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Abstract

We evaluated viral clearance in multiply-cycled anion-exchange media run in flow-through mode. We found that anion-exchange columns
do not lose viral clearance capacity after extensive re-use, if they are cleaned with recommended buffers that do not chemically degrade
the media. In contrast, anion-exchange (AEX) columns that are not cleaned or are cleaned with buffers that chemically degrade the media
lost viral clearance capacity after extended use. In these cases, other performance attributes that changed at the same time were increase
band spreading, decreased DNA clearance and accumulating backpressure that prevented re-use past 80-120 cycles. Thus, our data sugge
that flow through mode anion-exchange columns that are cleaned with recommended cleaning buffers, and periodically monitored for band
spreading, DNA clearance and/or backpressure need not be re-evaluated for viral clearance at the end of the validated media lifetime.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction bodies (Abs), while endogenous retroviruses present in cell
culture harvests flow largely uninhibited through the column
Because of process economics, chromatography media ig13 14] The aforementioned mechanisms of decay are not
extensively re-used in biopharmaceutical manufacture, often predicted to impact the uninhibited flow of viruses through
more than 100 timefL,2]. Multiple re-use of chromatogra-  the column during loading, and this prediction was verified
phy media poses a theoretical safety risk because declining, g study examining protein A sepharose lifetime and virus
performance of the media may lead to diminished virus re- clearancds].
moval[3]. For example, protein or lipid build-up can interfere In contrast, anion-exchange (AEX) columns are believed
with the performance of media, particularly whenimproperly 15 remove negatively charged viruses from in process in-
sanitized4—6]. Ligand loss or degradation of the matrix sup- termediates by binding them more avidly than positively
portcan also reduce the capacity of ar¢##il.2]. Theimpact  charged drug substances like monoclonal antibddig4.5]
of media degradation on viral clearance will vary with media gegpe therapy and vaccine manufacturing schemes often use
type. For example, protein A media specifically binds anti- AEx and other resins with salt elutions to separate vaccine
or therapeutic viruses from differently charged process im-
% Opinions expressed in this article are those of the authors and do not PUrities [16-25} When run at analytical scale with proper
necessarily represent those of the US Food and Drug Administration or the Cleaning, many types of media can be used up to 1000 cycles
US Government. [26,27] When run on a preparative scale, protein and other
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retention times are gradual losses of functional groups and In this report, we used commercial process intermediates
matrix hydrolysis caused by harsh or inappropriate clean- in appropriately scaled down studies to cycle anion-exchange
ing bufferd10-12,28—-31]Fouling, matrix disintegrationand  resins from three manufacturers up to 200 cycles or until resin
ligand loss could eliminate potential binding sites for viruses, failure. We used three different cleaning strategies and mon-
conceivably impacting viral clearance capacity. itored backpressure, band spreading, frontal analysis, DNA
A demonstration of viral safety is required by regulatory removal, step yield and virus removal in an effort identify key
agencies world-wide for registration or investigational new stability indicating performance attributes for flow through
drug (IND) use of biotechnology drug products produced by mode anion-exchange chromatography.
mammalian cell culturef8,32]. The viral safety demonstra-
tion includes screening of cell banks and cell culture harvests
for adventitious viruses, virus removal validation studies of

the drug substance purification process and a quantification, 1 Chromatography media and feedstocks
of endogenous retrovirus levels in cell culture harvests. In the

validation studies, the virus lgg reduction value (LRV) of Q-Sepharose fast flow (lot no. 296307) was purchased
individual purification unit operations, such as chromatog- fom Amersham (Uppsala, Sweden). Q-Ceramic Hyper D
raphy or nanofiltration, is measured in scaled-down studies (lot no. 8066) was a kind gift from B. Schwartz and M. Ma-
that mimic the unit operation using model viruses and in pro- 5.4 (BioSepra SA, Cergy-St. Christophe, Frafi@8}). Toy-
cess intermediates. If applicable, an assessment of the impac(gpeaﬂ super Q-650M (lot no. 65QAM99B) was purchased
of extended processing of column unit operations on Virus o m TosoHaas (Tokyo, Japaf86]). Purified monoclonal

clearance i§ re'commended by the International Conferenceamibody (mAb) was produced at Genentech using propri-
on Harmonization (ICH)2,3]. etary processes.

Two safety assessment approaches have been proposed
to satisfy the ICH recommendation. The most conservative 2 2. Chromatography system, buffers and run Cyc|e5
(and expensive) approach is to perform small-scale virus re-
moval studies using intermediates from each new process, us- Small-scale chromatography models were designed to be
ing both new and re-used column media. A second approachrealistically representative of a commercial process, but at
is performing virus removal validation studies on new me- the same time, near or beyond typical extreme limits of key
dia only and then monitoring during production chromatog- process scale parameters such as protein load, load quality,
raphy performance attributes such as product step yield orlinear flow rate and bed height. Extreme limit conditions were
eluate impurity content (protein A, DNA, etc.) predicted to chosen to challenge the stability of virus clearance by anion-
decay prior to virus clearance. This approach requires theexchange chromatography, testing its robustness in this con-
identification of such a performance attribute, but obviates text.
the need for measuring virus lggreduction value by used AEX media was packed into a 0.67 cm diameter Omnifit
media on a product-by-product basis. Recently, this approachglass analytical chromatography housing unit (Omnifit, Cam-
was evaluated using lab scale murine hybridoma cell culture bridge, UK, 3.9 ml resin, 11 cm bed height). The columns
concentrates and protein A sepharose fast flow as a modelwere integrated into an AKTA explorer 100 chromatography
protein A resin[8]. These studies identified Ab step yield system run by UNICORN v3.21.02 software (Amersham).
and breakthrough as performance attributes that decay priofThe system was programmed to repeatedly run the follow-
to retrovirus LRV when protein A sepharose fast flow media ing chromatography cycle: equilibrate at 40 column volumes
is multiply-cycled. (CVs)/h with 3 CVs of 25 mM Tris, 7.5 mS/cm~(0 mM)

Performance attributes often monitored during flow- NaCl, pH 8.0; flow mAb in same buffer adjusted to the same
through anion-exchange chromatography include impurity conductivity and pH through the column at 40 CVs/h. Suffi-
removal (DNA, small molecule or protein), step yield, pack- cient mAb was loaded to pass 50 mg mAb through each ml
ing integrity by frontal analysis of chromatogram profiles of resin. The load consisted of a purified proprietary mAb in-
or band spreading by theoretical plates analfki3,33,34] termediate (2 mg/ml; Genentech) spiked with 2 ug/ml mouse
The step yield of a flow through unit operation is likely to genomic DNA. The column was then washed with 3 column
change only in cases of unexpected increased product bindvolumes of equilibration buffer at 40 CVs/h; regenerated at
ing due to resin chemistry changes. Forms of anion-exchange40 CVs/h with 2 CVs of 250 mM Tris, 2M NacCl, pH 8.0;
resin degradation (fouling, compaction, ligand loss) are more and finally cleaned at 40 CVs/h with 2CVs with either 0.5 M
likely to be detected by monitoring other parameters such NaOH, 100 mM HCI or nothing. All steps were performed in
as greater or more uneven band spreading, changes in chrodown-flow except for a 15 s up-flow pulse during the clean-
matogram profiles or decreased impurity removal. Thus, it ing buffer wash designed to dislodge material trapped in
would be of interest to determine which of these performance the top frit. The system was programmed to start each run
attribute changes prior to or at the same time as virus LRV by running a cycle where the mAb/DNA load was spiked
so they could be monitored as surrogates for virus LRV in with ~5 x 10* tissue culture infectious doses (TCHg)ml
extensively cycled AEX columns. xenotrophic murine leukemia virus (X-MuLV; Bioreliance,

2. Experimental
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Rockville, MD) and the entire mAb flow through was col-

lected for analysis. When loaded at pH 8.0 and conductivity g;_o HETP i
of 7.5 mS/cm, the mAb (p=9) flows through the Q-columns -
unbound, while X-MuLV and DNA bind.
The program then cycled through the following routine 4%-°
two to seven times: eight cycles without mAb collection; one 30.0 25 ul pulse
blank run cycle where no protein was loaded but a equilibra- 55 2% acetone
tion buffer pass-through fraction was collected; one X-MuLV - ¢
spiked cycle where the mAb was collected (>100 médJ O'O
above background). To achieve an overallO0 cycles for (o) o5 oo 05 10 15 min

each resin, up to six individual runs were performed for each
resin/cleaning buffer combination. In cases where significant ™V | Frontal analysis
aeration problems arose, as determined by UV absorbance,,,
spikes, the columns were re-packed with as much of the origi-

r800

nal resin as possible, maintaining near equivalent bed heights, First — A/ mAbTom i
Experiments where 200 cycles could not be achieved due Derivative / L400

to persistent backpressure (>1 mPA) were terminated early.gOO \

Fraction volumes, buffer types, resin type and bed height, . 8 F200
collection cycles, and run lengths were recorded for each 4 _ff W &
experiment on run sheets. The AKTA system continuously (B) so 90 100 110 120 130 min
recorded conductivity, flow, UV absorbance, backpressure,

and valve position data. Fig. 1. Theoretical plates and frontal analysis of fresh Q-Sepharose resin

Measurement of the number of theoretical plates of each run under the conditions described in this study. (A) Band spreading and
asymmetry of a 2% acetone pulse. (B) Chromatogramygh of a mAb

column was performed approximately every 50 cycles and at . and the first derivative of thénso CUIVe.

the start and end of each experiment. Theoretical plates are

generally considered to be a quantitative measure of columnhelol constant at 9 cm due to resin loss during unpacking and
quality, with higher numbers correla_lting with increased col- repacking, and because of compaction of some resins due
umn .performanc@34]. Each thegretlcgl p.Iate measurement multiple cycling with non-recommended cleaning strate-
consisted of a 6.2CVs Wa§h with deionized water {0 gies (e.g. no cleaning, HCl cleaning). As a comparison, fresh
25p pu!se of 2% acetone_ in di, followed by, a4.5CVs anion-exchange resins were also run under identical condi-
wash with dBO. To amplify the effect of resin decay on tions, also with 9 cm bed heights.

theoretical plate number, the flow rate was slightly above ’

the flow rates using in the cycling experiments, 47 CVs/h.

Asymmetry of the acetondygg peak and number of theo-  2-3- Q-PCR assays

retical plates of the column were calculated using the UNI- o .

CORN software that runs the AKTA systerfig. 1A). The Quantitative TagMan flluorogenlc’ Huclease product-
mathematical formula for number of theoretical plat ( €nhanced reverse transcriptase (Q-PERT) assays were per-

is N=5.54x (Vr/Wh)?, whereVr is the peak retention time ~ formed as describefl4,37,38] Mouse genomic DNAS],
in minutes and, is the peak width at half height in min-  X-MuLV [39], SV40[40,41] and MVM [39,42] clearance

utes. The mathematical formula for asymmetry is asymme- Was measured using Q-PCR assays as described.

try =width B = width A, whereA andB are the partial peak

widths measured at 10% of the peak height, Witlepresent- 2.4. Genomic DNA preparation

ing the leading part of the peak aBahe trailing part of the

peak. A peak with no asymmetry has a value of 1.0, a peak Organs were harvested from mice (kidney, liver, lung,

with a left skew has a value less than 1.0, while a peak with heart, brain, thymus, and ovaries or testes) and homoge-

a right skew has a value greater than 1.0. nized in 100 mM NacCl, 10 mM Tris, 25 mM EDTA, pH 8.0.
Analysis of the mAb-loading front was performed by cal- Proteinase K (0.1 mg/ml) and sodium dodecyl sulfate (SDS,

culating the first derivative of théygg absorbance curve.  0.5%) were added and the mixture was digested overnight at

Asymmetry and half-maximal width of the first derivative 50°C. The digestion mix was extracted for 1 h at 20=¢5

curve peak was calculated using the UNICORN software that with phenol:choloroform:isoamy! alcohol (25:24:1 volume

runs the AKTA systemKig. 1B). ratio). The DNA was precipitated from the aqueous phase
At the end of each experiment, the anion-exchange resinsafter extraction by the addition of NaOAc to 0.3 M and two

were recovered and re-run one additional time under sim- volumes of ethanol. After centrifugation for&t 10,000x g,

ilar conditions, except simian virus 40 (SV40) and minute the DNA pelletwas resuspendedd00 ug/mlin TE 8 buffer

virus of mice (MVM) were used to spike the mAb instead of (10 mM Tris, 1 mM EDTA, pH 8.0). All mice were sacrificed

X-MuLV and mouse genomic DNA. The bed heights were under FDA animal care and use committee protocols.
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Fig. 3. Q-Ceramic Hyper D column run through 201 cycles of product pass-through/regeneration/cleaning with 0.5 M NaOH cleaning buffer. Thetexperime
consisted of five separate runs captured in independent run files (cycles 1-50, 51-100, 101-130, 131-180, 181-201). The column was repaceked after cycl
130. (A—F) Panel identifications and use of lines and symbols are the sdfite as

3. Results and discussion ent matrix chemistries (agarose-based Q-Sepharose fast flow,
polystyrene/ceramic-based Q-Ceramic Hyper D and vinyl

3.1. Multiple cycling of anion-exchange resins cleaned polymer-based Toyopearl super Q-650M) were chosen to

with recommended cleaning buffers broaden the range of resin stability profiles included in the

study[29]. The modelload was a monoclonal antibody spiked
NaOH-based solutions are commonly considered to be with mouse genomic DNA as a model process impurity and
effective cleaning buffers which do not excessively impact X-MulLV, a model contaminating murine retrovirus. A vari-
the stability of many ion exchange chromatographic resins ety of performance attributes were measured over extended
[9,12,35,43,44]To investigate the stability of viral clearance cycling and are plotted iRigs. 2—6 (1) retrovirus clearance
by anion-exchange chromatography, media were subjectedusing two orthogonal Q-PCR based assays; (2) DNA clear-
to ~200 sequential load/NaOH cleaning cycles with minimal ance; (3) step yield; (4) band spreading of pulse of.R5
manipulation or storage between cycles. Resins with differ- 2% acetone; (5) shape of the UV absorbance front at ini-

Fig. 2. Q-Sepharose fast flow column run through 196 cycles of product pass-through/regeneration/cleaning with 0.5 M NaOH cleaning buffeiniEme exper
consisted of six separate runs captured in independent run files (cycles 1-50, 51-75, 76-125, 126-155, 156-175, 176-196). The column wasrrepacked aft
cycles 75, 155, and 175. (A) Bed height/compaction (diamonds and dashed lines) and maximum backpressure during mAb pass-through (squares and solid
lines) was measured before each run and at the end of the experiment. Arrows indicate re-packing between cycles. (B) Band spreading was méasured from t
Azgo curve of a 25ul pulse of 2% acetone. Diamonds and dashed lines represent theoretical plates calculated from the acetone peak; squares and solid lines
are the asymmetry of the acetone peak. (C) Frontal analysis was performed on the protein front at the start of mAb pass-through. Squares aiscadashed line
the asymmetry of the curve generated by taking the first derivative dithigprotein front curve. Diamonds and solid lines are the peak width at half of the
maximal height of the same curve. (D) Diamonds represent total protein content of mAb collected during product pass through, measured evefyh&0 cycles
dashed line indicates the linear trend of total protein pass-through. (E) Diamonds and solid lines represent DNA contamination in mAb catig bextidati

pass through. The DNA content in ng/mg of total protein was measured every 20 cycles. (F) Squares represent clearance of X-MuLV measured deery 10th cyc
The solid line is the linear trend of the LRV. Clearance of RT activity in this experiment exceeded the measurement capacity of the assay)>&)3 log
Representative chromatograms from throughout the run. Blue lidgsisabsorbance, black line is conductivity, red line is column backpressure both during

buffer pass-through and during mAb pass-through.
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Fig. 4. Toyopearl super Q-650M column run through 201 cycles of product pass-through/regeneration/cleaning with 0.5M NaOH cleaning buffer. The
experiment consisted of four separate runs captured in independent run files (cycles 1-50, 51-100, 101-150, 151-201). The column was not repacke
(A-F) Panel identifications and use of lines and symbols are the safig.&s

tial mAb loading; (6) column backpressure. Representative
chromatogram profiles from the Q-Sepharose fast flow ex-
periments are shown in sufigs. 2G, 5G and 6GResins Table 1
were recovered at the end of each experiment, repacked intd='earance of SV40 and MVM of new and re-used anion-exchange resins
new chromatography housing units and compared withena ~ Resin logo reduction Protein
resins for their capacity to clear two additional viruses, SV40 MMV SV 40 recovery (%)
and MVM (Table J. . . Q-Sepharose fast flow

In the case of all three resins, each property monitored = ngive >5.124 021 >4.28+ 014 98
in this study remained stable for the duration of 200 cy-

K : Re-use

cles, including clearance of X-MuLV. The columns needed 198 cycles;05M  >5.064 0.07 >4.41+ 0.08 97
re-packing only in cases of aeration problems unrelated to NaOH
the column resin. LRV of X-MuLV, measured with a sensi- 124 cycles; 0.1 M 415+ 0.13 3.33+0.33 101
tive genome specific Q-PCR assay, was greater than 4.5 log HCI _
with no one resin type appearing to possess an advantage over 54 ©ycles; no 445+013  3.96+008 98
he other in this direct comparisoRifs. 2F, 3F and 4k In cleaning

the o p ' ! ' Q-Ceramic Hyper D

two out of three cases, the fitted curve of the LRV datahad a  naive >5.224 0.02 >4.67+ 0.12 103
near zero or positive slope. Inthe third case, Q-Sepharose fast . .

flow (QSFF), the slope was —0.0037 lefrycle, consistent 203cycles;05M =517+ 0.13 >4.52+0.02 102
with a viral clearance capacity loss of 1 lgdor every~300 NaOH

cycles. This level of a change would only be considered to Toyopearl super Q-650 M

be significant from a regulatory standpoint if a QSFF column ~ Nave 349+ 019 470+ 030 100
was actually used for 300 cycles in routine manufacturing. Re-use

Resins from these experiments were recovered and tested for 203 cycles;0.5M  3.67+ 0.25 >4.81+ 0.09 102
their clearance capacity of two additional viruses, SV40 and NaOH
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Fig. 5. Q-Sepharose fast flow column run through 82 cycles of product pass-through/regeneration with no cleaning step. The experiment carsisted of th
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Fig. 6. Q-Sepharose fast flow column run through 122 cycles of product pass-through/regeneration/cleaning with 100 mM HCI cleaning buffeimiém exper
consisted of three separate runs captured in independent run files (cycles 1-50, 51-100, 101-122). The column was not repacked. (A—G) Paaesidentifica
and use of lines and symbols are the samigigsbs.

MVM (Table J. Like X-MuLV clearance, recycled resins tle trend either upwards or downward over time or variation

from all three manufacturers were equivalent toveaesins between vendorsH{gs. 2B, 3B and 4B Significant varia-

in their capacity to clear these viruses. The Q-Sepharose fastion in only one attribute was observed among resins with

flow and Q-Ceramic Hyper D resins were somewhat more different matrix chemistries; the polystyrene/ceramic-based
effective at clearing MVM than Toyopearl super Q-650M.  Q-Ceramic hyper D column ran at higher operating pressure

Packing quality at the beginning and over the duration of (0.3—0.7 mPA) than the other resiriads. 2A, 3A and 4A.

the 200 cycles were within an acceptable range; theoreticalHowever, the backpressure remained below 1 mPA over the
plates of the columns ranged from 50 to 170 and showed lit- duration of the study, did not contribute to resin compaction,
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and X-MuLV LRV appeared unaffecteli@. 3F). The shapes isnotgenerally considered to be good manufacturing practice
of the chromatograms were similar over the duration of the (GMP).

cycling (Fig. 2G, data not shown), demonstrating consis-

tency of the small-scale model process over extended cy-3.3. Multiple cycling of Q-Sepharose cleaned with 0.1 M
cling. Similar consistency was observed in chromatograms HCI

of the other resin types (data not shown). In all three cases,

complete genomic DNA clearance was also noted over 200 HCI-based cleaning solutions are known to gradually de-
cycles Figs. 2E, 3E and 4EProtein carry-over was minimal  grade sepharose-based resins, and are generally not recom-
(<0.1% of load) or undetectable in the blank cycles, while X- mended for cleaning anion-exchange re§®40]. Acidic

MuLV nucleic acid was undetectable in the blank cycles (data cleaning is believed to hydrolyse glycosidic bonds in the

not shown). agarose matrix, and has typically been manifest as accelerated
leakage of total organic carbon, ligands and ligand deriva-
3.2. Multiple cycling of Q-Sepharose without cleaning tives[9,10]. Thus, this cleaning buffer can be used in forced

degradation studies where resin stability performance can be

Multiple cycling of anion-exchange resins without clean- monitored as they decay. When we tested the performance
ing has been observed to lead to the loss of protein capacityof HCI-cleaned Q-Sepharose, matrix disintegration was evi-
because incomplete cleaning allows resin fouling, even with dentas a clear upward trend of backpresskig 6B). Again,
NaCl-based regeneratifh-6,9] When we tested the perfor-  backpressure terminated the experiment at cycle 122 because
mance of Q-Sepharose repeatedly cycled without cleaning,it exceeded 1 mPA. The acid-induced resin degradation also
fouling was evidenced as a clear upward trend of backpres-diminished the number of theoretical plates of the column
sure leading to resin compactiofig. 5A and G). The back-  to a great degree (155-Figs. 6B and 7A Distortion and
pressure terminated the experiment at cycle 82 because iasymmetry of the acetone peak clearly indicated band spread-
eventually exceeded 1 mPA. The fouling also diminished the ing and uneven flow through the degraded column. A more
number of theoretical plates of the column (16051, 5B) subtle distortion of the shape of the protein load front curve
and had a significant impact on X-MuLV LRV by cycle 82 was also evident at cycle 122, both upon visual examination
(Fig. 5F). A more modest impact was seen on SV40 and of the curve and as an increase in the asymmetry of the first
MVM clearance, perhaps because the resin was re-packed bederivative of the UV absorbance cunfégs. 6C, 6G and 7B
fore the re-test, improving resin performance. Interestingly, Close examination of the chromatograms also revealed
DNA clearance remained complete over the duration of the a gradual decrease in the amount of UV absorbing
experiment Fig. 5€). It is important to note that repeatedly material stripped from the column during regeneration
omitting resin cleaning is not common industry practice and (Fig. 6G).
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Fig. 7. Comparison of band spreading and frontal analysis at cycles 1 and 122 of the HCI cleaned QSFF resins. (A) The blueAjag isdabang in mAU
as the 2% acetone pulse traverses the column. The orange line isGhebbile phase flow held constant at 3 ml/min. (B) The blue line i®thg reading as
the leading edge of the mAb load exits the column. The purple line is the first derivative of this curve.
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The resin degradation had a clear negative impact on X- for theoretical plates, DNA clearance and/or backpressure
MuLV LRV as measured by both the X-MuLV genome Q- need not be re-evaluated for viral clearance at the end of the
PCR and Q-PERT assaysq. 6F). The impacton SV40and validated media lifetime.

MVM clearance was more modest{logo, Table 1), but

may represent an underestimate due to sensitivity limitations

of the Q-PCR assays. Also, the resin was re-packed prior to Acknowledgements
the measurement of their SV40 and MVM clearance capacity,

potentially restoring some chromatographic performance. We thank B. Herzer for extensive technical advice and
Resin disintegration and probably ligand loss was so pro- arranging for a loan of an AKTA 100 explorer chromatogra-
found by cycle 70 that DNA (a highly negatively charged phy system. Inclusion or exclusion of chromatographic me-
molecule predicted to bind avidly to Q-Sepharose) break- dia in this study should not be interpreted to constitute an
through was evidenfg. 6E). DNA breakthrough is highly  endorsement of specific resins or particular vendors. We ac-
indicative of extensive ligand/binding site loss, arguing that knowledge Dr. Mahmood Farshid, Dr. Ingrid Markovic, Dr.

the virus clearance capacity diminished due to loss of poten- pouglas Frey, and Jessica Soto Perez for careful review of
tial virus binding sites over time. this manuscript.
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