
JOURNAL OF CLINICAL MICROBIOLOGY, Nov. 2003, p. 5046–5052 Vol. 41, No. 11
0095-1137/03/$08.00�0 DOI: 10.1128/JCM.41.11.5046–5052.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Quantifying Adenovirus-Neutralizing Antibodies by Luciferase
Transgene Detection: Addressing Preexisting Immunity to

Vaccine and Gene Therapy Vectors
Mieke C. Sprangers, Wandena Lakhai, Wouter Koudstaal, Marielle Verhoeven,

Björn F. Koel, Ronald Vogels, Jaap Goudsmit, Menzo J. E. Havenga,
and Stefan Kostense*

Vaccine R&D Division, Crucell Holland BV, 2301 CA Leiden, The Netherlands

Received 7 November 2002/Returned for modification 29 March 2003/Accepted 1 September 2003

The presence of various levels of anti-adenovirus serotype 5 (Ad5)-neutralizing antibodies in humans is
thought to contribute to the inconsistent clinical results obtained so far in diverse gene transfer and vacci-
nation studies and might preclude universal dosing with recombinant Ad5. Prescreening of individuals eligible
for Ad5 or alternative serotype treatment and subsequently tailoring the vector dose might aid in ensuring the
consistency of clinical parameters. For this purpose, a qualified Ad neutralization assay is required. Here we
have tested the different protocols used to date to determine anti-Ad neutralizing activity. Based on simplicity,
speed, high throughput, sensitivity, and robustness, we propose a qualified assay in which Ad neutralization
is monitored by luciferase reporter gene expression.

Recombinant adenoviruses (rAd) based predominantly on
serotype 5 (Ad5) and Ad2 are under investigation as vectors
for gene delivery and vaccination in humans. The advantages
of rAd5 over other recombinant vector systems currently avail-
able include high vector yields, excellent safety, and high trans-
gene expression in a wide range of eukaryotic cells (9, 11).
Recent investigations in rodents and nonhuman primates have
confirmed that Ad vectors are powerful vaccine delivery vehi-
cles (1, 19, 21). However, many humans have been preexposed
to Ad5 (4, 6, 18) and, as a consequence, have high neutralizing
activity against this virus. This fact is thought to hamper the
clinical application of rAd5 vectors since it has been shown that
neutralization results in less efficient gene transfer or induction
of immune responses (2, 18, 23; E. A. Emini, Abstr. 9th Conf.
Retroviruses Opportunistic Infect., abstr. L5, 2002). To over-
come neutralization, a higher therapeutic dose of the rAd5
vector must be administered. However, anti-Ad5 activity varies
significantly among individuals (4), and thus a single vector
dose for all vaccinees is expected to lead to large differences in
clinical outcomes. One strategy to circumvent the problem of
inconsistent clinical results is to prescreen individual patients
for their anti-Ad5 antibody titers and subsequently tailor the
vector doses. To determine in vitro the anti-Ad5 antibody titers
in human sera, a qualified Ad5 neutralization assay is required.
Such a neutralization assay is also useful to monitor vaccina-
tion efficiency in experimental and clinical settings and allows
worldwide standardization.

Currently, various assays are used to determine anti-Ad5
neutralizing activity, with the main differences among them
being (i) input virus, (ii) cell type, and (iii) readout of neutral-
ization. Either wild-type Ad (WT-Ad) or replication-deficient
rAd5 is commonly used. With WT-Ad, cell lines that support

replication are needed, such as Hep2, A549, and 293 cells. The
readout is usually either performed microscopically by scoring
the Ad-mediated cytopathic effect (CPE) (15), or it is quanti-
fiable by staining for cell viability (3, 16). The results from such
Ad replication inhibition assays are highly dependent on the
timing of readout and usually take from 4 to 8 days. In another
assay, replication-deficient Ad is used, and the inhibition of
transgene expression is taken as a parameter for antiviral neu-
tralization. For such Ad transgene expression inhibition assays,
rAds carrying LacZ (14), GFP (green fluorescent protein) (20),
or luciferase as reporter gene can be used. These differences in
the assays used render published results of different studies
difficult to interpret and compare, and thus demonstrate a
need for standardization. Here we describe a head-to-head
comparison of the different protocols that have been used to
date to determine anti-Ad5 neutralization. For accuracy, ro-
bustness, simplicity, and sensitivity of the assay, we propose a
neutralization assay based on rAd5 carrying luciferase with
readout in terms of the inhibition of luciferase transgene ex-
pression.

MATERIALS AND METHODS

Control sera, human sera, and immunoglobulin G (IgG). Ad5-neutralizing
standard reference horse serum was prepared at the Centers for Disease Control
and Prevention as described previously (10). The National Institute for Biolog-
ical Standards and Controls (Potters Bar, Hertsmere, United Kingdom) second
international standard antimeasles serum, human, and second international stan-
dard antipoliovirus serum, types 1, 2, and 3 (number 66/202), were used as
positive controls. Another positive control, anti-Ad5 polyclonal antibody
(ab6982), was obtained from Abcam, Ltd. (Cambridge, United Kingdom). Fetal
bovine serum (FBS; Gibco BRL) was used as negative control serum.

Human serum samples were derived from healthy adult volunteers in Belgium.
The samples were screened for antibodies present against WT-Ads (22). Several
pools from Ad5-seropositive (at least 10 donors) and Ad5-seronegative (5 do-
nors) samples were made and used for most of the assays described here.

IgG was purified from pools of human serum with the use of a monoclonal
antibody (MAb) trap kit according to the manufacturer’s protocol (Amersham
Pharmacia Biotech, Uppsala, Sweden).
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Cells and viruses. A549 human lung carcinoma cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat inactivated FBS and 1%
penicillin-streptomycin.

Ad vectors used include Ad5 WT, Ad5.Luciferase, Ad5.GFP, and Ad5.LacZ
Ad35.dE3.Luciferase. The generation and purification of Ad5 rAd vectors have
been described previously (5). Briefly, virus produced on PER.C6 cells was
purified with a two-step cesium chloride purification protocol. After purification,
the virus was aliquoted and stored at �80°C. Virus titers expressed in virus
particles (VP) per milliliter were determined by high-pressure liquid chromatog-
raphy.

Virus titration. For each cell line and virus batch used, the infectious titer of
the virus was determined. After a serial doubling dilution in medium, virus in
concentrations ranging from 8,000 to 5 VP/cell was added to 104 cells/well in a
flat-bottom 96-well plate in a total volume of 200 �l. After incubation for 24 h at
37°C and 10% CO2, the medium was discarded, and to each well 100 �l of
phosphate-buffered saline (PBS) followed by 100 �l of Steady-Glo luciferase
assay system reagent (Promega) was added. After incubation for 15 min at room
temperature, 100 �l from each well was transferred to a black and white isoplate
(Perkin-Elmer), and luminescence counts were measured on a 1450 Microbeta
Trilux.

Ad neutralization assay. Sera were heat inactivated at 56°C for 60 min before
a serial doubling dilution was performed in a 96-well tissue culture plate. The
dilutions covered a range from 12.5 to 0.006 �l of serum in a volume of 50 �l of
Dulbecco’s modified Eagle’s medium (eventually resulting in dilutions from 1/16
to 1/32,768 in an end volume of 200 �l). No serum was added to the negative
controls, which resulted in the maximum luciferase activity. This value was used
to calculate the 90 and 50% neutralization values. To each well, 50 �l of virus
solution was added with a number of VPs that was determined by the virus
titration (i.e., 500 VP/cell for the batches described here). A cell suspension was
made of 105 A549 cells/ml, and 100 �l was added to each well. Plates were
incubated for 24 h at 37°C and 10% CO2 before readout.

Neutralization assay readouts. Replication inhibition was determined by the
method used to determine the neutralizing activity, as described previously (22).
Briefly, sera were diluted, and 100 �l was dispensed in 96-well plates. Next, 50 �l
of Ad stock diluted to 200 50% cell culture infective doses was added. Plates
were incubated for 1 h before the addition of 50 �l (6 � 105/ml) of PER.C6 cell
suspension, after which plates were further incubated overnight. The medium
was replenished, and plates were incubated for another 4 days. On days 5 to 6,
plates were analyzed with the dimethyl thiazoldiphenyl tetrazoleum assay (Pro-
mega) for the staining of viable cells.

Transgene expression was measured after incubation for 24 h. The method of
readout for Ads carrying luciferase is described above.

For experiments with Ads carrying the GFP transgene, the medium was aspi-
rated, 100 �l of PBS was added, and fluorescence was measured with a fluores-
cent plate reader (Fluoroskan Ascent FL; Labsystems) at wavelengths of 485 nm
(excitation) and 527 nm (emission). Background fluorescence was equalized by
wells containing cells only; maximum fluorescence was determined by wells with
cells and rAd.GFP, without serum.

For experiments with Ads carrying the LacZ transgene, the medium was
aspirated and cells were fixed with 1% formaldehyde–0.2% glutaraldehyde in 100
�l of PBS for 10 min at room temperature. After the cells were washed twice with
200 �l of PBS, they were incubated at 37°C in a 2.5 mM X-Gal (5-bromo-4-
chloro-3-indolyl-�-galactosidase; Invitrogen, Grand Island, N.Y.) reaction mix-
ture containing 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, and 2 mM magnesium
chloride in PBS. After 4 h of incubation, optical density was measured on an
enzyme-linked immunosorbent assay plate reader (Power Wave 340; Bio-Tek
Instruments Inc.) at 495 nm. Background absorbance was determined by wells
containing cells only; maximum absorbance was determined by wells with cells
and rAd.LacZ, without serum.

The 90% (or 50%) inhibition titer in serum corresponds to 10% (or 50%) of
the maximum control value (no serum), interpolated in the serum dilution range.

Quantification of Ad genomes per cell by Q-PCR. Total DNA was isolated
from infected A549 cells with the DNeasy tissue kit (Qiagen, Germany). The
quantitative (Q)-PCR protocol is derived from Klein et al. (12). The cytomega-
lovirus (CMV) promoter was used as the target sequence, which is present in all
rAds used in this study. The primers used in this study were CMV-F353 (5�-CAT
CTA CGT ATT AGT CAT CGC TAT TAC CA-3�) and CMV-R446 (5�-TGG
AAA TCC CCG TGA GTC A-3�), and the probe used was CMV-2 (5�-VIC ACC
GCT ATC CAC GCC CAT TGA TGT TAMRA-3�). A second pair of oligonu-
cleotides and a probe recognizing 18S ribosomal DNA were added to the reac-
tion to make possible the determination of the number of VP per cell (13). As
standards for the determination of the Ad genomes and numbers of cells present,
the CMV promoter containing plasmid pAdApt35IP1 and human genomic DNA

were used, respectively. Amplification was performed in an ABI Prism 7700
sequence detection system (Perkin-Elmer).

RESULTS

Titration of rAd with the luciferase marker gene. For an
accurate readout of luciferase transgene expression, Ad was
used at a VP/cell ratio that would yield sufficiently high lucif-
erase activity but a suboptimal luciferase level so as not to
reach the plateau of transgene expression. On the other hand,
high VP/cell ratios require relatively more serum antibodies to
demonstrate neutralization, which makes a neutralization as-
say less sensitive and not suited for small serum samples. Two
rAds carrying the luciferase gene were titrated on A549 cells to
determine the optimal VP/cell ratio. Figure 1 shows the titra-
tion curves of Ad5 and Ad35. The serotypes transduce A549
cells similarly, and for both viruses a concentration of 500
VP/cell, which is in the middle of the linear range, was selected
for further experiments.

rAd5 neutralization measured by replication versus trans-
gene inhibition. Two essentially different detection methods
for virus neutralization are the Ad replication inhibition assay
and the transgene expression assay. Generally accepted repli-
cation inhibition assays as described in literature (2, 3, 8, 15,
17) are performed with a wide array of assay parameters. We
have composed one protocol, which in our view is representa-
tive of the replication inhibition method and is suitable for
comparison with a principally different assay like the lucif-
erase-based assay. To meet the major criteria for a rapid,
high-throughput assay, CPE scoring was automated by staining
for viable cells and subsequent analysis of optical density (22).

To compare replication inhibition with transgene expres-
sion, a panel of human serum samples, negative FBS, and a
serotype-specific horse serum pool as reference serum were
tested for anti-Ad5 antibody titers by both protocols.

The results of the samples are shown in Fig. 2A in ascending
order of titer in serum for each method. For the Ad5-specific
reference serum, 90 and 50% neutralizing titers yielded 1/4,500
� 4,300 and 1/20,000 � 23,000, respectively, by replication
inhibition (Fig. 2A, CPE); by luciferase inhibition assays, 90
and 50% neutralizing titers for this serum yielded 1/32,000 �
4,200 and 1/209,000 � 36,000, respectively. As shown in Fig. 2,

FIG. 1. rAd Ad5.Luc and Ad35.Luc, each carrying the luciferase
marker gene, were titrated on A549 cells. The x axis indicates VP per
cell, ranging from 8,000 to 0, added to 104 A549 cells per well in a
96-well plate. Luciferase expression was measured after incubation for
1 day. For both serotypes, 500 VP/cell in the middle of the linear range
was selected for further experimentation.
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the 50 and 90% inhibition titers correlate better within the
transgene inhibition assay than in the replication inhibition
assay (CPE). Both assays correlated well (based on Spearman
correlation tests), as shown in Fig. 2B, although one sample
scored opposite results, probably reflecting a technical error
(Fig. 2A, sample 78). Several of the samples that were negative
by measuring replication inhibition scored positive according
to transgene expression (samples 73, 79, and 206), indicating
that transgene expression is a more sensitive parameter than
replication. Thus, based on sensitivity, amount of serum re-
quired, and time needed until readout, the transgene expres-
sion assay is preferred.

Selection of the transgene. One important parameter dictat-
ing the usefulness of this assay is the possibility of using small

volumes of serum for high-throughput analyses. This result can
be achieved by a higher level of sensitivity and by reducing the
scale of the assay (384-well plates, for example). Herewith, we
determined the detection limits by testing three different trans-
genes and their corresponding readout systems in combination
with low cell numbers (101 to 105 cells/well). Since the assays
should meet criteria such as the ability for automated readout
and suitability for high throughput, Ad5.LacZ-infected cells
were automatically quantified by optical density measurements
(7), which proved successful in that obtained results were rep-
resentative for transduction inhibition as measured by count-
ing infected cells with a microscope. Similarly, GFP expression
could be detected by a fluorometer (20), with results that
corresponded to analysis by microscope. The cell monolayer

FIG. 2. Serum samples were tested by two different neutralization assays for the presence of neutralizing antibodies against rAd5. Virus
infection was read out either by measurement of the luciferase transgene or by virus replication scoring with viable cell staining. Maximum virus
infection was determined in control wells without serum. Serum titers were determined by the dilution at which 50 or 90% of cell viability or
luciferase expression was observed. (A) The y axes indicate the serum dilution at which 50 or 90% infection inhibition was observed, relative to
the maximum control value. Dotted lines indicate the lower limits of detection as defined by the maximum concentration of serum. Individual
samples are indicated on the x axis in ascending order of 90% inhibition serum titer for each method. Ad5-positive (Reference) serum and FBS
are included as positive and negative controls, respectively. (B) Serum titers obtained by transgene expression inhibition (y axis) and replication
inhibition (x axis) are compared and analyzed for correlation coefficients.
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may interfere with the measurements, but this interference is
controlled by wells in which cells only are seeded. The cells-
only wells represent fluorescent background, whereas wells
containing cells and GFP virus but not serum represent the
maximum GFP fluorescence. Hence, the negative and positive
controls are included in the assays to indicate the window of
detection. From the results obtained (Fig. 3A), it could be
concluded that the range between minimum and maximum
expression of the LacZ protein and GFP was smaller than the
range for luciferase, which makes luciferase more accurate.
Furthermore, with LacZ and GFP, neutralizing antibodies
could be detected when 104 cells, but not 103 cells, per well
were seeded. In contrast, luciferase activity could still be de-
tected when wells were seeded with 103 cells per well, which
indicates that luciferase can be used in a smaller-scale (384-
well plates) assay than GFP or LacZ. Nevertheless, we prefer

to use the 96-well format with 104 cells per well, as relative
standard deviations increase and sensitivity decreases (line
shifts to the left) with lower cell numbers.

We next determined what concentrations of Ad-neutralizing
antibodies could be detected with the three different trans-
genes. Negative human serum was spiked with an anti-Ad5
antibody (Abcam) at different concentrations, which were sub-
sequently tested for neutralization of Ad5.Luc, Ad5.GFP, and
Ad5.LacZ recombinant viruses (Fig. 3B). According to speci-
fications, the spiking agent had a titer of 1/25,000 for 50%
replication inhibition of 1,000 VP. The antibody was diluted in
negative serum, and the expected titer was calculated (x axis).
Results from the three transgene inhibition assays were plotted
and showed that similar ranges of neutralizing activity could be
detected for all three. GFP results suffered from background
interference in the lower range of the antibody dilution, pos-

FIG. 3. Neutralization determined by transgene expression inhibition with three different transgenes: LacZ, GFP, and Luc. (A) Virus and
serum were incubated in fixed ratios and fixed VP/cell ratios but with various numbers of A549 cells per well. Neutralization curves calculated from
triplicate measurements are shown for each virus and different numbers of cells per well. Different numbers of cells per well resulted in different
transgene expression values, which cannot be depicted on the same y-axis scale. To visualize the effect of different cell numbers, the panels decrease
in y-axis range from left to right. (B) A standard Ad5-neutralizing polyclonal antibody was diluted in negative human serum at different
concentrations and analyzed for Ad5 neutralization with three different transgenes. Transgene inhibition-derived titers in serum were plotted
against the expected neutralizing titer based on the polyclonal antibody specification of 1/25,000. For all transgenes, 50% titers are shown, but only
the assay using luciferase provided 90% titers also.
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sibly resulting in false positives. Only by using luciferase could
both 50 and 90% inhibition titers be obtained, again suggesting
this readout to be the most sensitive. In conclusion, all three
tested transgenes can be used to determine neutralizing titers,
but luciferase is preferred for its suitability for high through-
put, a better minimum-maximum ratio, sensitivity, and speci-
ficity.

Qualification of the transgene expression inhibition assay.
To validate the transgene expression inhibition assay, the intra-
assay variation, or the standard deviation of eight measure-
ments within one assay, was determined. The pool of serum
tested showed a 90% luciferase inhibition titer of 769 � 100
(data not shown). The intra-assay variation was thus 13%.

In addition, the assay was performed independently, five
times in duplicate, to assess interassay reproducibility. A sec-
ond Ad5-positive serum pool was aliquoted and stored at
�20°C until use, and a neutralization assay was performed with
the same virus batch and serum batch by the same operator on
five separate days. Given the low standard deviations for the
obtained luciferase values, we concluded that the assay is
highly reproducible. In this experiment the serum dilution
needed for 90% neutralization is 1,260 � 220, resulting in an
interassay variation of 17%. For serum samples measured by
the replication inhibition assay, we calculated an interassay
variation of 53%. These data show that the luciferase-based
assay is highly reproducible with acceptable standard devia-
tions.

The assay is intended to determine the inhibition of virus
infection by measuring luciferase activity. To determine
whether serum antibodies decreased actual virus entry into
target cells, and to exclude that other serum components killed
target cells, thereby diminishing transgene expression, we com-
bined transgene detection (measurement of luciferase activity)
(Fig. 4A) with cellular Ad genome detection (by Q-PCR) (Fig.
4B). Simultaneous detection of the number of virus copies of
Ad5 and Ad35 per cell and of luciferase activity showed that
transgene expression was correlated with the number of Ad
genomes per cell and that addition of other serum components
decreased both the amount of luciferase and the number of
cellular Ad copies. Serum does not interfere with Q-PCR re-
sults, as the positive controls with Ad35 are positive through-
out the serum dilution. These results show that neutralization
takes place mainly extracellularly, not after virus entry in the
cellular vesicles, and that the assay specifically measures the
inhibition of virus infection but not the secondary effects of
serum.

Standard control samples. Naturally, qualification of an as-
say requires the presence of a standard positive control serum,
one that is sufficiently characterized and readily available to
the scientific and medical communities. One such standard
could be the second international standard for antimeasles and
antipoliovirus human serum, types 1, 2, and 3 (number 66/202),
obtained from the National Institute for Biological Standards
and Control, provided that this serum neutralizes Ad5. For this
purpose we tested the standard serum and found that, indeed,
it contains neutralizing antibodies against rAd5. This positive
control serum was titrated by the transgene inhibition assay on
neutralizing activity for 1/2,550 (50%) and 1/625 (90%), re-
spectively. In addition, we obtained polyclonal Ad5-neutraliz-
ing antibodies (Abcam) with a reported 50% neutralizing ac-

tivity of 1,000 VP at a dilution of 1/25,000. This serum was
tested with the transgene inhibition assay and showed 90%
luciferase inhibition at a dilution of 50,000 � 9,000.

Robustness. To determine the robustness of the luciferase-
based assay, we investigated several factors that may influence
the outcomes of the assay. One factor could be the cell line
used. The luciferase neutralization assay was performed rou-
tinely on A549 cells as this cell line is highly permissive to Ad
infection of both Ad5 and Ad35, serotypes that we frequently
use. For several cell lines, including 3T3 (mouse fibroblasts),
C2C12 (mouse myoblasts), and human and murine dendritic
cells, we tested the Ad5- and Ad35-neutralizing activity of
Ad5-positive serum (either human or mouse). As Ad vectors
had different infectious titers for the different cell lines used,
the maximum luciferase activity varied among different cells, as
it is receptor dependent. Although each cell line showed that
Ad5-positive serum neutralized Ad5 and did not neutralize
Ad35, and vice versa (data not shown), 90 and 50% neutral-
ization titers were shifted, depending on the maximum lucif-
erase value.

Furthermore, we tested the effect of the sequence of events,
i.e., whether A549 cells should be attached to the bottom of the
wells before exposure to serum and virus or whether cells can
be added after serum and virus are mixed, but no difference
was observed (data not shown). Therefore, the cells can be
added after diluting serum and adding VP, which is easier and
faster. When large amounts of samples are to be tested, the
time between the addition of cells to the virus-serum mix may
vary. Therefore, we tested the effect of the incubation time (at
room temperature) of serum and virus before cells are added.

FIG. 4. Comparison between transgene expression and the number
of Ad genomes per cell. A standard neutralization was performed with
human Ad5-positive serum in combination with the vectors Ad5.Luc
and Ad35.Luc at 500 VP/cell. (A) Cells were analyzed for luciferase
activity. Ad5-positive serum shows a serotype-specific inhibition of Ad
vector transduction. (B) Packaged DNA was isolated from A549 cells
used in a neutralization assay as in panel A. Isolated DNA was used as
a template for Ad-specific real-time PCR. The number of Ad5 genome
copies per cell is decreased due to Ad5-specific serum. Ad35 genome
copies are stable irrespective of concentrations in serum.
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The incubation of serum and virus was varied from 0.5 to 60
min, but no differences in results were detected, allowing for
the flexible timing of subsequent activities in the protocol.

Contribution of serum IgG. To demonstrate that the neu-
tralizing effect of serum is mainly mediated through antibodies,
the assay was performed with isolated IgG. The IgG isolation
and purity were confirmed by gel electrophoresis and Coomas-
sie blue staining (data not shown). Figure 5A shows the neu-
tralization capacity of Ad5-positive and -negative serum from
which the IgG was isolated and the neutralizing activity of the
isolated IgG fractions. Ad5-positive serum and IgG isolated
from the same serum batch show neutralization, whereas Ad5-
negative serum and cognate IgG do not show neutralization.
Figure 5B shows the results obtained when Ad5-negative se-
rum was spiked with IgG isolated from Ad5-positive serum or
with IgG isolated from Ad5-negative serum. The results dem-
onstrate that neutralization activity can be transferred from
positive to negative serum by using IgG antibodies.

DISCUSSION

In this report we compared Ad neutralization assays to de-
fine an optimal assay based on the criteria of simplicity, speed,
and sensitivity. The principle of all the assays is the same:
serum, virus, and cells are incubated, which allows antibodies
present in the serum to neutralize the virus, thereby inhibiting
infection. Subsequently, inhibition of virus infection can be

detected either by assessing cell viability (dependent on virus
replication) or by transgene expression. The outcomes of dif-
ferent forms of readout of virus infection vary widely in the
literature, which makes comparisons among different studies
difficult. To avoid setting up several different assays, we have
composed one protocol, which in our view represents the rep-
lication inhibition method commonly used. A first comparison
was made between replication and transgene inhibition assays.
By using luciferase as a transgene, infection or inhibition of
infection could be measured already after 24 h, and the assay
appeared more sensitive and required smaller volumes of se-
rum than the replication inhibition assay. Luciferase transgene
expression was measured by an automated luminescence de-
tector. In our experiments, replication inhibition was also au-
tomatically scored after MTT staining, but in the literature,
many results are derived from subjective CPE scoring by mi-
croscopic examination, which is less quantitative and more
error prone. Luciferase activity was also compared with auto-
mated quantitation of GFP and LacZ protein expression. Lu-
ciferase activity detection was more sensitive than other trans-
genes and required fewer target cells, which makes it suitable
for use in 384-well plates for high throughput.

Having established the recombinant Ad carrying the lucif-
erase gene as the most appropriate neutralization target, we
next qualified the method for reproducibility, specificity, and
robustness. Interassay and intra-assay variations of repeated
measurements showed that the assay was highly reproducible,
adding to the precision of the measurements. The robustness
of the assay was determined by various factors in the protocol.
The cell line used is of importance, since rAds require permis-
sive cells, and, in the case of different viruses to be tested, all
viruses should have a similar infectious titer for that cell line.
A sufficiently high maximum level of luciferase activity is re-
quired for precise determination of the 90% reduction titer.
Although in general similar results were obtained for serum
tested on variable cell lines, we recommend a standard cell line
for the assay, i.e., A549, as this cell line is highly permissive to
infection by a large range of Ad serotypes (unpublished obser-
vations). Furthermore, timing of the protocol was not critical
for the outcome, which adds to the interoperator reproducibil-
ity.

Two aspects of the specificity of the assay were investigated.
First, the inhibiting effect of serum on the infectivity of the
virus was confirmed by real-time PCR to detect the reduction
of virus genome copies per cell. This shows that serum does not
reduce cell viability or transgene expression but reduces the
number of copies of the virus entering the cells. Second, inhi-
bition of virus infection was mediated through at least IgG
antibodies. The luciferase inhibition curves were similar for
IgG and whole serum, except for minor differences at higher
concentrations in serum. Also, negative serum shows marginal
inhibition at higher concentrations in serum. By definition
(with serotype-specific serum), Ad serotypes are not cross-
neutralized by antibodies raised against other serotypes. But
we cannot exclude the possibility that some of the donors
which we designated Ad5 serotype-negative do have very low
titers of Ad5 antibodies. Alternatively, serum may manifest
nonspecific antiviral activity, as has been observed with high
concentrations (1/4) in serum derived from Ad-naïve monkeys

FIG. 5. The role of IgG in Ad neutralization. Results shown are the
average of triplicate measurements performed with pooled human
serum or isolated IgG and the vector Ad5.Luc. (A) Ad5-positive and
-negative sera were compared with IgG isolated from positive or neg-
ative serum in an rAd5 neutralization assay. (B) IgG isolated from
negative or positive serum pools was spiked in negative serum. Inhi-
bition of luciferase activity was detected with increasing IgG concen-
trations.
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that also inhibit Ad gene transfer without previous Ad encoun-
ters (unpublished results).

Our results show that the luciferase-based transgene inhibi-
tion assay performs adequately for all criteria. As the neutral-
ization assay is very sensitive, small amounts of virus, cells, and,
most importantly, serum are enough to detect the presence of
neutralizing activity. This sensitivity allows more determina-
tions per serum sample and high-throughput screening of sera.
The qualification performed in this study and the availability of
a standard control demonstrate the suitability for the lucif-
erase-based transgene inhibition assay as the standard assay.
Since recombinant Ad is a highly potent vector for vaccination
(1, 19, 21), a standard assay is imperative to support large-scale
administration.
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