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Two vaccine toxicity-related genes Agp and Hpx could

prove useful for pertussis vaccine safety control
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Abstract

Conventional animal tests such as leukocytosis promoting tests have been used for decades to evaluate toxicity of pertussis vaccine. Here,
we examined gene expression in relation to the vaccine toxicity using a DNA microarray. Comparison of conventional animal test data with
the DNA microarray-based gene expression data revealed a gene expression pattern highly correlated with leukocytosis in animals. Of 10,490
rat genes analyzed, two genes, al-acid-glycoprotein (Agp) and hemopexin (Hpx), were found up-regulated by the toxin administration in a
dose-dependent manner (assayed by a quantitative PCR based on the microarray). Variation of the gene expression was very small amongst
the test animals, and the results were highly reproducible. These findings suggest that gene expression analysis of vaccine-treated animals
can be used as an accurate and simple method of pertussis vaccine safety assessment.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Pertussis vaccine; Microarray; Quantitative RT-PCR; Agp; Hpx; Safety test; Pertussis toxin

1. Introduction

Although regarded as one of the great public health suc-
cesses, vaccines are not absolutely safe. While most adverse
events associated with vaccines are minor and self-limiting,
some vaccines have been associated with rare but serious
health consequences.

* Corresponding author. Tel.: +81 42 561 0771.
E-mail address: kyama@nih.go.jp (K. Yamaguchi).
1 These authors contributed equally to this work.

0264-410X/$ — see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2006.12.059

Pertussis, or whooping cough, is an acute infectious dis-
ease caused by the bacterium Bordetella pertussis, which was
first isolated in 1906 [1]. Outbreaks of pertussis were first
described in the 16th century [2], and in the 20th century, per-
tussis was one of the most common childhood diseases and a
major cause of childhood mortality. Prior to the availability
of whole-cell pertussis vaccine in the 1940s, annual morbid-
ity of pertussis exceeded 200,000 cases. Pertussis vaccine
has long been used in many countries as the effective pro-
tective measure against the disease, leading to a dramatically
decreased incidence of the disease.
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Both whole cell and acellular pertussis vaccines are now
available against pertussis infection. The whole cell pertussis
vaccine is composed of a suspension of formalin-inactivated
B. pertussis cells. In contrast, the acellular pertussis vac-
cine contains purified, inactivated components of B. pertussis
cells. Acellular pertussis vaccines now in use contain primar-
ily pertussis toxin (PT) and filamentous hemagglutinin {3].
Pertussis vaccines cause local reactions, such as pain, red-
ness, or swelling, in 20-40% of treated children, and systemic
events, such as fever of 105 °F or higher, febrile seizures,
and hypotonic-hyporesponsive episodes, have been reported
[4]. The Japanese Ministry of Health Labour and Welfare
reported that the adverse reactions, such as fever, pain, edema,
and purpura, were observed in 237 people in 5.4 million
vaccine-treated people in 2003.

While the mechanisms underlying adverse reactions
remain unknown, vaccines should undergo extensive safety
and efficacy tests to control vaccine quality. Fundamental is
the assurance that any vaccine destined for public use is man-
ufactured under Good Manufacturing Practices (GMP) and
has passed appropriate pre-release lot testing for purity and
potency, for which manufacturers must submit samples of
each vaccine lot and their own test results. In Japan as in
other countries, all the vaccines must conform to the “Mini-
mal Requirement of Biological Products” and are obliged to
pass national control tests [5].

Pertussis vaccine toxicity causing adverse reactions, is
evaluated by the conventional animal toxicity tests, which
are based on the peripheral white blood cell (WBC) counts in
mice after subcutaneous or intra-peritoneal injection [6,7]. In
mice, PT blocks extravasation reactions that mediate lympho-
cyte homing from peripheral blood to solid lymphoid tissues
[8,9]. For a vaccine to be considered safe, an increase in the
WBC count in mice should not exceed 0.5 LPU (leukocyto-
sis promoting unit)/ml at day 3 after injection [5]. Pertussis
vaccine toxicity is also typically assessed by the histamine
sensitization test. In this test, mouse rectal temperatures are
monitored after histamine challenge on the fourth day of

vaccine injection [10]. To develop more sensitive and more

reproducible methods, we undertook comprehensive gene
expression analysis of rats after administration of the pertus-
sis vaccine by using DNA microarrays [ 1 1]. Hybridization of
labeled nucleic acid from a sample to the microarrays iden-
tifies genes expressed in the specific sample. This approach
allows simultaneous analysis of expression of the multiple
genomes in a single cycle experiment. This approach has
already been used for evaluation of side effects of drugs [12].

2. Materials and methods
2.1. Animals
Male Wistar rats (8 weeks) were obtained from SLC

(Tokyo, Japan). All animals were housed in rooms main-
tained at 234+ 1°C, with 502 10% relative humidity, and

12-h light:12-h dark cycles at least 1 week prior to the test
challenge. Rats typically weighed 160-200 g on arrival.

2.2. Vaccines and toxin

Reference pertussis vaccine (reference vaccine; RE) was
a lyophilized whole cell preparation of pertussis organisms
incompletely inactivated by formaldehyde, used for National
Quality Control Tests on pertussis vaccine in Japan since
1981. It was reconstituted in 12 ml of physiological saline,
and 5ml were injected intra-peritoneally (IP). PT (pertus-
sis toxin) are prepared and purified by ammonium-sulfate

fractionation and sucrose density gradient centrifugation,

and treated with formaldehyde to destroy the toxic activ-
ity, and added with aluminum salt. PT (Wako Chemicals,
Osaka, Japan) and PV (a generous gift of The Chemo-Sero-
Therapeutic Research Institute, Kumamoto, Japan) were
adjusted to 5 pg/ml (PT concentration). RE, PV, and differ-
ent concentrations of PT were injected into rats IP (5 ml/rat).
Five milliliters of saline (SA) were injected as a control.

2.3. WBC counts

A leukocytosis-promoting test was performed according
to the Minimum Requirements of Biological Products {5].
Ten microliters of each blood samples were used for WBC
counting. The count was performed with a Z1 coulter particle
counter (Beckman Coulter, Fullerton, CA). Three rats per
group were treated by RE, PT, PV, and SA, and were analyzed
on day 1—4 post-treatment. The experiments were performed
three times.

2.4. Histology

Vaccine-treated livers were harvested from rats and fixed
in Bouin’s Solution (Sigma, St. Louis, MO) and 4% (w/v)
paraformaldehyde at4 °C for 48 h. After fixation, tissues were
dehydrated through a series of graded alcohols and xylene
and embedded in paraffin. Chilled paraffin blocks were cut
into 4-6 wm sections, which were floated onto glass slides
and dried overnight and stained with Hematoxylin and eosin
(HE) and periodic acid Schiff (PAS). Cellular polysaccharide
deposits were detected using the PAS reaction. Three rats
per group were treated by RE, PT, PV, and SA, and were
analyzed on day 1-4 post-treatment. The experiments were
performed twice. Immunohistochemical staining was carried
out as described [13]. Briefly, after blocking with 3% BSA in
PBS, 4 um sections were incubated overnight with anti-a1-
acid-glycoprotein (Agp) (AgriSera, Vinnis, Sweden) at 4 °C
overnight. Signals were detected with a VECTASTAIN ABC
Kit (Vector Laboratories, Inc., Burlingame, CA). Nuclei were
stained with hematoxylin.

In situ hybridization was performed essentially as
described [14]. In situ hybridization using liver sec-
tions was carried using digoxygenin (DIG)-labeled RNA
probes specific for Agp (Genebank accession number
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NMO053288, 0.77kb) and Hpx (NMO053318, 1.48kb). All
cRNA probes were generated from the corresponding coding
sequences. Agp forward primer: 5-tgcacatggttctigtcgtt-
3, reverse primer; S-gaatcgaggtgcacaggagt-3, Hpx for-
ward primer; 5-cgctactactgcttccaggg-3, reverse primer;

5-atgetgttcactttctggge-3. In situ hybridization with the anti-

sense or sense probes was incubated at 42°C for 24h in
a humidified chamber. Hybridized DIG-labeled cRNA was
detected using AP labeled-anti-DIG mouse fab fragments
(Roche Diagnostics, Lewes, UK). The sections were treated
with BCIP/NBT and mounted in Gel mount (Biomeda, Fos-
ter City, CA). Three rats per group were treated by RE,
PT (5 pg/ml), PV, and SA, and were analyzed on day 14
post-treatment. The experiments were performed twice.

2.5. RNA preparation

Rats were sacrificed to obtain the lateral left lobe of the
liver. Organs were immediately frozen in liquid nitrogen for
storage. Thawed tissue was homogenized and mixed with
an ISOGEN reagent (NIPPON GENE, Tokyo, Japan). Total
RNA was prepared from the lysate in accordance with the
manufacturer’s instructions. Poly(A)-+RNA was prepared
from total RNA with a Poly(A) Purist Kit (Ambion, Austin,
TX), according to the manufacturer’s instructions.

2.6. Microarray preparation and expression profile
acquisition

For the microarray analysis, three rats per group were
treated by RE, PT (5 pg/ml), PV, and SA, and livers from
each group were analyzed on day 1-4 post-treatment. Totally
48 liver samples were analyzed for this experiment.

A set of synthetic polynueleotides (80-mers) represent-
ing 11,464 rat transcripts derived from 10,490 independent
genes and including most of the RefSeq clones deposited
in the NCBI database (MicroDiagnostic, Tokyo, Japan) was
arrayed on aminosilane-coated glass slides (Type I, Mat-
sunami, Kishiwada, Japan) with a custom-made arrayer
[15,161. Poly(A) + RNA (2 ug) was labeled with SuperScript
II (Invitrogen, Carlsbad, CA) and Cyanine 5-dUTP for each
sample or Cyanine 3-dUTP (Perkin-Elmer, Boston, MA) for
a rat common reference RNA (MicroDiagnostic). Labeling,
hybridization, and washes of microarrays were performed
with a Labeling & Hybridization Kit (MicroDiagnostic)
according to the manufacturer. The rat common reference
RNA was purchased as a single batch and labeled as an aliquot
with Cyanine-3 for a single microarray side by side with
each sample labeled with Cyanine-5. Hybridization signals
were measured using a GenePix 4000A scanner (Axon Instru-
ments, Whipple Road Union City, CA) and then processed
into primary expression ratios ([Cyanine 5-intensity obtained
from each sample)/[Cyanine 3-intensity obtained from com-
mon reference RNA], which are indicated as ‘median of
ratios’ in GenePix Pro 3.0 software (Axon Instruments)).
Normalization was performed for the median of ratios (pri-

3

mary expression ratios) by multiplying normalization factors
calculated for each feature on a microarray by the GenePix
Pro 3.0 software.

2.7. Data analysis

Data processing and hierarchical cluster analysis were per-
formed using Excel (Microsoft, Redmond, WA) and a MDI
gene expression analysis software package (MicroDiagnos-
tic). The primary expression ratios were converted into loga
values (logz Cyanine-5 intensity/Cyanine-3 intensity) (des-
ignated log ratios) and compiled into a matrix (designated
primary data matrix). To predict the most obvious differences
obtained from cluster analysis of the primary data matrix,
we extracted genes with logs ratios over 1 or under —1 in
at least one sample from the primary data matrix and sub-
jected them to two-dimensional hierarchical cluster analysis
for samples and genes. To identify genes demonstrating sig-
nificant changes in expression, we undertook the following:
(i) mean averages of log; ratios were calculated for each
gene from data sets of day 1 SA- and RE-treated samples;
(ii) standard deviations were calculated for each gene; (iii)
the difference in mean averages between day 1 SA- and RE-
treated samples was calculated for each gene and divided by
the sum of the corresponding standard deviation values. A
value of the difference of the mean averages/the sum of the
standard deviations was defined as an expression signal/noise
index for each gene. We chose the top 150 genes exhibit-
ing the highest expression signal/noise indexes and extracted
expression data corresponding to the 150 genes from the pri-
mary data matrix for all the samples, which was subsequently
subjected to two-dimensional hierarchical cluster analysis for
samples and genes.

2.8. Quantitative RT-PCR analysis

Total RNA was used to synthesize first strand cDNA using
a First-strand ¢cDNA Synthesis Kit (Life Science, Inc., St.
Petersburg, FL), according to the manufacturer’s instructions.
Expression levels of Agp and Hpx were analyzed by quan-
titative (Q) reverse transcriptase—polymerase chain reaction
using a 7500 Fast Real-Time PCR System (Applied Biosys-
tems, Foster City, CA) with 7500 Fast System SDS Software
Version 1.3. cDNA was amplified for Q-PCR using SYBR
Green 1 (Molecular Probes, Inc.) to detect PCR product. One
microliters of six-fold diluted cDNA was used in a 20-.1 final
volume reaction containing 10 pul SYBR Green® PCR Master
Mix (Applied Biosystems), 0.2 uM Agp fwd primer (5'-
GCTGGAGCTGGAGAAGGAGACT-3'), and 0.2 pM Agp
rev primer (5'-ACAGTCCCCGGAGTTCAGAGA-3'). The
7500 Fast System was programmed to run an initial poly-
merase activation step at 95°C for 10min followed by
40 cycles of denaturation (95°C for 15s) and extension
(60°C for 1min), and product synthesis was monitored
at the end of the extension step of each cycle. The
same conditions were used with primers 0.05 pM Hpx
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fwd (5'-CTGCCTCAGCCCCAGAAAGT-3') and 0.05 uM
Hpx tev (5-GGGTGGGCTGGGCTAATTC-3'). Agp and
Hpx values were normalized against rat B-actin (0.1 pM
fwd 5-ACCGTGAAAAGATGACCCAGATC-3"; rev 5'-
GACCAGAGGCATACAGGGACAAC-3).

2.9. Western blot analysis

One day after treatment, livers were rapidly removed from
diethylether anesthetized rats, washed in PBS, and weighed.
After dicing, tissue was homogenized in PBS containing
protease inhibitors and lysed in PBS containing protease
inhibitors, 1% (w/v) Nonidet P-40, 0.5% (w/v) deoxycholate,
0.1% (w/v) SDS, and 10mM Na-EDTA. Supernatants were
collected after centrifugation at 10,000 x g for 20 min and
used as a whole liver lysate. Fifty micrograms of the lysate
was subjected to SDS-PAGE (10% acrylamide) and the sepa-
rated proteins were transferred to an Immobilon-P membrane
(Millipore, Watford, UK). After incubation in TBS (20mM
Tris-HCI (pH 8.0) and 100 mM NaCl) containing 5% (w/v)
BSA, the membrane was incubated with anti-AGP (AgriS-
era) or anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA)
antibodies for 1 h and further incubated with HRP-conjugated
anti-goat or anti-rabbit IgG. Peroxidase activity was visual-
ized with a LAS 3000 bioimaging analyzer (Fuji Film, Tokyo,
Japan).

2.10. Statistical analysis

To evaluate the statistical significance of the difference in
expression level of Agp and Hpx, the Student’s z-test was
used to calculate the P-value.

3. Results

3.1. Vaccine-treated rats demonstrated leukocytosis in
peripheral blood

Animals were treated with 5 ml of reference pertussis vac-
cine (RE), purified pertussis vaccine (PV), pertussis toxin
(PT), or saline (SA), and the peripheral WBCs were counted
at days 1, 2, 3, and 4. RE is an incompletely inactivated
whole cell vaccine for the reference of PT toxicity. PT is
a purified pertussis toxin. To evaluate dose-response to PT,
mixture of a constant amount of PV and varying amount of
PT, 0.2, 1.0, and 5.0 pg/ml were used for injection (coded as
PV +PT0.2, PV +PT1, and PV + PT9, respectively). Three
rats per group were analyzed in each day after sample injec-
tion. RE-treated rats started to show leukocytosis at day 2; the
leukocyte count continued to increase reaching values three
times higher than the baseline at day 4 (Fig. 1). PV +PT5-
treated rats also demonstrated leukocytosis, as did RE-treated
rats. By contrast, PV- and SA-treated animals showed nor-
mal WBC counts. WBC counts of both PV +PT0.2- and
PV + PT1-treated rats were within the normal range.
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Fig. 1. Leukocytosis-promoting activity in RE- and PT-treated animals.
The effects of RE-, PT-, PV-, SA-treatment were analyzed by leukocytosis-
promoting tests. Various PT concentrations (0.2-5.0 pg/ml) were added to
PV and a WBC count was performed at days 0, 1, 2, 3, and 4. Changes in
WBC count are indicated by the mean increase & S.D. of three independent
experiments. Each value was compared to the corresponding control SA.

3.2. Histological analysis in vaccine-treated rats

To analyze the effect of pertussis vaccine on rat liver,
we performed histological study on day 14 post-treatment
twice. As shown in Fig. 2, SA-, PV +PT-, and RE-treated
livers showed no significant change in HE stained sections.
Since periodic acid Schiff (PAS)-positive glycogen granules
in hepatocytes are sensitive to strong stresses by drugs, toxic
agents, starvation, and hypoxic conditions, PAS staining was
also evaluated. At day 1, we have remarkable change in RE
samples by PAS staining, however we could not detect the
same change in other samples (Fig. 2). The same results that
only RE affect the PAS staining in the hepatocyte were con-
firmed in the other time point (day 2—4, data not shown).
These findings indicated that histological analysis could
be useful to monitor toxicity effects induced by RE vac-
cine, but did not reflect toxicity induced by PT when added
to PV.

3.3. Microarray assay of vaccine-treated liver

To evaluate the effect of pertussis vaccine on the gene
expression in the liver, we prepared three rats per group.
RE-, PT- (5 pg/ml), PV-, and SA-treated groups were sac-
rificed to take liver samples each at days 1, 2, 3, and 4.
Total 48 independent liver tissue samples were analyzed. We
labeled poly(A) + RNA purified from the samples and from a
rat common reference RNA with Cyanine-5 and Cyanine-3,
respectively. Next, we hybridized them to microarrays repre-
senting 11,464 transcripts derived from 10,490 independent
genes including most of the RefSeq clones deposited in the
NCBI database. Hybridization signals were processed into
expression ratios as logy values (designated log; ratios) and
compiled into a matrix designated as the primary data matrix
(see Section 2). To extract genes whose expression levels
altered specifically to RE-administration at day 1 from the
primary data matrix, we conducted the statistical operations
described in Section 2. When the cluster analysis for liver
samples was performed, two large clusters were obtained, and






