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Citrate-mediated disaggregation of rotavirus particles in RotaTeq® vaccine
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Abstract

For the routine manufacture of live virus vaccines, virus is diluted into a formulation buffer to stabilize it for long-term storage, and to facilitate
vaccine administration. The characteristics of this buffer are dependent on the storage temperature of the vaccine, as well as the desired characteristics
of the product. The formulation buffer for RotaTeq®, Merck’s live, pentavalent, oral rotavirus vaccine to prevent rotavirus gastroenteritis was
developed as a fully liquid solution that requires no pre-feeding prior to administration, and is stable for 24 months at refrigerated temperatures.
In studying the effects of the formulation buffer on the live virus contained within RotaTeq®, we observed that the formulation buffer also directly
impacts the state of rotavirus aggregation. This observation, termed “the matrix effect,” was first noted as an∼50% increase in measured in
vitro infectivity, following dilution of the virus into the buffer. Subsequent experiments confirmed that citrate in the formulation buffer facilitates
the disaggregation of viral particles, likely through a carboxylic-acid mediated interaction. For vaccine manufacture, bulk virus is titered and
s ount of virus
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ubsequently diluted to a target concentration for dosing. Aggregation of the virus and subsequent inaccurate measurement of the am
ontained in either the bulk sample or in the final dosing container could lead to an inability to accurately predict final vaccine conce
hus, discerning the nature and extent of the matrix effect was key principally for providing an accurate prediction of final virus conc
pon dilution, to ensure a robust manufacturing process. In addition, understanding potential contributions of the formulation buffer
fficacy of the vaccine was critical. Clinical data have confirmed that the citrate-mediated disaggregation had no measurable impact
afety, immunogenicity, or efficacy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Rotavirus is a major causative agent of infantile gastroen-
eritis, and infects most children worldwide before the age of
ve. The disease causes considerable mortality, mostly in the
eveloping world (∼500,000 deaths annually), and significant
orbidity in the United States and Europe (Parashar et al., 2003).
otavirus is a triple-layered, non-enveloped, double-stranded

ds) RNA virus in the family Reoviridae (Estes, 2001). The
otavirus genome consists of 11 segments of dsRNA, most cod-
ng for a single gene product, and reassortment of these segments

Abbreviations: MOI, multiplicity of infection; M-QPA, multivalent quan-
itative PCR-based cell infectivity assay; TNC, Tris, sodium chloride, calcium
uffer; PFU, plaque forming unit; IU, infectious unit; R.S.D., relative standard
eviation; EM, electron microscopy; DLS, dynamic light scattering; S.D., stan-
ard deviation; TLP, triple-layered particle; DLP, double-layered particle
∗ Corresponding author. Tel.: +1 215 652 6061; fax: +1 215 993 4851.
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on co-infection in vivo is a significant source of evolution of
virus (Estes, 2001; Yolken et al., 1988). The two outer-mos
structural proteins of the virus, VP7 and VP4, elicit indepen
neutralizing antibodies and are used to classify the serotyp
the virus (Ciarlet and Estes, 2002). The VP7 classification
designated as the “G” type (for glycoprotein), and the VP4 c
sification is designated as the “P” type (for protease-sensi
To date, 10 G serotypes and 11 P serotypes have been ide
for human rotaviruses (Ciarlet and Estes, 2002; Hoshino et
2002).

RotaTeq® is Merck’s live, pentavalent, oral vaccine aga
rotavirus gastroenteritis, and has been shown to be gen
well-tolerated and effective in large-scale clinical trials (Clark
et al., 2003, 2004a; Vesikari et al., 2005a,b; Itzler et al., 20).
The vaccine consists of five human-bovine reassortants,
erated by co-infection of cell culture with human and bov
(WC3) strains, and subsequent reassortment of the segm
genome (Clark et al., 1996). Each of the vaccine’s five reass
tants shares most of its genes with the parental bovine (W
strain. The exceptions are VP4 and VP7, which are not in c
166-3542/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2005.11.001
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mon among all five reassortants. Four of the five reassortants
contain a gene for VP7 that comes from different human viruses,
whereas the fifth reassortant contains a gene for VP4 that comes
from a human virus. The serotypes of the viruses contained
within the vaccine are [P7, G1], [P7, G2], [P7, G3], [P7, G4], and
[P1A, G6]. For convenience, the five human-bovine reassortants
are referred to here as G1, G2, G3, G4, and P1, respectively.

For vaccine manufacture, these five reassortant viruses are
grown in culture, harvested and processed, and diluted into
a formulation buffer for shelf-life storage and administration.
The formulation buffer contains sucrose, sodium citrate, sodium
phosphate, polysorbate-80, and tissue culture media (Burke
and Volkin, 1999). The precise composition of this buffer was
devised to neutralize the gastric contents of the vaccinee, and
subsequently eliminate the need for pre-feeding of infants prior
to vaccination (Clark et al., 2003). Both the pH of the vaccine
formulation and the presence of the sodium citrate contribute
to the neutralizing capacity of the formulation. The formulation
buffer was designed to stabilize the virus for long-term storage
at 2–8◦C.

Characterization work has now been completed to further
understand how the formulation buffer impacts the viral reas-
sortants in RotaTeq®. The work here describes a phenomenon
in which the formulation buffer causes an increase in measured
infectivity in vitro for each of the five reassortant viruses con-
tained within the vaccine. The mechanisms for this observation
a
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tion is described in US Patent 5,932,223 (Burke and Volkin,
1999).

2.2. Purification of virus by CsCl gradient

Viral purification from the concentrated cell lysates was car-
ried out as described inPatton et al. (2000)with minor modifi-
cations. The viral particles were pelleted from the supernatant
using an SW28 rotor at 26,000 rpm for 2 h, with a cushion of 25%
sucrose in TNC (10 mM Tris, pH 7.4; 140 mM NaCl, 10 mM
CaCl2). Following removal of the supernatant, the viral pellet
was suspended in TNC. Cesium chloride was added and dis-
solved by gentle shaking, and the solutions were subsequently
centrifuged at 34,000 rpm for 20 h in an SW55 rotor to form CsCl
gradients. Visible double-layer particle (DLP) and triple-layer
particle (TLP) bands were harvested using needle aspiration.
Two methods for removing the CsCl from the viral bands were
used: high-speed centrifugation (SW28, 26,000 rpm, 2 h, using
a 25% sucrose cushion) or dialysis against TNC at 4◦C.

2.3. Multivalent quantitative PCR-based cell infectivity
assay (M-QPA) and plaque assay

The multivalent quantitative PCR-based cell infectivity assay
(M-QPA) was carried out using Vero cells as described with
minor modifications (Ranheim et al., in press). An additional
r nd in
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s well as implications are discussed.

. Materials and methods

.1. Viruses, cells, and the formulation buffer

The five viral reassortants, WI79-9, SC2-9, WI78-8, BrB
nd WI79-4 (designated G1, G2, G3, G4, and P1, respec

or simplicity) were generated as described using bovine
uman parental strains (Clark et al., 1996; Offit et al., 2003). All
eassortants are composed of the bovine rotavirus strain
P7[5],G6) genome background expressing human outer
id glycoproteins of G1 (derived from the G1 human rotav
HRV] strain WI79), G2 (derived from the G2 HRV strain SC
3 (derived from the G3 HRV strain WI78), or G4 (deriv

rom the G4 HRV strain BrB) serotype specificity, or expres
he human spike protein of P1A[8] (derived from the P1A
RV strain WI79) serotype specificity (Clark et al., 1996; Offi
t al., 2003). Viral samples for analysis were produced by inf

ng African green monkey kidney Vero cells in the presenc
arying concentrations of trypsin. Three days post-infection
irus was harvested and further processed. Processing inc
reeze/thaw of the cell lysates, filtration, and concentration.
nal concentrated virus was in a mixture of cell lysate and
ue culture media, and was stored at−70◦C for subsequen
se.

The standard formulation buffer into which the virus
iluted for final vaccine administration has varied throu
ut clinical development of the vaccine, and includes suc
odium citrate, sodium phosphate, polysorbate-80, and
ulture media. The buffer and its development and prep
y
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eference for the basic principles of this method can be fou
ang et al. (2005). For this method, quantitative PCR techn

gy is used to measure viral replication following infection
ells, as compared with a homologous reference standard.
ivity of the sample is calculated by interpolation of the sam
esults to the reference standard curve. The infectivity of the
rence standard used for the standard curve was indepen
ssigned using the plaque assay (Ranheim et al., in press).

In more detail, for this assay individual 96-well cell pre
ations are infected with either a sample or four dilution
reference standard. Following 24 h of infection, the cells

ysed and primer/probe sets specific for each reassortan
2, G3, G4, or P1) are used to quantitate viral mRNA in e
ell using reverse-transcriptase quantitative PCR techno

RT-QPCR). As with all Q-PCR, aCt or Cycle-threshold valu
s measured to indicate the relative amount of nucleic ac
he starting sample. To report a value for the sample, thCt
alue obtained from the Q-PCR of each dilution point of
tandard is plotted versus the assigned infectivity of each
assigned previously via plaque assay). In this way, a straigh
s obtained for the standard curve, in whichCt is plotted agains
nfectivity. The potency of the sample relative to the standard
hen be reported using straight-forward interpolation of thCt
alue obtained for the sample to the standard curve. Rathe
he standard measure of plaque forming unit (pfu), this a
eports values in “Infectious Units” or “IU.” Since the stand
s originally assigned its infectivity using the plaque assay
he purposes of this discussion 1 IU is essentially equal to 1

Due to the flexibility of the 96-well platform, various ass
ormats are easily achievable in the M-QPA. For all data po
t least two duplicate wells are plated. For the experim
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described here, a format of “Y × Z” indicates the number of
plates/day and the number of days for any given assay, respec-
tively. For example, a “2× 1” assay format is a single sample
tested in duplicate wells on each of two 96-well plates on a single
day. A “1× 12” format would describe a single sample tested
in duplicate wells on independent plates on each of twelve dif-
ferent days. A “6× 1” format would describe a sample that had
been plated in two replicate wells across each of six plates, all
plated on a single day.

For experiments described in which monovalent or pentava-
lent samples were formulated prior to assay, virus was diluted
into the indicated solutions, samples were then inverted gently to
mix completely, and in most cases subsequently frozen to await
assay.

Plaque assays were performed in African green monkey kid-
ney MA-104 cells using standard methods as described (Clark
et al., 2003). Virus samples in the various solutions to be tested
were diluted to appropriate concentrations using cell culture
media prior to plating and assay. Assays for samples of each
viral preparation were performed at the same time by the same
operator, using cells planted from the same cell suspension. For
each sample, the assays were completed in triplicate on each of
2 days (3× 2).

2.4. Impact of the formulation buffer and its individual
components
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Fig. 1. Average matrix effect for different preparations of the five reassortants.
Two independent preparations of viral samples from each of the five reassor-
tants were measured before and after dilution into the formulation buffer, using
a 1× 12 M-QPA. The averages of these results are reported as a percentage
increase in in vitro infectivity for each preparation over the infectivity measured
for each viral preparation in tissue culture media.

increase in in vitro infectivity for each formulated preparation
as compared with the infectivity of the sample diluted into tissue
culture meda.

To titrate specifically the effects of citrate in the formula-
tion buffer, a P1 virus preparation generated as described in
Section2.1 was formulated either into media, “full” formula-
tion buffer (containing all sucrose/citrate [1×]/phosphate/PS-80
components), or formulation buffer containing 0×, 0.25×, 0.5×,
or 1×citrate. To eliminate pH effects, each formulation was stan-
dardized to pH 6.2 before addition of virus. All samples were
assayed in a 6× 1 M-QPA format to assign potency as described
in Section2.3.

To titrate the effects of succinate, a pentavalent virus prepa-
ration was diluted into citrate-free formulation buffer with the
following levels of succinate: 0, 0.005, 0.05, 0.1, 0.2, 0.4, 1.4 M
succinate. All formulations were standardized to pH 6.2 prior
to adding virus, and all where stored at 4◦C overnight prior to
being frozen and tested by M-QPA in a 2× 2 format as described
in Section2.3.

2.5. Electron microscopy and dynamic light scattering

Electron microscopy was carried out using standard methods
following PTA staining. For the samples that were examined,
virus was prepared as described in Sections2.1 and 2.2. Dynamic
l par-
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G1, G2, G3, G4, and P1 viral preparations generate
escribed in Section2.1 were diluted into tissue culture med
nd measured using the M-QPA in a 1× 12 format. These sam
iral preparations were then mixed to generate a pentav
ixture, and diluted into the sucrose/citrate/phosphate/P

ormulation buffer. The development of this formulation bu
s described byBurke and Volkin (1999). The buffer contains tis
ue culture media, sucrose, sodium citrate, sodium phosp
nd polysorbate-80, with a final pH of∼6.4. The formulated
entavalent samples were then measured using the M-Q
1× 12 format. The average matrix effect was calculated

ercentage increase in in vitro infectivity for each formula
reparation over the infectivity measured for each viral prep

ion in tissue culture media. This entire procedure was rep
or two independent viral preparations of each of the rea
ants.

For the data described inFig. 1, each viral preparatio
as diluted into the sucrose/citrate/phosphate/PS-80 form

ion buffer at least nine independent times for each repo
xperimental result. Each of the nine replicates was tested
he M-QPA in a 1× 12 format. ForFig. 1, therefore, a total of a
east 108 values were averaged for each lot of each reass
hown.

Further experiments were carried out in which P1 virus
ared in two ways, as a concentrated lysate as describ
ection2.1and using CsCl purification as described in Sec
.2, was diluted into formulations of either tissue culture me
ucrose/citrate/phosphate/PS-80 formulation buffer, or fo
ation buffer missing one of each of the formulation com
ents. The average matrix effect was calculated as a perce
-
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ight scattering (DLS) experiments were performed using a
icle analyzer (Model 4700, Malvern Instruments Ltd., Malve

orcester, UK). TLPs and DLPs in varying formulations w
iluted 1:5 into tissue culture media to reduce the effec
iscosity contributed by the sucrose and sodium citrate in
ormulation. Particle size and size distribution were asse
sing DLS, in which a laser power of 0.25–0.5 W at 488
nd a scattering angle of 90◦ were employed in all exper
ents. The temperature of the refractive index matching
as maintained at 25◦C. For each sample analyzed, ten cons

ive measurements were taken for 10 s each. Measured vis
or each individual diluted formulation condition was used
espondently during the measurements. Data shown are
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the mean of 10 measurements for each individual sample. Latex
beads (96 nm) were 1:1000 diluted into the corresponding for-
mulations and used as a reference to determine the accuracy of
the measurements.

2.6. Centrifugation experiments

For experiments to separate aggregates via centrifugation,
CsCl-purified virus preparations prepared as described in Sec-
tion 2.2 were diluted in media and centrifuged for 10 min
at 10,000 rpm at 4◦C in a microcentrifuge. The supernatant
was removed by pipetting and transferred to a clean cen-
trifuge tube. The pellet was suspended with the remaining
media. No visible pellet was observed in these experiments.
OD260 readings of the samples at each step were recorded
using spectrophotometry to confirm the removal of the viral
aggregates. Light scattering was also conducted at each step
to monitor the changes within the virus particle suspensions.
The fractionated purified preparations were further formu-
lated into media, sucrose/citrate/phosphate/PS-80 formulation
buffer, or citrate-free formulation buffer to examine changes
in infectivity. M-QPA (2× 4 format) was used to monitor
the viral infectivity under each condition as described in
Section2.3.

3. Results
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the magnitude of the effect varied, consistent with assay vari-
ability. RSD for this assay format is∼8%.

3.2. The plaque assay confirms the presence of the matrix
effect

Because the M-QPA is a relatively new method for deter-
mination of viral infectivity, the traditional plaque assay was
also carried out on monovalent samples to confirm the matrix
effect of the formulation buffer. In this experiment, two indepen-
dent preparations of each of the monovalent viruses were diluted
identically into either tissue culture media or into the formula-
tion buffer, and assayed for infectivity in the plaque assay using
MA-104 cells. Monovalent rather than pentavalent samples were
used since the plaque assay cannot distinguish between reassor-
tants.

The results indicated that for each of the reassortants, the
infectivity observed following dilution in formulation buffer was
higher than when samples were diluted in cell culture media.
The average relative differences in potency between sample in
formulation buffer versus media for each reassortant was as fol-
lows: G1, 48%, G2, 49%, G3, 46%, G4, 43%, P1, 23%. The
relative standard deviation for these assays ranged from∼20 to
60%, averaging around 35%. These data are qualitatively con-
sistent with the observations from the M-QPA, and confirm that
the matrix effect is not due to assay artifact or cell type.
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.1. The formulation for RotaTeq® enhances in vitro
nfectivity, as measured by the M-QPA

A study was initiated to determine whether or
he sucrose/citrate/phosphate/PS-80 formulation buffer
otaTeq® had any impact on the in vitro infectivity of the vario

eassortants contained within the vaccine. Multiple pentav
reparations were diluted either into tissue culture media o

ormulation buffer, and infectivity of the samples was meas
sing the multivalent quantitative PCR-based cell infect
ssay (M-QPA). This assay was chosen for its ability to di
uish individual reassortants within a pentavalent mixture,

ts superior operating characteristics (good reproducibility
orresponding low variability).Fig. 1shows the average resu
f this set of experiments. Results are reported as the pe

ncrease in infectivity of virus diluted in formulation buffer
ompared to the infectivity of the same volume of virus dilu
n tissue culture media.

The results show that for all five reassortants, dilution
he sucrose/citrate/phosphate/PS-80 formulation buffer res
n increases in measured in vitro infectivity. We have termed
bserved enhancement in infectivity following dilution into

ormulation buffer the “matrix effect.” G1, G2, G4, and P1 re
ortants behaved similarly, although not identically, with res
o the magnitude of the effect. The effect appeared to be les
ounced for G3 (ranging from∼0 to 30%), whereas for the oth
eassortants it ranged from∼30 to 60% in various experimen
he average matrix effect from all testing, including data f
amples not included inFig. 1, was as follows: G1, 38%; G
0%; G3, 14%; G4, 53%; P1, 47%. For individual experime
r
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.3. Citrate in the formulation buffer is the major
ontributor to the matrix effect

The impact of multiple factors on the magnitude of the ma
ffect was examined, including both physical and chemica

ors. Various methods of mixing and freeze–thaw of both for
ated and unformulated samples were examined, as were
f formulation and time-in-solution. None of these variab
ere found to be significant contributing factors to the ef
ithin detectable limits. As an alternative, a set of studies
ompleted that removed each component from the formul
uffer, one at a time, in an attempt to determine if a single ex
nt or combination of excipients was responsible for the incr

n in vitro infectivity. For this experiment, both concentra
ltered virus preparations and CsCl-purified virus prepara
ere used. The data from this experiment suggested that in
al removal of sucrose, phosphate, or polysorbate-80 had li
o effect on minimizing the enhancement caused by the fo

ation for either preparation. In contrast, the removal of cit
ecreased the matrix effect by∼60% for both the purified an
npurified viral samples. These data indicated that the citra

he formulation might account for the observed enhanceme
nfectivity in vitro.

.4. Titration of citrate or succinate in the formulation
uffer leads to a titration in the matrix effect

To further explore the impact of citrate on the matrix eff
n experiment was performed in which a filtered P1 virus pr
ation was diluted into formulation buffer containing vario
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Fig. 2. Titration of matrix effect by varying citrate concentration. Monovalent
P1 virus was diluted either into media or in sucrose/citrate/phosphate/PS-80
formulation buffer containing various levels of citrate as shown. Samples were
stored overnight at 4◦C prior to transfer to−70◦C to await assay in the M-QPA
in a 6× 1 format. Results are reported as the % increase in potency observed
following formulation as compared with dilution in media.

Fig. 3. Titration of matrix effect by varying succinate concentration. Pentavalent
virus was diluted either into sucrose/phosphate/PS-80 formulation buffer (no
citrate) containing various levels of succinate as shown. Samples were assay
in the M-QPA in a 2× 2 format. Results are reported as the log of the infectivity
in IU/mL.

levels of citrate. The results, shown inFig. 2, demonstrate that
the magnitude of the matrix effect titrated with citrate concen-
tration, peaking at a citrate concentration of 1× (i.e., the amount
found in the standard sucrose/citrate/phosphate/PS-80 formula
tion buffer). These data further demonstrate the role of citrate
in the matrix effect phenomenon. These experimental result
have also been confirmed for filtered virus preparations of G1
G2, G3, and G4 reassortants, as well as for CsCl-purified vira
preparations.

The results inFig. 3 demonstrate that substituting succi-
nate for citrate in the formulation maintains the observation

of the matrix effect. For this experiment, all five reassortants
were diluted into citrate-free formulation buffer containing the
noted amounts of succinate and assayed for infectivity. The data
demonstrate a clear trend of increasing infectivity with increas-
ing succinate concentrations for each of the reassortants within
the pentavalent sample. The magnitude of the effect is consistent
with that seen for citrate-containing formulation buffer.

3.5. Comparison of physical properties of purified
rotavirus G1 viral particles in various formulations

To understand the physical mechanism of the matrix effect,
a combination of light scattering, spectrophotometry, elec-
tron microscopy, and M-QPA was pursued. The goal of these
studies was to correlate changes in infectivity caused by
the formulation buffer to potential changes in particle size.
We hypothesized simply that disaggregation of viral parti-
cles might be leading to decreased particle:infectivity in the
sucrose/citrate/phosphate/PS-80 formulation buffer, and the
subsequent increase in measured infectivity in vitro.

Initially, viral preparations were examined using EM to
determine if consistent aggregation and/or disaggregation under
the various buffer conditions could be observed. While aggre-
gation of the viral samples in media was apparent, tech-
nical difficulties hampered observation in the formulation
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Table 1
Dilution of pre-formulated viral preparations preserves the matrix effect

Formulation Matrix effect(%) Za

Media – 14 2
Citrate-free formulation 10 1 .05
Sucrose/citrate/phosphate/PS-80 79 0.02
DLPs in media – 03
ed

-

s
,
l

uffer samples due to the high viscosity and osmolarit
he sucrose/citrate/phosphate/PS-80 solution. Instead, dy
ight scattering was used to examine gross physical char
stics of the viral samples. Briefly, the CsCl-purified G1 pre
ations originally formulated in media, formulation buffer,
itrate-free formulation were each further diluted 1:5 into tis
ulture media. The diluted virus from the various formulati
as then studied using M-QPA and light scattering.
The data from these initial experiments indicated that

atrix effect was evident as expected in the sucrose/ci
hosphate/PS-80 solution. The measured in vitro infe

ty in this experiment was increased by∼80%. In addition
ight scattering data indicated that the measured diam
f the particles (Zave) in media, citrate-free formulation, a
ucrose/citrate/phosphate/PS-80 formulation were 142, 11
8 nm, respectively (Table 1). The results suggested that
edia the rotavirus particles appear to be larger, with a w

ange of size distribution (i.e., polydispersity), as compare
articles diluted into formulation buffer. Since the expec
ize of a single rotavirus particle should be∼75 nm in diam
ter (Yeager et al., 1990), the results suggest that in me
nd in citrate-free formulation the virus particles are pre
s aggregates. In contrast, the measurements of samp

ve (nm) S.D. Polydispersity S.D.

2.0 6.0 0.53 0.0
09.9 6.4 0.47 0

78.0 5.4 0.06
64.9 0.9 0.03 0.
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Table 2
Dynamic light scattering of aggregates separated by centrifugation

Sample ID Formulation Zave (nm) S.D. Polydispersity S.D.

Pre-centrifugation Media 159.9 5.9 0.49 0.03
Pre-centrifugation Sucrose/citrate/phosphate/PS-80 76.5 1.8 0.14 0.06
Supernatant post-centrifugation Media 71.2 2.6 0.20 0.04
Pellet post-centrifugation Media 118 3 0.46 0.02

the sucrose/citrate/phosphate/PS-80 formulation buffer demon-
strated more uniform size distribution and a measurement more
closely matching the published particle size, suggesting that
aggregation was not present appreciably, if at all, in this for-
mulation.

As a control, double-layered rotavirus particles in media were
measured. The measured size of this sample agreed with the
published measurement of∼65 nm (Yeager et al., 1990). This
is further indication of the validity of the measurements, and it
suggests that the aggregation occurring in the samples described
here is likely due to interactions with the VP4/VP7 protein layers
that are not present in the double-layered particles. Overall, the
outcome of combining light scattering with QPA strongly sug-
gested that the matrix effect correlates well with disaggregation
of viral particles.

3.6. Centrifugation can be used to further examine
aggregates

In order to further explore this, an experiment was designed
to separate viral aggregates from non-aggregated particles using
centrifugation. CsCl-purified G1 virus preparations were frac-
tionated by centrifugation and subsequently diluted into various
solutions as described in Section2.6. Light scattering (Table 2)
and M-QPA were conducted after each step.
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gates, and subsequent dilution of these aggregates into formula-
tion buffer enhanced virus infectivity in vitro by disaggregating
them. Supernatant samples contained fewer aggregates, hence
the lower matrix effect on dilution into formulation buffer.

3.7. Impact of citrate concentration on particle size

To definitively prove the causal effect of increasing citrate
in the formulation buffer on viral disaggregation, CsCl-purified
G2 particles were diluted into media or formulation buffer con-
taining various concentrations of citrate. The resulting samples
were then measured for average size using light scattering.Fig. 4
shows the particle size and size distribution results from light
scattering measurements in these various formulations.

The data demonstrate a reduction in particle size and size
distribution concurrent with increasing citrate concentrations in
the formulation buffer. The decrease in size correlates clearly
with increasing measures of infectivity. The results are consis-
tent with our earlier studies, and provide a clear link between the
process of viral particle aggregation/disaggregation and chang-
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ing in vitro infectivity. These data provide definitive evidence to
support the hypothesis that the sucrose/citrate/phosphate/PS-80
formulation buffer enhances virus infectivity in vitro through
citrate-mediated disaggregation.

4. Discussion and conclusions

4.1. Mechanism of enhanced infectivity

The data presented here confirm that the increase in mea-
sured infectivity in vitro brought about by the formulation for
RotaTeq® is a result of citrate-mediated disaggregation of viral
particles. This observation is apparent in two independent infec-
tivity assays using two different cell lines, the plaque assay and
the multivalent quantitative PCR-based potency assay (M-QPA).
One question this observation raised was what part of the virus’s
life cycle was disrupted by aggregation. Unlike the plaque assay,
where measured infectivity is based on infection of a single cell
and subsequent viral spread to adjacent cells, in the M-QPA
infectivity values are based mostly on detection of viral mRNA
from a single round of dsRNA replication (Ranheim et al., in
press). Thus if two (or more) virus particles enter the same cell,
the M-QPA should register a correspondingly higher infectivity
value since the assay should detect viral mRNA resulting from
replication of both (or all) virus particles.

In the case described here, however, the higher infectiv-
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ences in viral preparations, specifically with respect to cellular
components, have minimal effects in contributing to the magni-
tude of the matrix effect. In addition, double-layered particles
that do not contain the VP7 and VP4 proteins did not appear to
exhibit any aggregation under the conditions tested. Further-
more, the various reassortants apparently displayed different
magnitudes in the effect. G1, G2, G4, and P1 appeared to exhibit
average effects of∼45%, whereas G3 exhibited a smaller aver-
age effect. Since the only differences between these reassortants
are in the outer proteins of VP4 and VP7, this is an indication
that the extent of aggregation/disaggregation observed is related
directly to interactions between these proteins and the citrate in
the formulation buffer.

The mechanism by which citrate induces disaggregation
through the VP4 and/or VP7 proteins has been explored through
experiments examining the impact of ionic strength, calcium
concentration, and succinate on the matrix effect. Calcium was
specifically chosen since it is known that citrate chelates metal
ions such as calcium (Rex et al., 2002), and therefore it was
hypothesized that calcium chelation by citrate might contribute
to the matrix effect. It is also known that calcium plays a key role
in the association of the outer proteins of the TLP to the inner
protein layer of the DLP (Gajardo et al., 1997; Ruiz et al., 1996).
Data from experiments examining the impact of added calcium
and/or sodium chloride, however, indicate that ionic strength and
free calcium levels have at most minimal impact on the effect
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997; Barbas et al., 1992). Yuan and Parrish (2000)confirmed

hat aggregation of canine parvovirus by neutralizing antib
ed to defects in uncoating. Others (Streckert et al., 1988) have
hown that binding of neutralizing antibody can lead to ag
ation and subsequent inability of the virus to bind its rece
ggregation, not mediated by neutralizing antibodies, has
een shown to prevent internalization of virus into cells

he Dengue virus system (Sithisarn et al., 2003). The precis
tep of entry that is blocked here is unclear from the pre
tudies; however, the data suggest that the problem lies
ntry/uncoating process, rather than a later step in the v

ife cycle.

.2. Mechanism of citrate-Induced disaggregation

Since the CsCl-purified samples exhibited the same e
s the filtered virus preparation, it seems likely that gross d
s
.

ot

’s

t
-

i-

t
e
s

s
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Succinate was also explored for its ability to induce the m

ffect, since like citrate, it is a carboxylic acid. Data from
xperiments shown here suggest that succinate can cau
atrix effect to a similar extent as citrate. This result sugg

hat a commonality between citrate and succinate may lead
isaggregation. The obvious similarity between the chemic

heir carboxy groups. As such, we propose that specific su
harge interactions with the viral particle and the carboxy gr
n the succinate or citrate leads to the disaggregation obs

.3. Clinical implications of the matrix effect

All pivotal clinical studies to assess the final safety
mmunogenicity of RotaTeq® were carried out using th
ucrose/citrate/phosphate/PS-80 formulation buffer desc
ere. As discussed, citrate is added to the formulation buf
eutralize gastric acid during immunization to eliminate the n

or pre-feeding. The formulation buffer also imparts 2–8◦C sta-
ility on the vaccine. A key question that arose from the rese
escribed here was whether or not the matrix effect caus

he formulation buffer in vitro had clinical impact in vivo.
In a controlled clinical study using citrate-containing form

ation buffers, no significant impact of the formulation bu
n immunogenicity in infants was observed (Clark et al., 2003).
accine using the formulation buffer was well-tolerated,

mmunogenicity was generally similar to the pre-fed con
roup who received vaccine that was not diluted into the bu

n addition, a striking similarity in efficacy estimates exis
cross clinical studies that used a formulation buffer simila

he one discussed here and a formulation consisting large
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tissue culture media (Clark et al., 2004b; Vesikari et al., 2002,
2005b; Itzler et al., 2005). For similar dose levels, point estimates
of efficacy for two independent clinical studies of unbuffered for-
mulations were 75% and 74%. In two independent Phase III clin-
ical studies using vaccine in the sucrose/citrate/phosphate/PS-80
formulation buffer, the point estimates for efficacy were 73% and
74%. These data indicate that the matrix effect has minimal or
no impact in vivo.

Presumably the disaggregation that occurs on dilution into
the formulation buffer either: (1) also occurred on vaccination
of subjects with virus diluted in other buffers or (2) is at a low
enough level such that it has minimal clinical impact. Since
RotaTeq® is an oral vaccine, the virus must travel through the
gastrointestinal tract, and thus the former hypothesis is reason-
able. The virus could simply disaggregate through effects of the
gastrointestinal system, even if it is not initially diluted into the
sucrose/citrate/phosphate/PS-80 formulation buffer.

4.4. Manufacturing implications of the matrix effect

The impact of the matrix effect on the manufacturing pro-
cess of RotaTeq® is significant. For vaccine manufacture, bulk
virus is diluted into formulation buffer and filled into final con-
tainers for storage, distribution, and administration. An ability
to accurately target the potency of the vaccine in the final con-
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