development of
mammalian models for Parkinson’s disease Exp. Neurol., 209, 89-100

Burova, E. and loffe, E. (2005) Chromatograpahic purification of recombinant adenoviral and adeno-
associated viral vectors: methods and implications Gene Ther., 12, S5-S17

Arnold, G.S., Sasser, A.K., Stachler, M.D. and Bartlett, J.S. (2006) Metabolic biotinylation provides a
unique platform for the purification and targeting of multiple AAV vector serotypes Mol. Ther., 14, 97-106
Klein, R.L., Dayton, R.D., Tatom, J.B., Henderson, K.M. and Henning, P.P. (2008) AAVS, 9, Rh10, Rh43
vector gene transfer in the rat brain: effects of serotype, promoter and purification method Mol. Ther., 16,
89-96

Craig, A.T., Gavrilova, O., Dwyer. N.K., Jou, W., Pack, S., Liu, E., Pechhold, K., Schmidt, M., McAlister,
V.J., Chiorini, J.A., Blanchette-Mackie, E.J., Harlan, D.M. and Owens, R.A. (2009) Transduction of rat
pancreatic islets with pseudotyped adeno-associated virus vectors Virol. J. 6:61

Lock, M., Alvira, M., Vandenberghe, L.H., Samanta, A., Toelen, J., Debyser, Z. and Wilson, J.M. (2010)
Rapid, simple, and versatile manufacturing of recombinant adeno-associated viral vectors at scale Hum.
Gene Ther., 21, 1259-1271

Buclez, P-0., Florencio, G.D., Relizani, K., Beley, C., Garcia, L. and Benchaouir, R. (2016) Rapid,
scalable, and low-cost purification of recombinant adeno-associated virus produced by baculovirus
expression vector system Mol. Ther. Meth. Clin. Dev., 3: 16035

Manninen, A., Verkade, P., Le Jay, S., Torkko, J., Kasper, M., Fullerkrug, J. and Simons, K. (2005)
Caveolin-1 is not essential for biosynthetic apical membrane transport Mol. Cell. Biol., 25, 10087-10096
Peng, H.H., Wu, S., Davis, J.J., Wang, L., Roth, J.A., Marini Ill, F.C. and Fang, B. (2006) A rapid and
efficient method for purification of recombinant adenovirus with arginine—glycine—aspartic acid-modified
fibers Anal. Biochem., 354, 140-147

Dormond, E., Chahal, P., Bernier, A., Tran, R., Perrier, M. and Kamen, A. (2010) An efficient process for
the purification of helper-dependent adenoviral vector and removal of helper virus by iodixanol
ultracentrifugation J. Virol. Meth., 165, 83-89

Dormond, E. and Kamen, A.A. (2011) Manufacturing of adenovirus vectors: production and purification
of helper dependent adenovirus In.Viral Vectors for Gene Therapy: Methods and Protocols (eds Merten, O-
W. and Al-Rubeai, M.), Methods Mol. Biol., 737, Springer Science+Business Media, pp 136-156
Giménez-Alejandre, M., Gros, A. and Alemany, R. (2011) Construction of capsid-modified adenoviruses
by recombination in yeast and purification by iodixanol-gradient In Methods Mol. Biol., 797, Oncolytic
Viruses: Methods and Protocols, (ed. Kirn, D.H. et al.), Springer Science+Business Media, pp 21-34
Bertolotti-Ciarlet, A., White, L.J., Chen, R., Prasad, B.V.V. and Estes, M.K. (2002) Structural
requirements for the assembly of Norwalk virus-like particles J. Virol., 76, 4044-4055



37.

38.

39.

40.

41.

42.

43.

44,

45,

Buck, C.B., Pastrana, D.V., Lowy, D.R. and Schiller, J.T. (2004) Efficient intracellular assembly of
papillomaviral vectors J. Virol., 78, 751-757

Pyeon, D., Lambert, P.F. and Ahlquist, P. (2005) Production of infectious human papillomavirus
independently of viral replication and epithelial cell differentiation Proc. Natl. Acad. Sci. USA, 102, 9311-
9316

Ford, T. and Rickwood, D. (1983) Analysis of macromolecules and macromolecular interactions using
isopycnic centrifugation In lodinated density gradient media — a practical approach (Ed. Rickwood D.) IRL
Press at Oxford University Press, Oxford, UK) pp. 23-42.

Nielsen, S.U., Bassendine, M.F., Burt, A.D., Martin, C., Pumeechockchai, W. and Toms, G.L. (2006)
Association between hepatitis C virus and very-low-density lipoprotein (VLDL)/LDL analyzed in iodixanol
density gradients J. Virol., 80, 2418-2428

Mgller-Larsen, A. and Christensen, T. (1998) Isolation of a retrovirus from multiple sclerosis patients in
self-generated iodixanol gradients J. Virol. Methods, 73, 151-161

De las Mercedes Segura, M., Kamen, A. and Garnier, A. (2006) Downstream processing of oncoretroviral
and lentiviral gene therapy vectors Biotechnol. Adv., 24, 321-337

De las Mercedes Segura, M., Garnier, A. and Kamen, A. (2006) Purification and characterization of
retrovirus vector particles by rate zonal ultracentrifugation J. Virol. Methods, 133, 82-91

Feng, H., Kwun, H.J,, Liu, X., Gjoerup, O., Stolz, D.B., Chang, Y. and Moore, P.S. (2011) Cellular and
viral factors regulating Merkel cell polyomavirus replication PLoS One, 6: 22468

Segura, M.M., Kamen, A.A. and Garnier, A. (2011) Overview of current scalable methods for purification
of viral vectors In, Viral Vectors for Gene Therapy: Methods and Protocols, Methods in Molecular
Biology, 737 (eds. Merten O.W. and Al-Rubeai, M.) Springer Science+Business Media, pp 89-116

Mini-Review MV08: 3" edition, February 2017

Alere Technologies AS

Axis-Shield Density Gradient Media
is a brand of Alere Technologies AS



