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ABSTRACT 

We have investigated tlie use of column chromatography for the purification of ACN53, a recombinant ade

novirus type 5 encoding the h u m a n p53 tumor suppressor protein. Anion exchange, size exclusion, hydrophobic 

interaction, and metal chelating resins were tested; each was found to have distinct advantages and disad

vantages. Based on these data, a rapid method was devised for the purification of A C N 5 3 . The resultant prod

uct was characterized and compared to cesium chloride density-gradient purified virus by S D S - P A G E , 

Western blot analysis, absorbance spectrum, total particle-to-infectious particle ratio, expression of p53 gene 

product in Saos-2 cells, growth inhibition of Saos-2 cells, and contamination by A T C C - 2 9 3 host cell proteins. 

The results show that column chromatography offers an alternative to ultracentrifugation for the purifica

tion of recombinant adenoviruses for use in h u m a n gene therapy trials and other research applications. 

OVERVIEW SUMMARY 

We have devised a chromatographic protocol for the pu

rification of recombinant adenoviruses intended for use in 

human gene therapies that allows for production on an in

dustrial scale. This method is intended to replace the cur

rent methodology of density-gradient ultracentrifugation. A 

comparison of the purity and potency of a recombinant ade

novirus type 5 bearing the human p53 gene (ACN53) de

rived from chromatographic and ultracentrifugation meth

ods is presented, and the advantages of virus purification 

by column chromatography are discussed. 

INTRODUCTION 

ADVANCES IN GENE THERAPY tcchuology have brought new 

treatments for cancer and other serious disease states to 

the stage of climcal trials. In most cases, gene therapy involves 

viral vectors delivering genes to target ceUs. In striking con

trast to the rapid advances that have taken place in genetic tech

nology, purification of viruses has continued to rely upon den

sity gradient centrifugation as a primary mode of purification 

for more than 30 years (Green and Fina, 1964). New method

ologies for production and purification of virases are needed if 

these promising experiments are to result in therapeutic prod

ucts. The results reported here show that column chromatogra

phy offers significant potential as a method for large-scale viras 

production. 

Our research has focused on new therapies based upon tu

mor suppressor genes and gene products, the two best charac

terized of which are pS3 and retinoblastoma (Rb). Mutations in 

the pS3 gene and subsequent loss of functional p53 protein have 

been implicated in the malignant behavior of a variety of hu

man tumors (Bartek et al, 1991; Hollstein et al, 1991). Our 

sfrategy has been to suppress proUferating cells by infroducing 

the normal p53 gene by infection with a recombinant adenoviras 

(rAd). The vector chosen for these studies, ACN53, was de

rived from an adenoviras type 5 (Ad 5) vuus tiiat has had the 

El coding sequences replaced with a 1.4-kb full-length p53 

cDN A wifli expression driven by the human cytomegaloviras 

promoter (Wills et al, 1994). Recombinant virions were pro

duced in the human embryonal kidney cell line 293. 

Previous published attempts to purify viras by chromato

graphic means has focused on size-exclusion chromatography 

(Hewish and Shukla, 1983; Albrechtsen and Heide, 1990). Size 

exclusion appears promising for bovine papiUoma viras (Hjorth 

and Moreno-Lopez, 1982), and has been shown to be a supe

rior method for the purification of tick-borne encephalitis viras 

(Crooks et al, 1990). The use of size-exclusion chromatogra

phy has not yet become widespread, but is curtentiy being em

ployed for large-scale production of recombinant refroviras 
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(Mento, S. J., Viagene, Inc. as reported at the 1994 

Williamsburg Bioprocessing Conference). Affinity chromatog

raphy, mostly using monoclonal antibodies (mAb), has been re

ported to be an effective method for the purification of antigens 

of vfral origin (Njayou and Quash, 1991). Infective soybean 

mosaic viras (a viras that can survive pH 3) can be recovered 

using m A b affinity chromatography (Diaco etal, 1986). Fowler 

et al (1985) used affinity chromatography and density gradi

ent centrifugation to purify Epstein-Bart viras. 

Adenovirases are large (diameter of approximately 80 nm) 

and somewhat fragile. A large Uterature base deaUng with the 

relationship of stracture to function has accumulated (for re

views, see PhiUpson, 1983; Horwitz, 1990). Litfle has been re

ported in the Uteramre about chromatographic purification of 

infectious adenovirases. Harana et al (1961) reported encour

aging results using D E A E ion-exchange chromatography of Ad 

1, 3, and 8. Klemperer and Pereira (1959) and Philipson (1960) 

reported disappointing results for the use of a similar method 

with Ad 2 and 5. 

Chromatographic resins and equipment have been improved 

substantially since 1960. Given these recent advances and a 

wealth of available information about adenovirases, we decided 

to revisit ion-exchange chromatography and to examine other 

modem chromatographic techniques for the publication of ade-

MATERIALS AND METHODS 

Production of infected ATCC 29S cells 

293 cells (American Type Culture Collection, CRL 1573) 

were grown in a 6,000-cm^ Cell Factory (Nunc) in a humidi

fied afr/7% CO2 incubator in 1.5 liters of D M E high-glucose 

medium (Irvine Scientific) supplemented with 1 0 % fetal bovine 

semm (FBS) (Hyclone). 

T w o to 2.5 days after seeding the Cell Factory, when cell 

monolayers reached about 50-60% confluency, the cells were 

infected at a multipUcity of infection (moi) of 5-10 infectious 

units (IU) per cell in 500 ml of fresh medium. The viras was 

added to the medium, mixed thoroughly, and infroduced to the 

cells in the unit. Three to 4 days post-infection, the infected 

cells were ready for harvesting. 

Harvest and lysis 

When cell monolayers showed signs of detachment from the 

surface of the Cell Factory, the cells were harvested by gentle 

tapping and centrifuged in a Beckman TJ-6 at 1,500 rpm for 5 

min. Cells were resuspended and pooled in 25 ml of 100 m M 

Tris buffer pH 8.0 for use in the preparation of ulfracentrifuge-

derived standard viras. Samples destined for use in chro

matography were resuspended in 25 ml of SO m M HEPES buffer 

p H 7.5/150 m M NaCl, 2 m M MgClz, and 2 % sucrose. The cells 

were lysed at this point by three cycles of freeze-thaw. 

Following the third cycle, cellular debris was removed by cen

trifugation in a Beckman TJ-6 at 1,500 rpm for 5 min. The su

pematant from this step was adjusted to 2 m M MgCl2, 2 % 

(wt/vol) sucrose and 2.5% (wt/vol) ;8-cyclodextrin. Benzonase 

(American Intemational Chemical, Inc. Naitick, M A ) was 

added to a final concenfration of 100 units/ml and allowed to 

incubate for 1 hr at room temperature. The treated material was 

clarified by centrifugation in a Beckman TJ-6 at 3,000 rpm for 

10 min and filfration through a Gelman Sciences Acrodisc 

0.8/0.2-/xm filter. 

Preparation of ACN5S standard material 

(CsCl-ACN53) 

Standard recombinant ACNS3 vfrus was prepared by a three-

step centrifugation procedure as described (Laver et al, 1971) 

with the following modifications. Infected cells were lysed by 

three cycles of freeze-thaw and centrifuged at 15,000 rpm for 

10 min, 4°C in a Sorvall SS34 rotor. The pellet was discarded, 

and the supematant was treated with Benzonase at 133 U/ml 

for 30 min at room temperature. The tteated material was lay

ered onto a 1.25 g/ml and 1.40 g/ml CsCl discontinuous step 

gradient in 10 m M Tris pH 8.1, and centrifuged at 30,000 rpm 

for 60 min, 10°C in a Sorvall TST 41-14 rotor. The vfrus band 

from each tube was collected, pooled, mixed with 1.35 g/ml 

CsCl (in 10 m M Tris pH 8.1), and centrifuged ovemight at 

45,000 rpm, 10°C in a Beckman VTi 65 rotor. The viras band 

from each tube was collected and recentrifuged at 45,000 rpm 

as before for an additional 4 hr. The final viras pool from this 

step was dialyzed extensively against phosphate-buffered saUne 

(PBS) supplemented with 2 % sucrose and 2 m M MgCl2. 

Chromatographic parameters 

Column resins were tested for their separation characteris

tics in 6.6 X SO-mm (1.7 ml) borosiUcate Omnifit columns fit

ted with 25-;am polyethylene frits. The columns were mounted 

on a PerSeptive Biosystems Biocad chromatography worksta

tion. The chromatography was monitored on-line for pH, con

ductivity, and dual wavelength optical density detection at 280 

n m (A280) and 260 nm (A26o)-

Anion-exchange resins were equiUbrated in SO m M HEPES 

pH 7.5, 300 m M NaCl, 2 m M MgCl2, 2 % sucrose at 1 ml/min. 

A 50 m M Tris buffer pH 8.0, (wifli 300 m M NaCl, 2 m M M g C b , 

2 % sucrose) was also used in certain trials for comparison. After 

samples were loaded and washed to baseline as monitored by 

absorbance, elution was performed with a 20-column volume 

300-600 m M Unear NaCl gradient and collected in O.S-ml frac

tions. The column was then cleaned with two column volumes 

of O.S M N a O H followed by one column volume of 1.5 MNaCl. 

Size-exclusion chromatography experiments were done in a 

6.6 X 500-mm borosiUcate Omnifit column packed with 

Toyopearl HW-75F resin and equiUbrated at 1 ml/min in 

PBS/2% sucrose/2 m M M g C ^ . Injection volumes varied from 

SO to 200 pl depending on the nature of the sample. Fractions 

of 0.5 ml were collected during elution. 

For hydrophobic interaction chromatography, a SO m M Tris 

pH 8/(NH4)2S04 buffer system and toyopearl butyl 6S0M resin 

were used. Samples were prepared for loading onto the column 

by mixing with an equal volume of 3 M (NH4)2S04 in SO m M 

Tris buffer pH 8.0, incubated for 5-10 min, and centtifuged at 

3,000 rpm for 5 min in an Eppendorf Microfuge (model 5415c) 

to remove any precipitate. The column was eluted with a gra

dient of 1.5 M to 0 M ammonium sulfate over 10 column vol

umes at 1 ml/min. 

The immobilized zinc affinity chromatography (IZAC) sys

tem was prepared for metal charging by washing the column 
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sequentially with one volume of 100 m M EDTA and one vol

ume of 0.2 M NaOH, flushing with water after each step. The 

matiix was subsequentiy charged with zinc by injecting one col

umn volume of 100 m M Z n C ^ in H2O acidified with 0.5 pl/ml 

glacial acetic acid and thoroughly washed in water prior to equi

libration in SO m M HEPES pH 7.5, 450 m M NaCl, 2 % sucrose, 

and 2 m M MgCl2. Sample loading did not require any prior ma

nipulation; D E A E pool fractions or CsCl-derived material could 

be injected directly onto the column. After loading, the column 

was washed with a 10-column volume linear gradient from SO 

m M HEPES p H 7.5, 450 m M NaCl, 2 % sucrose, and 2 m M 

MgCl2 to SO m M HEPES pH 7.5, 150 m M NaCl, 2 % sucrose, 

2 m M MgCl2. Elution was performed with a linear (0-500 m M ) 

glycine gradient in 150 m M NaCl appUed over 10 column vol

umes. 

SDS-PAGE analysis 

For Coomassie blue staining, 100-200 /xl of a sample (at ap

proximately 1 X 10" particles/ml) were collected, desalted by 

trichloroacetic acid precipitation or by dialysis followed by con

cenfration in a Speed-Vac. The sample was then resuspended 

in SDS-PAGE reducing buffer [125 m M Tris-HCl pH 6.8, 2 0 % 

glycerol, 4 % (wt/vol) SDS, 0.005% bromphenol blue, 0.5% p-

mercaptoethanol] to approximately 30 pl, boiled for 5 min, and 

loaded onto a l-mm X 10-well Novex 8-16% gradient Tris-

Glycine minigel. Samples were elecfrophoresed for I.S hr at 

140 V. The gel was then fixed in 4 0 % methanol/10% acetic 

acid for 30 min, and Coomassie stained with the Pro-Blue stain

ing system (Integrated Separation Systems, Natick MA.) ac

cording to the vendor's procedure. 

Gels that were to be silver stained were loaded with 5-15 pl 

of sample. The sample was boiled with an equal volume of re

ducing buffer and elecfrophoresed as described for Coomasie 

detection. Gels were fixed in 1 0 % trichloroacetic acid for 1 hr, 

washed three times in ulfrapure water, and stained with the 

Dauchi silver staining kit according to the instractions provided 

(Integrated Separation Systems). 

Westem blot analysis 

A n SDS-PAGE gel was ran as described with approximately 

the same loading as that of a silver-stained gel. The bands were 

then fransferted to a P V D F membrane pre-wetted in 100% 

methanol and equiUbrated in Tris-buffered saUne (TBS). The 

gel was also equilibrated in TBS. The proteins were transferted 

to the membrane using a Bio-Rad semidry transfer apparams at 

25 V for 30 min. The membrane was then blocked in 1% 

casein/0.01% sodium azide ovemight at 4°C or at room tem

perature for 1 hr, and washed three times with TBS. The mem

brane was incubated with the primary polyclonal antibody 

(Cytlmmune rabbit IgG a-adenoviras type S, Lee Biotech

nology Research: San Diego, C A ) at 5 pglml (in TBS) for 1 hr 

at room temperature. Following primary incubation, the mem

brane was washed three times with TBS and incubated with the 

secondary antibody (Amersham Life Sciences Horseradish per

oxidase-conjugated anti-rabbit Ig) diluted to 1 ju.1 stock anti

body/1 ml T B S for 1 hr at room temperamre. A final three-time 

wash was performed with TBS and the membrane incubated 

with Amersham E C L detection reagents for 1 min, exposed in 

the dark to Hyperfilm-ECL (Amersham) for various times (sev

eral seconds to minutes to give a selection of various conttasts), 

and developed in an X-ray film developer. 

Particle number by absorbance at 260 nm in the 

presence of S D S 

The number of total viras particles (total = infection + non-

infective particles) can be derived spectrophotometrically for 

pure VUTJS. For this measurement, the viras sample (~1 X 10'^ 

particles/ml) was diluted 1:10 in 0.1% SDS in PBS. The sam

ple was vortexed for 1 min and then centrifuged at 14,000 rpm 

in an Eppendorf Microfuge to remove any precipitate. A 

matched pafr of curvettes were blanked with 0.1% SDS in PBS 

buffer by ranning a baseline scan on Shimadzu UV160U spec

trophotometer. The SDS-freated viras sample was placed in the 

sample cuvette and scanned from 220 to 340 nm. If the ab

sorbance between 310 and 320 n m was greater than 0.02, the 

sample was diluted further and remeasured. The A260/A280 ra

tio was also detemiined from this scan, and had to be between 

1.2-1.3 to ensure that the product was pure enough to calcu

late particle number. If this condition was met, the absorbance 

value at 260 nm only was used to calculate the number of viri

ons per ml. The conversion factor of 1.1 X 10'^ particles per 

absorbance unit at 260 n m (Maizel et al, 1968) was used to 

calculate particle number with approximately 2 0 % ertor. 

Particle number by anion-exchange HPLC 

A 1-ml Resource Q (Pharmacia) anion-exchange column was 

also used to quantitate the number of total vfral particles in var

ious samples to ± 5 % . Unlike the measurement of absorbance 

at 260 nm, this assay may be applied to samples at any state of 

purification, from crade lysates to final product. Preparation of 

lysate samples was performed by first centrifuging the sample 

at 1,300 X g in a microfuge for 5 min. The supematant was 

then adjusted to 2 raM M g C ^ and 100 U/ml of Benzonase was 

added for 20-30 min at room temperature. The enzymatic freat

ment was necessary for assaying crade lysates only. Semipure 

or pure viras did not requfre such treatment and could be in

jected directly. 

The column was equilibrated in 300 m M NaCl, SO m M 

HEPES pH 7.5 at a flow rate of 1 ml/min on a Waters 625 chro

matography system equipped with 717plus autosampler and a 

model 991 photodiode array detector (PDA). The chromatog

raphy was monitored on the P D A detector scanning from 210 

to 300 nm. Elution was performed with a 2-ml wash in the equi

libration buffer followed by a linear 10 ml 300-600 m M NaCl 

gradient. The resulting viras peak was quantitated at 260 n m 

by comparison to standard curves constracted by injecting 1 X 

10* to 1 X 10" CsCl purified A C N 5 3 vfrions that had been 

characterized for total particles by A260 in 0.1% SDS (~1 X 

10'^ particles/ml). 

The assay was independent of injected sample up to a vol

ume of 1 ml or more. Some standard autosamplers are limited 

to single-injection volumes of not more than 200 p\; this lim

itation could be overcome by repeated injections. Washing the 

column between 200 pl injections did not affect the chro

matography. After the sample loading, the column was washed 

with two column volumes of equilibration buffer followed by 

a linear gradient from 300 to 600 m M NaCl in SO m M HEPES 

pH 7.5 over 10 column volumes. The gradient was followed 
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with a two-column volume wash with 600 m M NaCl in 50 m M 

H E P E S p H 7.5. After each chromatographic ran, the column 

was cleaned whh 2.5 ml of 1.5 M NaCl in 50 m M H E P E S p H 

7.5, and tiien reequilibrated for the next injection. The column 

was cleaned more vigorously after injection of crade samples 

by injecting 0.25 to one column volume of 0.5 A^ N a O H fol

lowed by a wash with 1.5 M sah. Injecting N a O H and tiien ran

ning the gradient was a convenient way to accompUsh clean

ing. 

The validity of this assay was demonsfrated by several tests. 

First, the peak area was found to increase linearly with viras 

particle number when CsCl-ACN53 was applied to the colurrm. 

The area was also found to increase in the expected manner 

when uninfected lysates or infected lysates were spiked with 

increasing amounts of purified viras. Particle numbers mea

sured by anion-exchange H P L C were in agreement with values 

obtained by specfrophotometry. Anion exchange was the pre

ferted method for measurement of viras particles because of its 

speed, sensitivity, and accuracy. A full description of this as

say will be presented elsewhere (Shabram et al, manuscript in 

preparation). 

supplemented with 2 m M L-glutamine and 1 0 % fetal bovine 

seram (HyClone). The cells were incubated in humidified 

afr/7% C O 2 chamber at 37°C for 16-24 hr. Spent media was 

removed and replaced with 1 ml of fresh media, and the cells 

were infected at an moi of 20, 40, or 60 using purified viras. 

After incubation for 1 hr, an additional 2 ml of media was added 

and allowed to incubate for 8 hr. The cells were then washed 

once with Dulbecco's-PBS (GIBCO B R L ) and lysed by adding 

250 p\ of: SO m M Tris, 0.5% Nonidet P40, 250 m M NaCl, 5 

m M E D T A , S m M NaF, 5 pg/ml Leupeptin, and 5 pglml 

Aprotinin/2 m M P M S F (Boehringer Mannheim). The plate was 

incubated on ice for 5 min, after which the lysates were frans

ferted to individual 1.7-ml microcentrifuge tubes. These were 

centrifuged for 45 sec at 14,000 rpm in a microfuge. The su

pematants were assayed for the presence of p53 protein by 

Westem blot analysis with the primary anti-p53 monoclonal an

tibody 1801 (Vector Laboratories, BurUngame, C A ) and a 1:1 

mixture of sheep anti-mouse IgG-HRP and sfreptavidin-HRP 

(Amersham). The p53 protein band was detected using 

Amersham's E C L detection kit in accordance with the manu

facturer's instractions. 

Measurement of infectious particles by TCIDso assay Potency assay 

The quantitation of infectious particles was accomplished by 

an end point titer assay (tissue culmre infective dose of 50%, 

abbreviated TCID50) similar to assays available in the literature 

(Philipson, 1961). Reagents, a materials Ust, and instmctions 

for antibody staining are available from Chemicon Intema

tional, Inc. (cat. # 3130, Adenoviras Dfrect Immunofluore

scence Assay, Temecula, CA). 

In brief, 293 cells were plated into a 96-well microtiter plate: 

100 /xl of 5 X 10^ cells/ml for each well in complete M E M 

(10% bovine calf seram; 1 % glutamine) media (GIBCO BRL). 

In a separate plate, a 250-/xl aliquot of viras sample diluted 

1:10* was added to the first column and was serially diluted 

two-fold across the plate. Seven rows were used for samples, 

one was used for a negative confrol. A 100-/xl aliquot of each 

well was transferted to its identical position in the ATCC-293 

seeded plate and allowed to incubate a 37°C in a humidified 

afr/7% C O 2 incubator for 2 days. The media was then decanted 

by inversion and the cells fixed with 5 0 % acetone/50% 

methanol. After washing with PBS, the fixed cells were incu

bated for 45 min with a FTTC-labeled anti-AdS antibody 

(Chemicon Intemational #5016) prepared according to the kit 

instractions. After washing with PBS, the plate was examined 

under a fluorescent microscope (490 n m excitation, 520 n m 

emission) and scored for the presence of label. The titer was 

determined using the Titerprint Analysis program (Lynn, 1992). 

Typically, titers for purified material range from 1 X 10' to 2 X 

10'" (IU)/ml. The assay can measure infectious titers from 10* 

to 1 0 " IU/ml. Ertor in the assay ranges from 20 to 35%. 

Expression of p5S protein 

The activity of vfrus preparations was also tested by assay

ing for expression of the p53 gene product in Saos-2 cells 

(ATCC), a p53-negative osteosarcoma cell Une. Saos-2 cells 

were seeded into a 6-well tissue culture plate at a concentra

tion of 5 X 10^ cells/well in 3 ml of media: Kaighn's nutrient 

mixture F12 (GIBCO BRL), D M E high glucose (1:1 mixture). 

The antiproliferative activity of replication-incompetent ade

noviras samples expressing pS3 protein was assessed using a 

thymidine incorporation bioassay. Saos-2 cells were seeded in 

96-well flat-bottomed microtiter dishes in 100 pl of Kaighn's 

nutrient mixture F12:DME high glucose (1/1) supplemented 

with 2 m M L-glutamine and 1 0 % fetal bovine seram at a den

sity of 1 X 10'* per well. After an ovemight incubation at 37°C 

in humidified air/7% C O 2 chamber, A C N 5 3 and AC/3GAL (a 

recombinant adenoviras that expresses j8-galactosidase) were 

added in 100-/xl aliquots; a serial three-fold dilution starting 

from an moi of 50 was used to infect the cells. Positive and 

negative conttol samples were incubated on each microtiter 

plate. All plates were retumed to the incubator for an additional 

48 hr. All dilutions were tested in duplicate. Cells were labeled 

with [^H]thymidine (Amersham) at 0.5 /iCi/well for 6 hr at 

37°C in a 7 % C O 2 incubator. Next, cells were detached from 

the plastic substratam by adding 100 /xl per weU trypsin-EDTA 

(GIBCO B R L ) at 37°C for 10 min and transferted to a 96-well 

glass fiber filter cassette (Packard Instrament Co., Meriden, CT) 

using a 96-well harvester (Packard Instraments). Sample filter 

cassettes were wetted with SO /xl/well MicroScint 20 scintilla

tion cocktail, covered with Top-Seal sealant (Packard Instra

ments), and loaded into a Packard Top Count scintillation 

counter for analysis. Samples were counted for [̂ H] for 1 min. 

Data (in cpm) were compared with media conttol values and 

plotted. Dose-response curves and values for ED50 were de

termined using the general form of the four parameter logistic 

equation. 

RESULTS 

Lysate treatment 

Nuclease-treated lysate was clarified to remove cellular de

bris and undissolved )3-cyclodextrin through a combination of 

centrifugation and filtration techniques. Using analytical anion-
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exchange analysis to measure recovery, it was found that cen

tiifugation followed by filttation through a Gelman Sciences 

Acrodisc 0.8/0.2 /xm two-stage syringe filter gave the best re

covery (94%). Recovery of A C N 5 3 depended on flie pore size 

and type of membrane used for filttation; passage through 0.45-

/xm polysulfone, P V D F , and cellulose acetate-based mem

branes recovered between 34 and 75%. 

Figure 1 shows that viras particles sediment during cen

trifugation of lysate samples. A S-min centrifugation at 

15,000 X g in an Eppendorf Microfuge (model 5415c) at 4°C 

resulted in a 4 5 % loss of viras particles as measured by anion-

exchange H P L C , compared to a centrifugation of an identical 

sample at 1300 X g. The loss of particles in the sample corte

lates dfrectly with the force of the spin. 

Infected cell lysate contains contaminants both host cell and 

vfral in origin. Some of these contaminants could be removed 

by tteatment with nuclease prior to chromatography. Spe

cifically, host cell, non-encapsulated, or incomplete A C N 5 3 nu

cleic acids could be enzymaticaUy degraded at this stage of the 

process with the addition of nuclease (Benzonase). Such tteat

ment improved yields in ion-exchange chromatography. 

Benzonase was removed by subsequent purification steps as as

sayed by a commercially available ELISA kit (American 

Intemational Chemical). 

^-Cyclodextrin was added to lysate to reduce the contami

nant load on a D E A E anion-exchange column (data not shown), 

providing better purification on the D E A E column and in

creasing the number of cycles the column could be ran. 

Anion-exchange chromatography 

CsCl-ACN53 was injected onto a Fractogel DEAE-650M 

column equiUbrated in SO m M Tris p H 8 at 2 ml/min (350 

cm/hr) and eluted with a 10-min (11.7 column volume) 0-l.S 

M linear NaCl gradient. A single peak was detected with an on

line A260/A280 ratio of 1.23. The protein bands present in this 

fraction reacted with A d 5 polyclonal antibody upon slot-blot 

analysis. 

Several peaks were resolved when an infected cell lysate 

sample was applied to the D E A E colunm (Fig. 2). The com

position of the peaks could be deduced from the on-line 

A26o/^280 absorbance ratio (as opposed to a separate measure

ment in a stand-alone specttophotometer with 0.1% S D S tteat

ment). For example, the peak with a retention time of 9 min 

has an on-line A260/A280 ratio of 0.5, and was mainly protein. 

The 27-min peak had an on-Une A26C/A280 ratio of 2, suggest

ing that this material was nucleic acid. The A C N 5 3 viras peak 

eluted at 19 min with a ratio of 1.23. The identities of these 

peaks were confirmed by spiking experiments and by ranning 

S D S gels of each peak. In our chromatography experiments, an 

on-Une A2eo/A2io ratio of 1.23 ± 0.8 was found to be charac

teristic of viras peaks. 

To assess the purification capabilities of D E A E chromatog

raphy, experiments were performed in which both noninfected 

293 cell lysate and CsCl-ACN53 were appUed to the column 

(Fig. 3). Most of the host cell material either passed through 

the column during the load or eluted at an earUer retention time 
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FIG. 1. Recovery of A C N 5 3 from flie supematant of centiifuged lysate. Crade infected cell lysate was centrifuged for 5 min 

at different speeds in an Eppindorf Microfuge model 5415c at 4°C and analyzed for A C N 5 3 by analytical anion exchange. 
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FIG. 2. Identification of ACN53 by dual-wavelength UV absorbance. Infected cell lysate components separated by DEAE chro

matography can be identified according to their A26o/A28o-nm absorbance ratio. 

than that of ACNS3; however, a small peak eluted with the same 

retention time as ACN53. From these data it appeared that non-

vfral contamination ofthe A C N S 3 peak might be expected from 

host cell material. The peak eluting between 22-26 min in the 

cell lysate sample in Fig. 3 revealed an A260/A2S0 n m ratio of 

approximately 2, suggesting a high nucleic acid content. This 

peak was reduced or eUminated by treatment with Benzonase 

prior to chromatography. 

A SDS-PAGE gel of D E A E pooled fractions shows a pat

tem similar to a CsCl-ACN53 standard (Fig. 4). The absorbance 

ratio A260/A2BO of the D E A E pool measured in 0.1% SDS was 

1.15-1.20, suggesting contamination by proteins. Product re

covery from the column was assessed as 60-80% by infectious 

titer and analytical anion-exchange H P L C analysis. Most of the 

recovered infectivity was in the product peak, although a small 

amount of infectivity was found in the D N A peak and 

flowthrough pool (1-5%). 

Size-exclusion chromatography 

The resin chosen for this study was Toyopearl HW-75F be

cause of its large exclusion limit (5 X IO'' daltons) a 6.6 X 500-

m m column was packed and equilibrated at 1 ml/min in PBS, 

2 % sucrose, and 2 m M M g C h . A total of 50 p\ of CsCI-ACN53 

standard was injected to test the elution characteristics of 

A C N 5 3 in this system. The resultant peak was very broad, elut

ing in a fraction size approximately 7 0 % of the total column 

volume. This effect could not be overcome by increasing the 

salt concentation to 500 m M NaCl, mling out ionic interaction 

of A C N S 3 with the resin matrix. The recovery off the column 

was also very low, with only 15-20% of the amount injected 

being eluted. 

Hydrophobic interaction chromatography (HIC) 

Two hydrophobic resins, Toyopearl butyl 6S0M and 

Toyopearl phenyl 6S0M, were evaluated. Precipitation experi

ments performed with CsCI-ACNS3 showed that the viras re

mained soluble in 1.5 M ammonium sulfate, and would there

fore remain soluble under the loading conditions. CsCl-ACNS3 

was injected onto the column, and eluted with a gradient of 1.5 

M to 0 M ammonium sulfate over 10 column volumes at 1 

ml/min. Both phenyl and butyl resins bound and eluted ACN53, 

but the butyl column yielded a sharper peak. 

After studying the chromatography of cell lysate on butyl 

650M, it was determined that D E A E anion exchange was more 

effective as a first purification step. HIC was then investigated 

as a second purification step. A D E A E pool derived from an 

infected 293 cell lysate was diluted 1:1 with 3 M ammonium 

sulfate and purified over a butyl-HlC column. N o precipitate 

was observed during this step. In the resultant chromatogram, 

the viras peak was well resolved from other components. 

Recovery of A C N S 3 ranged from S to 3 0 % as measured by 

both infectious titer and analytical anion-exchange methods. 

After further analysis of HIC chromatography of the D E A E -

derived viras pool indicated there was a problem with degra

dation of viras during HIC treatment, we decided to examine 

metal affinity chromatography. 

Immobilized zinc affinity chromatography (IZAC) 

The interaction of vfrions with metals has been inferted from 

studies of virases and bacteriophages (Lark and Adams, 1953, 

Brakke, 1956). W e investigated the metal-binding properties of 

A C N 5 3 by testing its ability to adsorb to a metal affinity col-
Sarepta Exhibit 1052, page 6
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FIG. 3. Comparison of CsCl-ACN53 and host-cell contaminant retention times during D E A E purification. A n uninfected 293 

host-cell lysate blank was chromatographed over a D E A E column to assess how much contamination would coelute with the 

vfrus. The elution of CsCl-ACN53 is overlaid to compare retention times. 

u m n loaded with zinc ions. A n A C N 5 3 - D E A E fraction pool pu

rified over IZAC is shown in Fig. 5. Analysis of an IZAC frac

tion pool gives a yield of 49-65% and an A260M280 ratios of 

1.22-1.25. A gel and Westem blot comparison of CsCl-ACNS3, 

DEAE-purified, and DEAE-IZAC-purified material can be seen 

in Figs. 4 and 6. The CsCl-ACNS3 and DEAE/IZAC materials 

were very similar, and the DEAE-only purified material was 

less pure by these criteria. The interaction of A C N 5 3 with this 

column was shown to be zinc specific; injection of CsCl-

A C N S 3 onto an uncharged column (a column not preloaded 

with zinc) resulted in a shift of the vims peak to the flowthrough. 

Experiments were designed to study the effect of different 

IZAC buffer and elution systems. When a D E A E - A C N S 3 pool 

was split in half and purified over IZAC in HEPES p H 7.5 and 

Tris p H 8 buffer systems, the H E P E S buffer yielded 2.5-fold 

more viral particles as measured by anion-exchange HPLC. 

IZAC could be ran in the presence of 2 % sucrose and 2 m M 

MgCl2 witiiout affecting the chromatography. Experience de

rived from CsCl-ACNS3-based material indicated that sucrose 

and magnesium may help stabilize the vuus, especially when 

freezing and thawing final product (data not shown). 

The use of copper as the metal ion and imidazole as the elu

tion agent were also tested (for a general review of metal affin

ity chromatography, see Kato et al, 1986; Belew et al, 1987). 

Of the four systems, zinc/glycine, zinc/imidazole, copper/ 

glycine, and copper/imidazole, the zinc/glycine system per

formed best in terms of viras recovery. Decreasing p H gradi

ents can also be used for elution but were avoided in the case 

of A C N 5 3 because of its sensitivity to low pH. 

A C N S 3 seems sensitive to abrapt changes in salt concentra

tion. This phenomenon was first seen in HIC chromatography, 

and was also detected in the investigation of IZAC. When a 

D E A E fraction pool was diluted from its ionic strength of ap-

33 

28 

19 

6.5 

33 

28 

19 

6.5 

1 

FIG. 4. SDS-PAGE comparison of A C H 5 3 derived fi-om col

umn chromatography and CsCl ulttacentrifugation. Samples 

were electrophoresed on an 8-16% gradient gel and silver 

stained. Lanes 2 and 3 are D E A E and IZAC eluate pools, re

spectively. Lanes 4-6 represent three different preparations 

(CsCl-1, CsCl-2, CsCl-3) of CsCl-ACNS3 ran side by side. 

Lane 7 represents the A C N 5 3 peak recovered when a sample 

of CsCl-ACN53 is purified over a analytical anion-exchange 

H P L C column. Lanes 1 and 8 contain standard molecular 

weight markers. 
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proximately 450 m M to 150 m M NaCl and loaded onto an IZAC 

column equilibrated at 150 m M NaCl, a flowthrough peak with 

a high A260/280 was observed. When the loading conditions were 

revised such that the IZAC column was equilibrated in SO m M 

HEPES p H 7.S, 2 % sucrose, 2 m M M g C L , and 450 m M NaCl 

(approximating the ionic strength conditions of the D E A E frac

tion pool), the size of the flowthrough peak was diminished. 

The objective was to load the D E A E eluate onto the IZAC col

umn iso-osmotically, and gradually decrease the salt concen

fration to 150 m M in a confrolled fashion to avoid viras degra

dation due to osmotic shock. This was accomplished with a 

10-column volume linear 450-150 m M NaCl gradient. A C N S 3 

was subsequently eluted with the same glycine gradient used 

before. Iso-osmotic loading and gradual desalting increased the 

product yield by 1 2 % over a column that had been equilibrated 

and loaded at 150 m M NaCl. 

Comparison of A C N 5 3 virus purified by CsCl method 

and D E A E - I Z A C chromatography 

Viras preparation purified by ultracentrifugation and by col

umn chromatography were compared by six criteria: SDS-

P A G E , Westem blots, A260/A280 ratio in SDS, the ratio of total 

viras particles to infectious viras particles, expression of pS3 

gene product, growth suppression by the gene product, and an 

immunoassay for the presence of host-cell proteins in the final 

product. 

Figure 4 shows a silver-stained SDS polyacrylamide gel 

analysis of several purified A C N 5 3 fractions. At least 20 bands 

can be discemed in each of the three lots purified in CsCl; the 

relative intensities of the bands show some variation from lot 

to lot, particularly in the low-molecular-weight (10-35 kilo

daltons) region. Viras purified by D E A E and IZAC shows a 

simpler band pattem, with less protein visible in the low-mol

ecular-weight region. Although not shown in this figure, silver-

stained gels of other lots purified by DEAE-IZAC also showed 

consistent band pattems similar to that seen in Fig. 4, lane 3. 

One of the lots purified using CsCl (Fig. 4, lane 6) was sub

jected to further purification by anion-exchange chromatogra

phy (see lane 7). Low-molecular-weight proteins were removed 

by this procedure, resulting in a band pattem very similar to 

vrras purified by the DEAE-IZAC method. 

Westem blots developed with anti-Ad 5 polyclonal antibody 

revealed several bands. The differences between banding pat

tems of A C N 5 3 in various states of purification can be seen in 

Fig. 6. The major difference can be seen in the relative inten

sities of the bands in the 10- to 35-kilodalton regions between 

the CsCl-ACN53 preparations and the chromatographic pools. 

This data sheds Uttle light upon the differences in pattems seen 

in silver-stained SDS gels. It is possible that loosely bound vims 

proteins are removed by chromatography; altematively, the 

low-molecular-weight proteins absent, or present in reduced 

levels, in DEAE-IZAC purified material may be cellular con

taminants removed by chromatography but not by CsCl den

sity-gradient centrifugation. In either case, the reduced levels 

of these proteins did not change the infectivity of the viras. 

The absorbance ratio (A260/A280) is important because it is 

related to the ratio of protein and D N A in the product (discussed 
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FIG. 5. Immobilized metal affinity chromatography of a DEAE-ACNS3 fraction pool. A DEAE-purified ACN53 fraction pool 

was injected onto a 6.6 X SO-mm TosoHaas A F chelate 650M column charged with ZnClj and eluted witii a linear 0-500 m M 

glycine gradient. 
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FIG. 6. Westem blot comparison of ACN53 derived from 

column chromatography and CsCl ulfracentrifugation. Samples 

identical to those described in Fig. 4 were elecfrophoresed on 

an 8-16% gradient gel and fransferted to a P V D F membrane. 

The blot was incubated first with 5 (xg/ml Cytimmune rabbit 

IgG anti-Ad S antibody, then with Amersham's horseradish per

oxidase-conjugated anti-rabbit Ig (NA934) and developed us

ing elecfrochemical detection. 

below), and can be used as a measure of product purity. For 

various CsCl-ACN53 viras preparations measured in 0.1% 

SDS, the ratio was found to range from 1.2 to 1.3. The varia

tion in the measured ratio reflects lot-to-lot variability as well 

as ertor in measurements. DEAE-IZAC products yielded ratios 

of 1.22-1.25, which are within the acceptable range. The 

A260/A280 ratio seemed less variable for DEAE-IZAC prepara

tions than for CsCl-ACN53 vfrus preparations. 

When samples purified by D E A E chromatography were sub

jected to this analysis, the range of ratio values for D E A E frac

tion pools was lower (1.14-1.20). These values could be related 

to how the fractions were pooled: wider pools gave lower num

bers, consistent with the presence of contaminating proteins. 

The second chromatography step (IZAC) removed these pro

teins and improved the A26o/'4280 to values typical of CsCl-

purified material (Table 1). 

The ratio of total viras particles to infectious viral particles 

can vary widely from preparation to preparation. Values for 

CsCl-derived vuuses ranged from 20(±7): 1 to 130(±45): 1. The 

calculation of this ratio in crade lysates or semipure fractions 

has been made possible by the anion-exchange particle assay. 

It cannot be performed by A260 measurements as described in 

the Materials and Methods section. For crade samples, inter

fering absorbance from contaminants is too high. It is possible 

through the use of analytical anion exchange to observe if and 

how this ratio changes during purification, le., whether the fi

nal product's total viras particle-to-infectious viras particle ra

tio is determined by the original ratio present in the raw mate

rial, or if it can be improved during purification. In following 

this value during a chromatographic purification, the total viras 

particle-to-infectious viras particle ratio ofthe crade lysate was 

60(±21):1 (Table 2). DEAE-purified ACN53 had a particle ra

tio of 82(±29):1, while DEAE-IZAC, buffer-exchanged final 

product had a particle ratio of 88(±31):1. 

The overall yield of total viras was approximately 32%; that 

of infectious viras was approximately 22%. These values are 

comparable to recovery values determined for ultracentrifuga

tion procedures we curtentiy use for the preparation of CsCl-

ACN53. The yields from ulfracentrifugation purifications was 

measured by analysis of crade lysate and final product by an

ion-exchange HPLC and infectious titer. 

The recombinant adenoviras was designed to fransfer a gene 

to a cell lacking a functional P53 gene. To assay for this ac

tivity, we incubated P53 null Saos-2 cells with D E A E and 

DEAE-IZAC virions, and after allowing for sufficient infection, 

assayed the cells for production of the p53 gene product by 

Westem blot analysis. The results are shown in Fig. 7. pS3 gene 

expression can be seen in the semipure DEAE-ACNS3 as well 

as tiie DEAE-IZAC-ACNS3-treated cells. The lower levels of 

expression in lanes 5 and 6 were due to the fact that they were 

ran at a lower moi than the D E A E samples. 

The ability of the gene product to suppress the growth of 

Saos-2 cells was assayed by measuring [^H]thymidine incor

poration (Fig. 8). Three different viral constracts were as

sayed for growth inhibition effects: CsCl-ACN53, DEAE-

IZAC-ACN53, and CsCl-AC^GAL. Both of the p53 

gene-bearing adenovirases were able to inhibit the incorpo

ration of [^Hjthymidine, while the CsCl-AC/3GAL viras had 

no effect. 

W e assayed several types of samples for the presence of host 

cell contamination by Westem blot analysis using polyclonal 

antibodies raised against 293 cell components. The results in

dicated that the final products of CsCl or DEAE-IZAC purifi

cation contained no detectable host cell contaminants. In the 

case of a partially purified DEAE-ACNS3 fraction, there was 

a small amount of contamination seen: three major bands and 

several minor ones. The majority of host cell contamination was 

recovered in the flowthrough portion of the D E A E step. 

Contaminants that copurified with ACN53 in the D E A E step 

were removed by zinc affinity chromatography, and were re

covered in IZAC flowthrough fractions prior to the infroduc

tion of the glycine gradient. 

Table 1. Yield and Purity of Chroiviatographically 

Produced ACN53 Based on Total Particles 

Step 

Lysate 

D E A E load 

D E A E eluate 

IZAC load 

IZAC eluate'' 

Overall 

Total viral 

particleŝ  

3 X 1012 

3 X 1012 

2 X 1012 

1.52 X 1012 

7.14 X 10" 

— 

Yield 

— 

67% 

47% 
32% 

A260-'A280 
ratio" 

— 

1.17 ± 0.03 

1.23 ± 0.02 

— 

Purity" 

3% 

92% 

98% 
— 

^Determined by HPLC analytical anion-exchange assay. 

''Measured in 0.1% SDS. 

•^Measured by integration of H P L C chromatogram at 260 nm. 

''Assayed after dialysis into the storage buffer. 
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Table 2. Yield aivto Purity of Chroiviatographically Produced ACNS3 Based on Infective Particles 

Step 

Lysate 

D E A E load 

D E A E eluate 

IZAC load 

IZAC eluate'= 

Overall 

lU/mF 

1 X lO'o 

1 X 10'° 

4.87 X 10^ 

4.87 X 10' 

2.7 X 10« 

— 

Total IU 

5.0 X lO'o 

5.0 X lO'O 

2.44 X 10'" 

1.85 X 10'° 

8.1 X 10' 

— 

Yield 

— 

49% 

44% 
22% 

Specific activity 

(P/IU)^ 

60(±21):1 

82(±29):1 

88(±31):1 

— 

"Determined by TCID50. 

•The ratio of noninfectious particles (P) to infectious particles (infectious units, IU) as determined by ana

lytical anion exchange and TCID50 assays. 

'̂ Assayed after dialysis into the storage buffer. 

DISCUSSION 

Detection of ACN53 in process samples 

There are several methods available for the detection of vi

ral product in process samples. These vary according to speci

ficity, sensitivity, ease of use, throughput, and versatility in 

terms of identity and quantitation. TCID50 is very sensitive 

(10^-10" IU/ml) and has the advantage of being able to iden

tify infective vfral particles. It is not the assay of choice, how

ever, for in-process sample analysis because ofthe time required 

(3 days). It also has the greatest error (35%). Absorbance mea

surements performed in a specfrophotometer can be used 

quickly for quantitation of total particles ( ± 1 0 % ) , but can only 

be used to measure the concenttation of pure viras. 

The quickest and most convenient assay is the analytical 

anion-exchange assay. This is capable of measuring total vims 

particles in any sample, from crade lysate to pure material in 

less than 30 min. It is by this method that w e have been able 

to quantitate stepwise recoveries ( ± 5 % ) during our purification 

process. With this assay, the identity, purity, and quantity of 

the vims can be established simultaneously be the U V ab

sorbance characteristics. 

The use of a dual-wavelength on-line specttophotometric de

tector monitoring absorption at 260 ( D N A A™^'^) n m and 280 

(protein A™"") n m can provide real-time identification of 

A C N 5 3 particles. This is possible because of the vims is com

posed of a complex of D N A and protein in a unique ratio as 

compared to free proteins (unassembled vfral or free host-cell) 

or uncomplexed nucleic acids. A spectrum of pure D N A re

veals an A2eo/A2SQ ratio of 1.8-2, whereas pure protein has a 

ratio of 0.4-0.6. A mixture of the D N A and protein has an 

^4260^280 ratio somewhere in-between depending on the rela

tive amounts of each constiment. A spectram of CsCl-purified, 

infective A C N 5 3 has a distinct A2(,o/A2m ratio of 1.2-1.3. A 

dual-wavelength chromatogram or on-line photo-diode anay 

detector can easily distinguish between fractions containing 

mostly D N A , protein or viras (Fig. 2). Measurements of this 

sort can also be carried out on purified material in a benchtop 

spectrophotometer in the presence of 0.1 % S D S for greater pre

cision. Values <1.2 indicate contaminating protein, whereas 

values >1.3 indicate excess exogenous D N A present in the 

product. 

S D S - P A G E and Westem blot analysis are standard methods 

for the detection of proteins and are able to handle a large num

ber of samples in a time frame of hours. The difficulties en

countered here are concenfration of dilute samples and inter

ference by high salt. Furthermore, because A C N 5 3 is a nuxture 

of proteins, D N A , and carbohydrates, stained gels do not reveal 

a distinct single band but rather a complex pattem that must be 

compared to a CsCl standard. Coomassie blue or silver stain

ing may be used. S D S - P A G E analysis is more easily interpreted 

as the sample becomes more pure, but is difficult to apply in 

crade lysates. 

Westem blot analysis is more specific than a stained gel and 

can unambiguously identify the presence of vfral proteins in a 

complex mixture. This technique also reveals a pattem rather 

than a single band. S o m e column fractions will have unassem

bled viral proteins that are Westem positive but are considered 
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FIG. 7. Expression of pS3 gene product in Saos-2 cells. T w o 

different lots of chromatographically produced A C N 5 3 were 

assayed by Westem blot for their ability to affect gene frans

fer to p53-null Saos-2 cells. The semipure D E A E fractions are 

shown in lanes 7 and 8, the final product in 5 and 6. p53-

expressing S W 4 8 0 cells were used as a positive confrol; unin

fected Saos-2 cells were used as a negative confrol. 
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FIG. 8. Growth Inhibition of Saos-2 cells by ACNS3. [^H]Thymidine incorporation was measured in Saos-2 cells freated with 

DEAE-IZAC-ACN53 (squares) CsCl-ACN53 (cfrcles), and AC/3GAL (triangles). The percent inhibition of growth was calcu

lated relative to a conttol sample in which cells were tteated with media only. Calculated ED50 values for the samples were: 

DEAE-IZAC-ACNS3, 0.56 ± 0.04 moi; CsCl-ACN53, 0.45 ± 0.05 moi. 

as impurities because they represent incomplete or degraded 

viras particles. For example, previrions form a lower-density 

band in the CsCl ulttacentrifugation of ACN53. Electton mi

crographs show previrions to be comprised of incomplete vfral 

particles (Moncany et al, 1980). It is difficult to distinguish 

these inactive previrions from infective virions by Westem blot 

or S D S - P A G E alone; additional information must be acqufred 

(biological assays) and used in conjunction with gels and blots. 

Chromatography of ACN5S 

The freatment of lysate with nuclease is important for two 

reasons. Ffrst, it is necessary to remove unwanted D N A from 

the product, and second, to improve the performance of the 

chromatography in terms of yield and purity. Our goal was to 

obtain and characterize a nuclease that would be available in 

large quantity for a commercial process. W e have chosen 

Benzonase for these reasons. 

Clarification of the treated lysate was accomplished by a 

combination of filfration and centrifugation. Centrifugation was 

used to remove cellular debris, but needed to be brief to mini

mize loss of product (Fig. 1). The particles are large enough to 

be prone to sedimentation by centrifugation at low speed, as 

demonstrated in this study, as well as by sedimentation in ul-

tracentriftiges. The yield as a function of centrifugal force can 

be quickly measured by analytical anion exchange. Loss of 

product during clarification by filfration was similarly evalu

ated and optimized for our vector. The types of filters exam

ined in this study were 25-mm syringe tip units; as greater quan

tities of raw material become available, study on larger filters 

will be feasible. 

The power of the analytical anion-exchange assay is evident 

in its speed, versatiUty, and throughput. W e now have a fast 

method for the detection of total vfral particles in ceU culmre 

samples, as well as process step samples. Having an assay of 

this sort is critical for quantitating step yields during purifica

tion and for protocol optimization, and can be applied many 

ways, from the optimization of growth conditions in culture to 

the stability of vfral particles under a variety of parameters. The 

assay was derived from data coUected in the study of D E A E 

chromatography of CsCl-purified vims. The adaptations re

qufred to change from a preparative mode to an analytical one 

were to select a higher-resolution column that could withstand 

multiple injections of crade lysate, and its installation on a high-

performance chromatographic system. Qualitatively, the chro

matograms obtained from a preparative D E A E column and an 

analytical quartemary amine are similar. The two anion-

exchange methods differ in that one has been optimized for pro

duction and the other for quantitation. 

Overall, the characteristics of D E A E chromatography were 

found to be very consistent, and loading studies with high titer 

lysate (3 X 10'2 viras particles/ml) showed a Unear response 

between volume injected and A C N S 3 peak area recovered (data 

not shown). Elution of a D E A E column by infroduction of a 

linear salt gradient gave three major peaks. The first of these 

was a protein peak with a A260/A280 ratio of ~ 0.5. Next was 

the A C N S 3 peak (A260M280 = 1-23) foUowed by a D N A 

(A260/A280 = 2) peak at the end of the gradient. This holds trae 

whether ran in a H E P E S or a Tris buffer system. If ran at p H 

7.S, less contaminating material bound to the column; prefreat

ment of lysate with /3-cyclodextrin removed additional conta

minants. Further studies on D E A E chromatography buffer sys-
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tems showed that 2% sucrose and 2 m M MgCh (which have 

been implicated in other studies in our laboratory for optimal 

activity; data not shown) did not interfere with the chromatog

raphy. Chromatography in phosphate buffers gave poor yields 

and less well-resolved peaks (consistent with Philipson, 1960). 

H E P E S p H 7.S, NaCl, sucrose, and M g C b was selected as the 

buffer system. D E A E chromatography yielded a high degree of 

initial purification. Immunochemical analysis of a D E A E frac

tion pools using polyclonal antibodies directed against A T C C -

293 cell components revealed contaminating host cell proteins 

present. IZAC purification of the D E A E pool removed these 

contaminants. 

The behavior of A C N 5 3 on a size-exclusion column was ex

plored with the goal of taking advantage of the large size of 

viras particles. The molecular weight of a viras particle can be 

estimated to be approximately 2 X 10* daltons with a diameter 

of 70-90 n m (Green et al, 1967; Van der Eb et al, 1969). The 

expectation was that this technique could separate mature viri

ons from proteins and D N A fragments. Unassembled or im

mature virions should elute differently because of thefr less 

compact architecture. Most of the Uteramre available concem

ing the use of chromatography for the purification of vims fo

cuses on size-exclusion techniques (Hjorth and Moreno-Lopez, 

1982; Hewish and Shukla, 1983; Olivon et al, 1986; 

Albrechtson and Heide, 1990; Crooks et al, 1990). W e found 

several disadvantages involved with the use of size-exclusion 

chromatography for the purification of virions. Most commer

cially available resins are intended for separation of proteins of 

less that 10* daltons or for desahing/buffer exchange appUca

tions. It may be possible to utilize size exclusion by collecting 

A C N S 3 in the excluded frontal peak and the lower-molecular-

weight contaminants in later fractions. Another concem is the 

injection volume consfraint of a sizing column and the need to 

concentrate vims prior to injection onto the column. The use of 

a size-exclusion column increased the process time by infro

ducing the need for sample concentration steps prior to injec

tion and after product collection. 

The positive attributes of butyl-HIC chromatography were 

that it could purify a D E A E fraction pool to an A260/A2S0 n m 

ratio of 1.2-1.25 without any sample conditioning other than 

the addition of ammonium sulfate. Butyl-HIC chromatography 

exhibited good resolving power and could be m n in Tris p H 8 

or H E P E S p H 7.5. Product yield, however, was low. 

Chromatograms obtained by butyl-HIC revealed several peaks, 

more than should have been present given the relative purity of 

the DEAE-derived starting material. Either D E A E copurified 

substantial amounts of D N A and protein fragments along witii 

viral particles, or butyl-HIC chromatography was dismpting vi

ral particles. S D S - P A G E analysis of HIC fractions compared 

with those of D E A E purified vims did not show an excess of 

proteins. Explanations for this phenomenom could be that the 

short time in which column-bound A C N 5 3 is subjected to a 

change in osmotic pressure from 1.5 to 0 M ammonium sulfate 

causes a disraption of the virion, or that the virions were de

natured upon elution due to selective desorption of pieces of 

the virion as opposed to desorption of the entire particle. HIC 

did show promise, but needed further development work to re

solve the yield and degradation issues. 

Immobilized zinc affinity chromatography had several ad

vantages over both size-exclusion chromatography and HIC for 

purification of A C N S 3 : IZAC gave higher product recovery and 

did not require sample manipulation of the D E A E fraction pool 

prior to loading. Impurities removed by this method eluted in 

the flowthrough peak and were well resolved from product, 

leading to simpler pooUng criteria. Another advantage of I Z A C 

was that it could be used to reduce the salt concentration of the 

D E A E pool in a slow, controlled fashion to minimize product 

loss through osmotic shock damage. I Z A C was found to be re

producible, and when used in conjunction with D E A E provided 

a two-column purification protocol capable of delivering pure 

A C N 5 3 as specified by S D S - P A G E gels and Westems, 

A260/A2SO ratios, and total viras particle-to-infectious viras par

ticle ratios. Stepwise and overall recovery in terms oftotal viras 

particles and infectious vims particles are summarized in Tables 

1 and 2. 

The stepwise recoveries from the D E A E and I Z A C ranged 

from 44 to 6 7 % . The loss of vrras after each step could be at

tributed to two main factors. Ffrst, there was selective pooling 

of the column fractions. A greater source of loss was the phys

ical frapping of viras in the column resin itself. Vims particles 

are large enough to be frapped within the resin pores. W h e n the 

column was cleaned with N a O H , the particles were dissolved 

and eluted in a degraded form. In optimizing a chromatographic 

protocol for the purification of viras, column resins must be 

chosen and tested for the effectiveness of separation due to their 

chemical functionalities as well as recovery due to thefr phys

ical architecture. 

Analysis of the biological activities of D E A E - I Z A C - A C N 5 3 

demonsfrated that chromatographically produced A C N S 3 is 

equal to or better than CsCl-ACNS3 in terms of purity and ac

tivity. The chromatographic procedure takes less than a day to 

perform. The ulfracentrifugation protocol requfres 3 days. A 

major advantage to the chromatographic procedure is that it can 

be scaled up using standard, automation-capable procedures, 

and process-scale chromatography equipment. The CsCl pu

rification method, in confrast, is Umited by the capacity of lab

oratory centrifuges. 

The preferted process for the purification of A C N S 3 is out

lined in Fig. 9. Infected cell lysate is freated witii nuclease prior 

to the chromatographic steps. Clarification is then accomplished 

by step filfration through 0.8-Atm followed by 0.2-pm mem

branes. If necessary, a larger-pore (e.g., 5 p m ) prefiltration step 

can be added for more viscous suspensions. Adjustment to p H 

7.5/300 m M NaCl is then performed in preparation for loading 

onto a D E A E column. The product peak, as detected by the 

^26o/A28o-nrn ratio or the characteristic photo-diode artay spec

tram, is pooled and dfrectly injected onto a zinc-charged, iso-

osmotically equilibrated metal affinity column. The ionic 

strength of the buffer is then gradually lowered to approximate 

phospate-buffered saline (-150 m M NaCI) prior to elution of 

product with a glycine gradient. This material is then dialyzed 

into the final formulation. 

The use of chromatography for the purification of recombi

nant adenovimses for use in gene therapies provides an effec

tive altemative to cesium chloride density gradient ulfracen-

trifugations. There are several advantages related to this 

methodology, including quality, consistency, decreased process 

time, system automation, and the ability to process large 
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Harvest cells 

i 

Nuclease treatment 

3-Cyclodextrin treatment 

i 

Clarification 

i 

D E A E chromatography 

i 

IZAC chromatography 

i 

Buffer exchange 

FIG. 9. Process flow diagram for the purification of ACNS3. 

A scalable process for the purification of adenoviral vectors is 

presented. Details of the process are presented in the Materials 

and Methods section. 

amounts of crade lysate. This method can also be used to pu

rify other recombinant A d S. The purification scheme devel

oped specifically for our A C N S 3 vector selects for product 

based on the surface characteristics of the virion. These char

acteristics should not change with different intemal D N A con

stracts, leading to similar chromatographic behaviors indepen

dent ofthe target gene inserted inside the vector. W e have begun 

preUminary investigations into the purification of recombinant 

A d 5 vectors containing genes other than human pS3 and have 

found them to behave the same as A C N 5 3 . 
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