
The Pharmacogenomics Journal (2002) 2, 57–64
 2002 Nature Publishing Group All rights reserved 1470-269X/02 $25.00

www.nature.com/tpj

Received: 22 June 2001

Revised: 14 November 2001

Accepted: 16 November 2001

ORIGINAL ARTICLE

Tetanus antigen modulates the gene expression
profile of aluminum phosphate adjuvant in
spleen lymphocytes in vivo
K Regnström
EGE Ragnarsson
N Rydell
I Sjöholm
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ABSTRACT
Adjuvants play an important role in stimulation of the immune response to
antigens. Very little is known about the molecular mechanisms of this stimu-
lation. Here we address this issue by studying gene expression profiles from
spleen lymphocytes after in vivo immunization of mice with a clinically rel-
evant vaccine, tetanus toxoid formulated with aluminum phosphate as adju-
vant (TTADJ), or the adjuvant alone (ADJ). The Th1/Th2 response to TTADJ was
obtained from a combination of up- and downstream markers to conven-
tional cytokines, which were in good agreement with cytokine protein levels.
A clustering algorithm revealed that ADJ elicited expression of 47 genes
active in cytotoxic lymphocytes, inflammation, oncogenesis, stress, toxicity
and cell cycle regulation. In TTADJ these adjuvant-elicited genes were
expressed at lower levels and a compensatory onset of protective and inhibi-
tory genes was observed. We conclude that the antigen, to a larger extent
than previously recognized, modulates the molecular mechanism of the
aluminum phosphate adjuvant and that the identified genes may serve as
predictive biomarkers in the development of new adjuvants and vaccines.
The Pharmacogenomics Journal (2002) 2, 57–64. DOI: 10.1038/sj/tpj/
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INTRODUCTION
Modern vaccines elicit protective immunity not only by presenting antigens to
the adaptive immune systems, but also by stimulating the innate immune
response to the antigens by immunostimulatory components included in the
vaccine, known as adjuvants. Adjuvants are included since modern vaccines are
based on specific antigens. Often, these are poorly immunogenic by themselves
as compared to traditional killed or attenuated whole-cell vaccines, which also
contain invariant stimuli for the innate immune system (such as lipopolysaccha-
rides (LPS) and techoic acid).1 Unfortunately, many adjuvants are too potent
immunostimulators and cause unwanted side effects.2 It is therefore not surpris-
ing that essentially all clinical experience has been obtained from the traditional
aluminum-based adjuvants, which have been used in humans since the 1930s.3

The immunostimulatory properties have not been fully characterized even for
these aluminum-based adjuvants and undesired side effects have been reported
for the administration site including erythema, subcutaneous nodules, contact
hypersensitivity and granulomatous inflammation.4 Recently, massive accumu-
lation of aluminum in macrophages of muscle previously injected with alumi-
num-based adjuvants was associated with muscle ailment.5 To our knowledge,
the immunological and potential side effects of the aluminum phosphate adju-
vant on a lymphoid tissue distant from the administration site have not been
thoroughly investigated. Such studies would give new information regarding the
immunomodulatory and potential toxicological effects of the adjuvant.
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When assessing the immunostimulatory effects of various
vaccines, traditional protein detection methods based on
immunochemical techniques such as ELISA have been used.
However, these methods are capacity limited and therefore
give an incomplete picture of the overall in vivo response to
a vaccine.6 We hypothesized that differential gene
expression analysis of spleen cells from mice immunized
with a clinically relevant tetanus vaccine (TTADJ), or with the
aluminum adjuvant (ADJ) alone, would give us a better view
of the global gene response to a vaccine and allow us to
distinguish between vaccine- and adjuvant-regulated gene
responses.

In summary, the immunological response profile obtained
by cDNA array technology agreed with results obtained with
traditional cytokine-ELISA-assays. The results also suggested
potential surrogate markers for the Th1/Th2 cytokine analy-
sis, making it possible to rapidly map the Th1/Th2 response
to aluminum-based vaccines. Further, differential gene
expression analysis distinguished vaccine- and adjuvant-
mediated gene regulation both with respect to the immune
response and with respect to other pharmacological
responses. ADJ induced many markers, which indicate a sys-
temic toxicity. These toxic characteristics of the ADJ were
suppressed in the presence of antigen (TTADJ).

RESULTS
Our experimental approach is outlined in Figure 1. Briefly,
TTADJ or ADJ were administered i.m. to mice according to a
standard immunization protocol, using non-immunized
mice (N) as controls in both groups. After a booster dose,
spleen cells were harvested and their RNA isolated for use
in gene expression analysis. In experiment a, cells were iso-
lated and restimulated in vitro with pure tetanus toxoid anti-
gen (TT) for the times indicated before RNA purification.
Non-immunized mice were also restimulated to eliminate
the possibility that they had been exposed to the antigen
before the onset of this study and to eliminate potential

Figure 1 Experimental set-up and number of genes with signifi-

cant gene expression changes. The percentage of expressed genes

(%) is calculated from the total number of genes on the array

(n = 588).

The Pharmacogenomics Journal

non-specific in vitro effects of the antigen from the gene
expression analysis. In experiment b, the ADJ samples were
not restimulated in vitro with TT in order to avoid both
potential non-specific and specific effects of the TT antigen.
All TTADJ-immunized mice developed strong serological
titers against TT.

Global Gene Expression Analysis

Fifty-one or 8.7% of the 588 genes on the cDNA array sig-
nificantly altered expression (as defined in the Methods
section) 4 h after TT-restimulation, while the corresponding
value at 24 h was 26 genes or 4.4% (Figure 1). Thus, there is
a massive change in the mRNA pool in the spleens early
after TT-antigen stimulation, as previously seen for lympho-
cytes stimulated with superantigen.7 In the ADJ group, 67
or 11.4% of all genes on the array displayed altered
expression. The quality of the gene expression data was
assessed by repetition of the array analysis. Only 0.34% of
the data had significant differences in their gene expression
level as defined in the Materials and Methods section. Plot-
ting the raw data against each other (Figure 2) according to
the comparisons outlined in Figure 1 showed that the ADJ
group displayed the largest deviation from the base-line
gene expression in the spleen cells from control mice
(Figure 2c). The majority of the genes with altered
expression in the ADJ group were downregulated.

RT-PCR

In order to confirm some of the array results we performed
RT-PCR for five genes, Pax-5, SATB1, LFA-�, cyclin D1 and
TRAIL. All of the genes displayed gene expression levels
comparable to those of the Atlas array. Thus five out of five
or 100% of the genes on the Atlas array were confirmed with
RT-PCR, which is higher than an earlier reported correlation
of 72%.8

Vaccine-specific Gene Expression Profile

To validate our array technology as a tool to study Th1 and
Th2 markers and to find suitable immunological markers,
we compared the gene expression profiles of spleen cells
from TTADJ to N. The gene expression levels of selected mar-
kers were confirmed by RT-PCR as indicated in Figure 3 (data
not shown).

In order to find the time-points for maximal cytokine
gene expression, mouse spleen cells were analyzed for
mRNA expression of selected cytokine markers at the time
points 4 and 24 h after in vitro TT restimulation (see below).9

Supernatants of TTADJ were assessed by cytokine ELISA for
the two Th1 markers IFN-�, IL-2, as well as the two Th2 mar-
kers IL-4 and IL-5 at 24 and 48 h after TT restimulation.
Only one cytokine, IL-4, but not the cytokines IFN-�, IL-2
and IL-5, are included in the Atlas cDNA array. Therefore,
several up- and downstream regulators to the missing cyto-
kines were identified and used in the comparison. The IFN-
� receptor, YB110 and Jak-3 tyrosine-protein kinase, were
chosen as IFN-� markers. They are all upregulated in the
presence of IFN-�.11,12 The chemokine receptor CCR1, which
is upregulated by IL-2,13 was chosen as IL-2 marker. As mark-
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Figure 2 Global gene expression analysis. RNA was isolated and transformed to radioactively labeled cDNA as described in the Materials

and Methods section. The levels of cDNA of the different genes were measured and processed by Clontech Atlas technology and by

Spotfire software. The plots compare the expression levels of all genes of each pair of arrays, expressed as adjusted intensity scores as

described in the Materials and Methods section. The lines represent differences of 2-fold between the two samples. Comparisons of TTADJ

with N at (a) 4 and (b) 24 h after in vitro restimulation with TT. (c) Comparison of ADJ mice with N.

ers for the Th2 response IL-4, GATA-3, a transcription factor
upregulated during Th2-specific cytokine expression,14 and
IL-10 were selected. Furthermore, Jun D, Stat3 and Stat5a
were selected as markers for IL-5 presence.15,16

In general, the gene expression profiles obtained from the
arrays agreed well with the cytokine responses (Figure 3a
and b). Thus, upregulation of gene markers representative
for Th1 differentiation corresponded well with the protein
levels of IFN-� and IL-2. Similarly, gene markers for an IL-5
response were clearly upregulated on the arrays, which
agrees with the ELISA result obtained from the IL-5. In sum-
mary, the results obtained by both methods agreed well with
each other and clearly indicated that a mixed Th1/Th2
response was obtained. Importantly, this is the expected
response for a tetanus aluminum vaccine in mice.17 We con-
clude that the Th1/Th2 profile of TTADJ can be predicted
from mRNA profiles obtained by cDNA expression arrays,
using a panel of unconventional cytokine markers.

Comparison of the expression profiles between TTADJ and
N also showed upregulation of several other genes involved
in the adaptive immune response (Figure 3c). These genes
include the monocytic LPS receptor CD 14, the early T-cell
activation signal Syk,18 the T-cell activation antigens CD2
and LFA-1 � (CD11a), the T-cell adhesion marker CD44 and
the markers for antigen-specific CD8+ T-cells, SATB1 and
lung Kruppel-like factor (LKLF). Co-stimulatory signals such
as B7–2 (CD86) and ICAM-1 (CD54) on antigen presenting
cells19 and tumor necrosis factor receptor 2 (TNF-R2), which
triggers cell death induced by T-cell activation, were also
upregulated as were POU domain associated factor 1 (POU1)
and A-myb proto-oncogene (which are involved in T-cell
antigen dependent B cell maturation), the co-stimulatory
signal for B cells, CD22; and early B cell factor (EBF) and
Pax-5, which are important for committed B cell differen-
tiation.20 Many other genes involved in immunological and
other cellular processes changed expression in TTADJ. A selec-
tion of these genes are discussed below. Taken together, our
findings reveal the complexity of the cellular response to a
vaccine and show that many proto-oncogenes and tran-
scription factors are involved that have not yet been associa-
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ted with this response in the scientific literature. (For
more information see supplementary material at
www.nature.com/tpj/index.html.

Adjuvant-specific Gene Expression Profile

As expected, no traces of antigen-specific T cell activation
were found after ADJ administration and only a few genes
involved in the immune response were upregulated by ADJ.
These genes are mainly involved in Th1 responses
(Figure 3d) and therefore very different from the genes acti-
vated by TTADJ. Many of the latter were downregulated in
ADJ. We found that SLAP, which is required for TCR-driven
IL-2 transcription, as well as the IL-2 receptor �-subunit (IL-
2 R�) which is part of several cytokine receptors, were upreg-
ulated by ADJ. The same was observed for Cas, which is a
signal transducer in integrin-mediated cell adhesion, and
relaxin, which is involved in Th1 differentiation. There were
also genes, where ADJ had a downregulating effect on the
expression. Most of them are not known to be involved in
the immune response, but two, Stat1 and prothymosin � are
known to be involved in T cell proliferation (data not
shown). Furthermore, we found YB1, Jak3, Stat6, the T cell
activation gene CD2, the T cell adhesion marker CD44 and
the CD4 receptor downregulated, all of them immune
response markers upregulated in TTADJ. However, we found
upregulation of genes involved in cytotoxic T cell response,
CTLA-4 and LFA-1�, and of the inflammation markers c-Jun
and c-Fos.

In comparison to the TTADJ-group, we observed a remark-
able difference in the activation of genes involved in
apoptosis, stress, toxicity and oncogenesis. Since ADJ is also
a component of the TTADJ we decided to investigate the gene
expression in these categories in immunized mice.

Gene Expression Differences Between ADJ Mice and

TTADJ mice

Since the control groups in the TTADJ and the ADJ experi-
ments differed in that the former were restimulated by the
TT-antigen in vitro, we first compared the gene expression
profiles of the two controls. Apart from a few genes showing
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Figure 3 Expression of genes and proteins involved in immune

response. The mRNA levels are shown as adjusted intensities for

each gene as defined in the Materials and Methods section. (a)

Selected upregulated markers for the Th1 and Th2 response in

spleen cells from TTADJ-immunized mice and (b) corresponding pro-

tein levels (pg ml−1) of cytokines involved in the Th1 and Th2

response. (c) Early (4 h) and late (24 h; indicated by *) immune

response genes in spleen cells from TTADJ-immunized mice. (d)

Upregulated genes involved in immunogenicity and in inflam-

mation in spleen cells of ADJ-treated mice. Gene expression con-

firmed by RT-PCR are written in bold.

mitogenic effects, no significant global changes were
observed between the two control groups (data not shown).
This allowed direct comparison between the TTADJ, the ADJ
and the N group. Using the GeneCluster program,21 as many
as 203 genes, or 34.5%, had significant expression changes
in at least one of the samples. This is a higher number than
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the total number of genes shown in Figure 1, which can be
explained by the larger number of comparisons and their
greater extent of variation. This leads to more genes fulfil-
ling the criteria for significant gene expression change as
defined in the Methods section. The data were sorted into
six clusters according to their expression profiles in the dif-
ferent samples (Figure 4a) and visualized by the Treeview
program22 (Figure 4b). This second analysis confirmed our
findings concerning the genes involved in adaptive immune
response as well as inflammation (data not shown).

More apoptosis-inducing genes were upregulated in ADJ
than in TTADJ, for example TRAIL and Alg-2, which are
induced by TCR and Fas,23 and Fas I R. We also found the
pro-apoptotic Bax membrane isoform a, B-lymphocyte kin-
ase, and the activator of apoptosis harakiri upregulated in
ADJ. In contrast, Bcl-2, an apoptosis suppressor, was upregu-
lated in TTADJ, but not in ADJ. Several more heat-shock
genes (eg HSP60) and other stress response genes were acti-
vated primarily in ADJ, but some were also found activated
in TTADJ mice (eg GRP78).

Many proto-oncogenes were activated by ADJ, some of
them known for their involvement in differentiation during
the immune response, some with unknown function. Some
cancer markers, such as cyclin D1,24 were also strongly
induced by ADJ. In contrast, TTADJ upregulated cancer pro-
tection genes (RB1, Pml, TGF-� R, p19ink4 and p27kip1),
which were downregulated in ADJ, and some cell cycle reg-
ulating genes, but also other proto-oncogenes (ROR-�-1,
OCT3, SHC-transforming protein).

In conclusion, both ADJ and TTADJ changed the
expression of genes with many different functions, ranging
from immune response to apoptosis, stress and toxicology
response to differentiation. A larger number of genes
involved in the adaptive immune response were induced by
the TTADJ vaccine as compared to ADJ, while most of the 48
genes upregulated by the aluminum adjuvant have func-
tions in inflammation, stress, apoptosis, oncogenesis and
differentiation. Many of these genes have not previously
been associated with an immune or vaccine response.

DISCUSSION
This is the first investigation of gene expression profiles
induced by the components of a traditional vaccine after
immunization of a mammal. Here we discuss some of our
more important observations of differential gene expression
changes after vaccine and adjuvant administration and the
significance of our findings for vaccination and vaccine
development.

Immunogenicity

Our observations indicate that mRNA expression analysis
can be used to differentiate between a Th1 and a Th2
response, in agreement with our results obtained by ELISA.
In addition, these observations show that the cDNA arrays
gave a more detailed picture: as expected, many genes
involved in the adaptive immune response were only
expressed in the presence of antigen. However, many genes,
including transcription regulators for the Th1 response,
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Figure 4 Gene expression differences in spleen cells between TTADJ-, ADJ-treated mice and non-treated mice (N). Spleen cells from TTADJ-

treated mice were in vitro restimulated by TT for 4 h (TTADJ 4) and 24 h (TTADJ 24). (a) Self-organizing map clusters according to Tamayo’s

algorithm21 using the criteria for significant gene expression described in Materials and Methods. 203 genes were found in six clusters

(c0–c5) containing 12–47 genes. Blue lines indicate the mean expression profiles; red lines indicate the SD. A complete list of the genes

in each cluster can be obtained in the supplementary material at www.nature.com/tpj/index.html. (b) Clustergram of the gene expression

profiles from the six clusters in (a) using the Treeview program.22 The sample is indicated at the top of each column. Red indicates

upregulated and green downregulated genes, respectively. (c) List of genes, which were highly upregulated by ADJ, as revealed from

cluster c4 in (a). Genes with * are reported in the Results and Discussion sections; genes in bold were confirmed by RT-PCR.

were mainly regulated by the aluminum phosphate adju-
vant on its own. These genes were activated to a much lower
extent or not at all activated in the presence of antigen. The
upregulation of the IL-2 R� by ADJ does not indicate T cell
activation, but T cell expansion.25 We found co-stimulatory

www.nature.com/tpj

signals for T cell activation only in the presence of antigen.
These signals were the upregulation of the CD11a subunit
of LFA-1� in T cells as well as of B7–2 and ICAM-1. Without
antigen present, however, the homologous cytotoxic T-lym-
phocyte antigen (CTLA-4) was upregulated. This is an
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inhibitory signal for T cell activation,26 responsible for the
inhibition of the ras pathway as well as of IL-2 production.27

Furthermore, CD18, an LFA-1� component involved in leu-
kocyte-rolling and strongly induced by pro-inflammatory
cytokines,28 was expressed in the ADJ-treated group. We
conclude that the presence of antigen is necessary for T cell
activation and, importantly, that it governs the effect of the
adjuvant on the antigen-presenting cells.

Inflammation

It has been known for quite some time that administration
of aluminum adjuvants coated with antigen leads to the for-
mation of inflammatory foci that attract immunocompetent
cells to the site.29 The effects on the secondary lymphoid
organs, however, have not previously been described.

Our results show that administration of ADJ induces the
transcription of inflammatory markers also in lymphoid
organs that are distant from the administration site. Thus,
the immediate early c-Jun (14.8 times) and c-Fos genes (4
times) (Figure 3d) were induced. They have been described
earlier as inflammatory disease-related genes in monocyte
cell lines, expressed upon activation with LPS.30 Substantial
c-Jun expression is also observed in sub-lethal oxidative
stress and toxic reactions, while c-Fos is only moderately
upregulated.31

We speculate that the altered expressions of these and
other markers are related to the reported side–effects of
aluminum adjuvants. An upregulation of c-Jun, but not of
c-Fos has been reported during CD28 activation,32 but it
needs the additional activation of the TCR-triggering path-
way not observed in ADJ to be indicative for T cell acti-
vation.33 It is, therefore, more plausible that the effects seen
indicate inflammation. Surprisingly, in the presence of anti-
gen, c-Jun and c-Fos were expressed at the same level as in
the control group (N). It seems that antigen presence is
necessary to suppress an inflammatory process.

Taken together, our observations suggest that the immu-
nostimulatory effect of the aluminum phosphate adjuvant
is based on the stimulation of the IFN-� pathway and prob-
ably also on a coupling to a general inflammatory response
via c-Jun and c-Fos.

Apoptosis

Apoptosis is a part of the adaptive immune response in the
antigen-induced cell death (AICD), which is involved in
memory development and effector expansion of rare anti-
gen-specific T cells within 0.5–2 days after antigen stimu-
lation.34 The identity of the mediator for this process has
been discussed in the literature, and two candidates have
emerged: Fas, which regulates the number of lymphocytes
with TCR��35 and the apoptosis inhibitor BCL-2. Our array
data do not support an involvement of Fas in the immune
response to TTADJ, since it is downregulated in the TTADJ

sample and upregulated in ADJ. This rather supports the
finding by Suzuki and Fink36 that Fas exhibits co-stimulatory
signals for the antigen-specific proliferation of CD8+ T cells.
It also corroborates our hypothesis that the TT antigen sup-
presses the ADJ-induced inflammation.
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The strong upregulation of BCL-2 in TTADJ points toward
an involvement in the survival of antigen-activated T cells,
which could be mediated via Cdk2 and caspases during the
S phase of the cell cycle.37 We made additional observations,
which support the hypothesis, namely an upregulation of c-
Myc and of cyclin D3.35. We suggest that Bcl-2 is activated
in TTADJ to promote antigen-activated T cell survival. An
involvement of Bcl-3 in this process via an AP-1 induction38

seems less plausible here, since the AP-1 factors c-jun and c-
fos were downregulated in TTADJ. Since Bcl-3 can be induced
by administration of LPS to mice,39 one can speculate that
there are several signaling pathways for T cell survival
depending on the type of adjuvant used.

Stress and Oncogenesis

Only a few proto-oncogenes and activators and inhibitors of
genes involved in cancerogenesis, stress response and toxic
reactions were activated in the presence of antigen. In con-
trast, many more of these markers were upregulated after
administration of the adjuvant alone. Since the spleen is
located far from the administration site, the potential toxi-
cological implications of this upregulation must be studied
further. One example of special interest is the massive over-
expression of cyclin D1 (26-fold as compared to N) in the
ADJ sample. This gene has been identified as one of the key
factors of cancerogenesis, since it is important for the
‘restriction point control’ of the cell-cycle.24 In the presence
of antigen, the gene for cyclin D1 is substantially downregu-
lated and inhibitors for cyclin D1, such as p19ink4, p27kip1
and retinoblastoma-associated protein 1, are upregulated.24

Again, the immune system seems to be alerted if apoptosis
in response to harmful signals occur; and if harmful signals
such as cancer markers appear or are upregulated. This
hypothesis is supported by studies in which tumor growth
is reduced or eliminated by the immune system after vacci-
nation.40

Why do we need adjuvants to elicit a protective immune
response? Janeway suggested two reasons: to ensure effective
antigen uptake into macrophages and, to provide co-stimu-
latory activity.41 According to Matzinger’s theory, co-stimu-
lation arises when endogenous, mostly unknown, signals
originate from stressed or injured cells, and this is the ulti-
mate controlling system of the immune response.40 At this
time, heat shock proteins and the LPS receptor are known
to be involved.42 The upregulation of CD14 gene in the pres-
ence of adjuvant that we have observed in our experiments
supports this suggestion.

In summary, our results indicate that the aluminum phos-
phate adjuvant regulates relatively few genes that are
involved in the immune response, but a larger number of
genes associated with inflammation, apoptosis, stress and
oncogenesis. We propose that these various responses are an
important part of the endogenous danger signals in the
innate immune response. The TT-antigen is apart from
being necessary for an adequate adaptive immune response,
also necessary to modulate the response to the adjuvant. It
seems to protect against adjuvant-mediated side effects.
These findings show for the first time a finely tuned inter-
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play between an antigen and the aluminum phosphate adju-
vant in regulating signals for danger and protection.

We hope that further studies of this interplay will facili-
tate the discovery and development of new and more effec-
tive vaccine adjuvants.

MATERIALS AND METHODS
Animal Experiments

Female Balb/c mice, 10 weeks old (Charles River, Sweden),
were randomly separated into groups of five animals. The
mice were given an i.m. dose of vaccine (SBL Vaccin AB,
Solna, Sweden) containing 1 Lf (2–2.5 �g) tetanus toxoid in
aluminum phosphate adjuvant (TTADJ) at pH 6.0 (1:1) or a
dose of adjuvant alone (ADJ) in a dose corresponding to the
dose given with the vaccine. TTADJ was administered i.m. in
the left hind leg quadriceps. The same doses were adminis-
tered 3 weeks later. Two weeks after the booster, blood was
collected from all mice by tail artery puncture for measure-
ment of the systemic antibody-response using ELISA.
Spleens were isolated, pooled for each group and washed in
cold PBS.

Cell Culture Experiments

A single cell suspension from the spleens was prepared and
erythrocytes were removed by incubation in 1 M Tris buffer,
pH 7.2 on ice for 10 min. The cells were washed twice with
RPMI 1640 medium (Gibco/Invitrogen, Copenhagen,
Denmark) supplemented with 292 �g ml−1 L-Gln, 50 �M 2-
mercaptoethanol, 100 IU ml−1 penicillin, 100 �g ml−1 strep-
tomycin, and 10% heat-inactivated FCS (Gibco). Aliquots of
the cells (1.25 × 106 cells ml−1) were plated into cell culture
flasks and incubated for 4 or 24 h, respectively, at 37°C in
5% CO2 at approximately 90% humidity with 1 Lf tetanus
toxoid (TT) per spleen. After incubation, the supernatants
were recovered and used for the cytokine assay. The cells
were washed with cold PBS and used for RNA isolation.

Analysis of Gene Expression by Array Technology

Total RNA was purified from splenocyte cells using
Ambion’s Totally RNA kit (Austin, TX, USA). DNA con-
tamination was removed using DNAse I (Promega, Madison,
WI, USA). Atlas mouse cDNA expression arrays with 588
genes (Clontech, Palo Alto, CA, USA) were used according
to the manufacturers guideline. The level of expression was
quantified by phosphor-imaging (Molecular Dynamics, Sun-
nyvale, CA, USA) and the image data were processed using
the AtlasImage program version 1.01a (Clontech). Signals
lower than the average background signal were filtered out.
The adjusted intensity of each gene was obtained by sub-
tracting the average background signal from the signal
intensity. Array analyses were performed twice to assure
intra-sample reproducibility. To compare two or more arrays
the adjusted signal intensities of all genes on the arrays were
normalized using the global mode and the sum method.
Briefly, the ratio of the adjusted signal intensity of gene Z
on array 1 to the adjusted intensity of the same gene Z on
array 2 was calculated for all the genes on the array and
averaged. In order to filter for genes with significant gene

www.nature.com/tpj

expression changes, we used the following criteria: only
genes with a difference in signal strength of more than 100
and a more than two-fold expression difference in at least
one sample were included.7 The Spotfire Pro program
(version 4.2) was used to visualize expression changes.
Genes were sorted and clustered by the programs Excel,
Gene cluster21 and Treeview.22

Analysis of mRNA Expression by RT-PCR

Total RNA was extracted as described above. RT-PCR reac-
tions were performed using the Qiagen (Valencia, CA, USA)
one-step RT-PCR kit and 1 �g total RNA according to the
manufacturers guidelines with an annealing temperature of
55°C and 45 cycles. The following primers were used: Pax-
5 forward-GACATGGAGGAGTGAATCAGC, reverse-GCCAC
TGATGGAGTATGAGGA; SATB1 forward-TCTAGGAAGAG
GAAGGCTTGG, reverse-GCCAACGAACTCTGGTTCATA;
LFA-1 � forward-TAATCCTGAGTTCGACCAACG, reverse-
GACATGCAGCAACTTGCATTA; cyclin D1 forward-GAATCT
GCATCACCCTGAGAG, reverse-TATTTCATCCCTACCGCT
GTG; TRAIL forward-GCAGCTGCAGGACAATTACTC;
reverse-TGGTTCTCACCTTGTCCTTTG.

Antibody and Cytokine Analysis

TT specific antibodies were measured by the toxin-binding
inhibition assay.43 Cytokine protein levels in supernatants
from restimulated spleen cells were analyzed by capture
enzyme-linked immunosorbent assay (ELISA), using specific
antibody pairs and recombinant cytokine standards
(Pharmingen, San Diego, CA, USA) and ELISA plates (Nunc,
Roskilde, Denmark) according to the manufacturer’s instruc-
tions.
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