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Heat shock factor 1 (HHSF1} is a major transactivator of
heat shock proteins in response to heat shock, and it is
also involved in oogenesis, spermatogenesis, and placen-
tal development. However, we do not know the molecu-
lar mechanisms controlling developmental processes. In
this study, we found that HSF1-null mice exhibited a
significant decrease in the T cell-dependent B cell re-
sponse, When mice were immunized intraperitoneally
with sheep red blood cells, the sheep red blood cell-
specific IgG production, especially IgG2a production, in
HSF1-null mice was about 50% lower than that in wild-
type mice at 6 days after the immunization, whereas IgM
preduction was normal. The number of bromodeoxyuri-
dine-incorporated spleen cells in immunized HSF1-null
mice was one-third that in immunized wild-type mice,
indicating reduced proliferation of the spleen cells, We
analyzed levels of cytokines and chemokines in spleen
cells and in peritoneal macrophages stimulated with
lipopolysaccharide and interferon-y and found that ex-
pression levels of interleukin-6 and CCL5 were signifi-
cantly lower in HSF1.null cells than those in wild-type
cells. Furthermore, we demonstrated that the IL-6 gene
is a direct target gene of HSF1, These results revealed a
novel molecular link between IISF1 and a gene related
to immune response and inflammation.

Members of the heat shock transeription factor (HSF)!' fam-
ily bind to heat shock element (HSE), which is composed of at
least three inverted repeats of a consensus sequence nGAAn
(1). Among three HSFs (HSF1, HSF2, and HSF4) in mammals,
HSF1 plays a crucial role in inducing heat shock proteins
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(Hsps), which is required for acquisition of thermotolerance (2,
1. In addition, HSF1 is known to be involved in normal devel-
opment. In Drosophila, a single HSF is necessary for ongenesis
and early larval development {4). Mouse EFHSF1 is required for
vogenesis, placental development, and normal growth (5, 6).
Furthermore, HSF1 may regulate genes involved in spermat-
ogenesis because spermatogenesis is completely blocked in
mice deficient for both HSF1 and HSF2 (7-9). Moreover, HSF'1
is involved in eliminating injured male germ cells when these
cells are exposed to heat stress {10, 11). However, molecular
mechanisms controlling these develepmental processes are un-
clear as vet.

Here we performed microarray analysis using mouse emhryo
fibroblasts (MEFs) {12) to discover genes regulated by HSF1.
We found that constitutive expression of many genes related to
the immune response and inflammation was lower in HSF1-
null MEFs than in wild-type cells. Furthermore, we found that
the serum immunoglobulin level was lower in HSF1-null mice
than in wild-type mice. Therefore, we analyzed the T cell-de-
pendent B cell response by analyzing immunoglobin production
in response to the immunization with sheep red blood cells
(SRBCQC). It revealed that SRBC-specific IgG production is im-
paired in HSF1-null mice, which is associated with reduced
expression of interleukin-6 (IL-6) and chemokine CCL5. We
identified that the JL-8 gene is a dircct target gene of HSF1.

EXPERIMENTAL PROCEDURES

Microarray Analysis—We generated HSF1-null mice by injecting
HSF1-/— (C57TBL/6 x CBA} F, ES cells, TT2 (12) into ICR mouse
embryos in the morula stage. Established chimeric male mice (F,) were
bred further with ICR females, and the genotype of the offspring (Fy)
was determined by PCR. Homoezygous male and female mice werc
crossed, and the genotypes of a litter of embryos at embryonic day (E)
15.5 were determined. MEFs were preparved by mixzing three wild-type
or three HSFl-null embryoes. To analyze gene expression in wild-type
and HST1-null MEFs, we used an oligonucleotide microarray, Gene-
Chip Murine Genome U74Av2 (Affymetrix, Santa Clara, CA), which
contained 12,422 probe sets. Target cRNA preparations from total RNA,
hybridization to the microarray, washing and staining with the anti-
body amplification procedure, and scanning were all carried out accord-
ing to the manufacturer's instructions. The expression value (average
difference) of each gene was calculated and normalized vsing Af-
fymetrix Microarray Suite software version 4.0, so that the mean of
expression values in each experiment was 100 to adjust for minor
differences between the experiments. The change values (-fold changes)
were caleulated by comparison analysis of the software.

Northern Blot Analysis—RNA isolation and Neorthern blot analysis
were performed as described previously (10)., ¢cDNA probes for mouse
HspS0a, Hsp90B, Hsp70, and actin were described previously (11).
¢DNA probes for IL-6, 1L-1e, IRF-9, STATI, and [sgl5 were genernted
by reverse transeription-PCR using total RNA isolated from MEFs. The
primers used were as follows: 11.-6, 5'-CAC AAA GCC AGA GTC COTT
CAG-3' and 5 -CAA GAA AGO ATC TGG CTA GG-3'; TL-1g, 5'-GTG
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AGA CCT TCA CTG AAG AT(G ACC-3' and 5'-CAT ACA GAC TGT
CAG CAC TTC C; 1s¢l15, 5'-CAA TGG CCT GGG ACC TAA A-3" and
5'-ATC CCA AAG TCC TCC ATA CCC C. The amplified DNA frag-
ments were inserted into pCR2.1-TOPO vector (Invitregen), and DNA
fragments were isolated after dipestion with FeoR!. ¢cDNA probes for
STAT1 and IRF-9 were kindly provided by Dr. T. Fujita (Tokyo Metro-
politan Institute of Medical Science).

Immunization of Mice—The micc were crossed more than six gener-
ations into ICR or C57BL/6 mice. Mice 6~ 8 weeks old were immunized
by intraperiloneal injection of 1 X 10* SRBC (Nippen Bio-Test Labora-
tory, Tokyo} and then boosted with the same dose at 21 days after the
first immunization. Blood samples were collected at 6, 14, and 21 days
after the first immunization and at 7 days after the secend immuniza-
tion, and sera were separated. All experimental protocols were re-
viewed by the Committee for Ethics on Animal Experiments of Yamagu-
chi University School of Medicine.

Determination of Immunoglobulin Titers—SRBC-specific immuno-
globulins in sera were determined by sandwich enzyme-linked immu-
nosorbent assay (ELISA) using plates coated with SRBC (13), SRBC-
bound antibodies were detected by alkaline phosphate-conjugated goat
antibody specific for mouse IgM, 1gG, IgG1, IgG2a, IgG2b, or [gG3
{Southern Bintechnology Associates, Alabama). Serum immunoglebulin
levels were measured using a mouse immunoglobulin isotyping ELISA
kit (BD Pharmingen) according to the manufacturer’s instructions. The
relative concentrations of immunoglobulins in individual samples were
calculated by comparing the mean optical densities obtained from trip-
licate wells with a positive control antigen mixtuve.

Analysis of BrdUrd Incorporation—The spleen was dissected, em-
bedded in Tissue-Tek compound (Sakura, Tokyo), and frozen at ~80 °C.
Cryosections of 10 pm thick were stained with hematoxylin. To examine
DNA replication, incorporation of BrdUrd was examined by immuno-
histochemical analysis and flow cytometric analysis. At 6 days after the
immunization with SRBC, mice were injected intraperitonealty with 50
pefml BrdUrd (Sigma) in phosphate-buffered saline (PBS). 12 h after
the first injection, mice were injected again. 1 h after the second injec-
tion, the spleen was dissected, and cryosections were immunostained as
described previously {14).

To quantify levels of BrdUrd-incorporated spleen cells, red blood
cell-depleted spleen cells were fixed in 70% ethanol at 4 °C for 30 min
and soaked in 28 HCI containing 0.5% Triton X-100 at room tempera-
ture for 30 min. After washing with PBS containing 1% bovine serum
albumin, the cells were incubated with fluorescein isothiocyanate-con-
jugated anti-BrdUrd antibedy (1:100 dilution, Biomeda Co., CA}in PBS
and 1% bovine serum albumin at room temperature for 30 min. After
washing, the cells were incubated with 5 pg/ml RNase at 37 °C for 20
min and then were suspended in PBS and 1% bovine serum albumin
containing 25 ug/ml propidium iodide and analyzed using an Epics XL
flow eytometer (Coulter). BrdUrd-positive cells were counted, and the
means + $.1. of percentages of BrdUrd-positive cells from three exper-
iments were determined,

MTT Assay—Spleen cells were prepared from dissected spleen, and
erythrocytes were removed by Ack lysis buffer (Bio Whittaker, Walk-
ersville, MD). T cells and B cells are purified from total splenocytes
using AutoMACS (Miltenyi Biotech) with anti-CD4 and anti-CD8« (for
T cells) or anti-B220 (for B cells) antibodies and streptavidin-coated
beads. Purities of the cells were greater than 85%. Macrophages were
collected ag adherent periteneal cells. Purified T or B cells (1 X 10%Awell)
were cultured in RPMI 1640 medium supplemented with 10% fetal calf
serum, nonessential amino acid, and 2-mercaptoethanol for 3 days with
various stimuli, and cell proliferation was determined by MTT assay
using a CellTiter 96 proliferation assay kit (Promega). T cells were
incubated with 2 pg/ml anti-CN3 and 2 pg/ml anti-CD28 antibodies
{Pharmingen) or 2.5 pg/ml concanavalin A (Sigma) for 3 days, and B
cells were incubated with 10 pg/ml anti-IgM antibody (Jackson Immu-
noResearch), 1 pg/ml LPS, or 1 pg/ml anti-CI}40 antibody (Pharmin-
gen) for 3 days.

Mzasurement of Cytokine, Chemokine, and Nitric Oxide Produc-
tion—To determine 1L-6 and IFN-y expression, spleen cells (2 X 10%/ml)
were cultured for 48 h in medium containing 1 ug/ml LP'S (Sigma) and
100 units/ml IFN-y (PeproTech Inc., Rocky 1ill, NJ), or 2 pg/ml anti-
CD3 and 2 pg/ml anti-CD28 antibodies {Pharmingen), respectively.
Determinations of IL-6 and IFN-y levels in culture media were poer-
formed in triplicate using 11.-6 and [FN-y ELISA kits (BioSource Inter-
national, Inc., Camarillo, CA) according to the manufacturer's instrue-
tions. To estimate chemokine levels in culture media, spleen cells (2 X
10%m1} were cultured for 24 h in medium containing 1 pg/ml LPS and
100 units/ml IFN-y. Levels of CCL2 and CCL5 were assayed using
mouse c¢ytokine array I (Ray Biotech, Inc., Norerass, GA) according to
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the manufacturer's instructions. Macrophages were stimulated with 1
pe/m! LPS and 100 units/m] IFN-y for 48 h and the nitric oxide pro-
duced in the culture medium was measured by the Griess method {(15).
Briefly, the medium was incubated with an equal amount of Griess
reagent (1% sulfunilamide in H,PQ, and 0.1% N-l-naphthylethyl-
enediamine dihydrochloride) for 10 min, and then the absorbance at 550
nm was measured,

Western Blot Analysis—To examine phosphorylation of STAT1 and
STATS, splecn cells were stimulated with 100 units/mt IFN-y, 10 ng/ml,
or 1 pg/mi LPS for 15 min, and whole ccll extracts were subjected to
Western blot analysis as described previously (16} using anli-STAT1,
anti-pSTAT1, anti-STAT3, anti-p3TAT3 (BD Biosciences), or
anti-actin antibody.

Reverse Transcription-PCR—Total RNA was isolated from spleen
cells after incubation with 1 pg/ml LPS and 100 units/ml IFN-y for 24 h.
¢DNAs were synthesized from 1 pg of total RNA using avian myelo-
blastosis virus reverse transeriptase (Invitrogen) and random hexamer
primers as described previously (17). PCR was performed as described
using mouse gene-specific primers (18, 19). The amplificd DNA frag-
ments were stained with ethidium bromide and photographed using
Epi-Light UV FA1100 (Aisin Cosmos R&D Co., Japan). Expression of
$16 ribosomal protein was examined as a control {17).

Gel Shift Assay—Spleen cells isolated from mice at § days after the
immunization with SRBC were frozen at ~80 °C until use. Whole cell
extracts were prepared in buffer C (16). Aliquots containing 10 ug of
proteins were subjected to gel shift assay using an ideal 1ISE-cligonu-
cleotide or an HSE2-oligonucleotide corresponding to the sequence of
mouse IL-6 gene (—684 to —659) (20), A binding reaction was performed
in the presence or absence of antiserum gpecific for each HSF («-HSF1y,
a-HSF28, and a-HSF4b) {2 ul of 1:10 diluted antiserum with PBES) {21).
To determine the specificity of the HSF1 binding activity to FISE2, 10
i of extract from HeLa cells overexpressing human HSF1 was used.
Binding reactions were performed using ¥P-labeled HSE2 in the pres-
ence or absence of increasing amounts (18- or 100-fald molar excess) of
a nonlabeled HSE2, an ideal HSE, or a mutated HSE2-oligonucleotide.
The sequences of oligonucleotides are shown in Fig. 5B.

Chromatin Immunaprecipitation {ChIP)—Spleen cells {1 X 10° cells)
were treated with 10 ml of 1% formaldehyde and RPMI containing 10%
fotal calf serum at 37 °C for 10 min. After washing with PBS twice,
ChIP was performed using a ChIP assay kit (Upstate Biotechnology)
essentially according to the manufacturer’s instructions, Primers used
to amplify ChIP-enriched DNA are: mIL-6F, 5'-GCA ACT CTC ACA
GAG ACT AAA GG-3": mIL-6R, 5'-GGA CAA CAG ACAGTAATG TTG
C-3'; mHsp70F, 5'-CAA CAG TGT CAC TAG TAG CAC C-3'; mHsp70R,
5.CTC TGG ATG GAA CCA GAT TTG G-3'.

Statistical Analysis—Unless otherwise indicated, results are ex-
pressed as the means * S.D. of data obtained from triplicate experi-
ments. Significant values were determined by analyzing data with the
Mann-Whitney U7 test using StatView version 4.5J for Macintosh (Ab-
acus Concepts, Berkley, CA). Differences at p < 0.05 were considered
statistically significant.

RESULTS

Constitutive Expression of Many Genes Is Reduced in HSFI-
null MEFs—To search for genes regulated by HSF1, we studied
the profiles of gene expression in primary cultures of MEFs
using a mouse microarray containing 12,422 probe sets. Total
RNAs were isolated from control and heat-shocked (42 *C for
1 h) MEFs and from control and heat-shocked HSF1-null
MEFs., We performed cluster analysis of genes whose expres-
sion changes more than 3-fold compared with those control
wild-type or HSF1-null cells (Fig. 1A). We divided the genes
into four classes. Expression of class a genes (27 genes) de-
creased after heat shock in both wild-type and HSFI-null
MEFs. Expression levels of class b genes (49 gencs) were lower
in HSF1-nul! cells than those in wild-type cells but were con-
stant after heat shock. Exprossion of class ¢ genes (7 genes)
increased after heat shock in wild-type cells but did not in-
crease in HSF1-null cells, Expression of class d genes (13
genes) increased after heat shock in both wild-type and HSF1-
null cells. Classical heat shock genes such as IHsp70-1 and
Hsp70-3 belong to the class ¢, Class d genes are induced in
responsc to heat shock independently of HSF1. The existence of
genes belonging to class d was reported previously (22). It was
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FiG. 1. Changes in mRNA levels in wild-type and HSF1-null MEF cells. A, total RNAs were isolated from wild-type {(+/+) and HSF-null
(~/—)}MEF cells maintained at 37 °C (=) or heat-shocked at 42 °C for 1 h {+). Genes undergoing more than 3-fold change are cluster analyzed based
on microarray analysis. We divided the genes into four classes. Class a contains 27 genes whose expression decreased after heat shoek in both
wild-type and HSF1-null MEFs. Class b contains 49 genes whose expression was lower in HSF1-null eells than that in wild-type cells. Expression
of class b genes is constant after heat shock. Class ¢ contains 7 genes whose expression increased after heat shock in wild-type cells but did not
increase in HSF1-null cells, Class d contains 13 genes whose expression increased in both wild-type and HSF1-null cells. The names of 19 genes
related to immune response in class b are shown. B, mRNA levels of genes related to the immune response and major heat shock genes were

examined by Northern blot analysis using each specific probe.

unexpected that constitutive expression of many genes (class b
genes) was reduced by lacking HSF1. We found that many
genes in this class (at least 19 genes) are related to the immune
response and inflammation. The genes include inflammatory
cytokine genes (JL-Ia and IL-6), chemokine-related genes
(CCL2, CCL5, CCL7, CXCLI, and CXCL5), and interferon-
related genes (STAT!, IRF-7, IRF-9, and interferon-regulated
factors) as shown in Fig. 1A. We confirmed decreased mRNA
levels of IL-6, IL-1a, IRF-9, STATI, and Isgl5 in HSF1-null
MEF cells by Northern blot analysis {Fig. 18). These genes
were not induced in response to heat shock at all, unlike Hsp70
and Hsp90 genes.

Impaired Serum Ig(F Induction in HSFI-null Mice—In addi-
tion to the reduced expression of cytokine and chemokine genes
in HSF1-null MEFs, we found that the serum globulin level
was lower in HSF1-null mice (1.43 = 0.26 g/dl) compared with
that in wild-type mice (1.97 = 0.21 g/dD) without any treatment.
Therefore, we expected that the immune response might be
abnormal in HSF1-null mice, To examine whether HSF1 play
roles in regulating the humoral immune response, we analyzed
the T cell-dependent B cell response by immunizing mice in-
traperitoneally with SRBC. Serum SRBC-specific IgG in-
creased more than 100-fold in wild-type mice, whereas that in
HSF1-null mice was less than 50-fold at 6 days after the im-
munization (Fig. 24), indicating that HSF1-null mice showed a
significant decrease in an antigen-spucific IgG response. How-

ever, the SRBC-specific IgG level in HSF1-null mice reached
the same level in wild-type mice at 14 days after the immuni-
zation and was similar after the secondary immunization. In
contrast to impaired IgG induction in HSF1-null mice, there
was no detectable difference in the IgM response. We next
compared serum levels of total immunoglobulin isotypes (Fig.
2B). Without the immunization, the serum level of total IgG2a
was significantly lower in HSF1.null mice than that in wild-
type mice, whereas levels of other isotypes were normal. At 6
days after the immunization with SRBC, serum levels of IgG2a
and IpGl were much lower in HSFI-null mice. Levels of light
chain k and A were the same. Remarkably, the level of SRBC-
specific IgG2a in HSF1-null mice was much lower at an early
time point after the immunization compared with that in wild-
type mice and did not reach normal levels even at 14 days (Fig.
20). Furthermore, SRBC-specific IgG2a did not increase in
response to the sccond immunization. These results indicate
that induction of serum IgG2a and Ig@i1 in response to SRBC is
impaired in HSF1-null mice.

Proliferation of Spleen Cells Is Poorly Promoted in HSFI.
null Mice in Response to SRBC Immunization—In response to
the immunization with SRBC, B cells proliferate in germinal
centers in the spleen and produce immunoplobuling (23).
Therefore, we next analyzed B cell profiferation in the spleen at
6 days after the immunization. The number and size of the
germinal center in the immunized HSF1-null mice were re-
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Fii. 2. Serum immunoglobulin levels in response to SRBC immunization in wild-type and HSF1-null mice. A, 5 wild-type (closed
circles) and five FISF1-null mice (open circles) were immunized at day 0 and boosted at day 21 (open arrows) and were bled at the indicated time
points. Levels of SRBC-specific IgG and IgM were measured by ELISA, and -fold inductions are shown. B, levels of immunoglobulin isotypes before
and after SRBC immunization. Wild-type (open bars) and HSF1-null (gray bars) mice before immunization (Control} and at 6 days after
immunization with SRBC (SRBC) were bled, and levels of immunoglobulin were determined by ELISA using a positive reference antigen as a
standard {see “Experimental Procedures”). C, changes of levets of SRBC-specific [g(G isotypes. All plots are the means = 5.D. from three mice. Stars

in B indicate p < 0.05.

duced significantly compared with those in wild-type mice
{data not shown). To quantify proliferating cells in the spleen,
BrdUrd was injected, and BrdUrd-incorporated cells were ex-
amined by immunostaining or flow cytometric analysis. Br-
dUrd-positive cells were rich in the perminal center of wild-
type mice, whereas these cells were poor in HSF1-null mice
(Fig. 3A, a~d). The percentage of BrdUrd-positive cells in
HSF1-null spleen (0.9 + 0.5%) was reduced significantly com-
pared with that in wild-type spleen (2.9 + 0.8%). These results

indicate that proliferation of spleen ceells is promoted poorly in
HSF1-null mice in response to the immunization with SRBC.

We next examined in vitro proliferation of splenic B and T
cells after various stimuli. B cells were incubated in the pres-
ence of anti-IgM antibody, LPS, or anti-CD40 antibody for 3
days, and MTT assays were carried out. There was no differ-
ence in proliferation of B eclls isolated from wild-type and
HSF l-null mice (Fig. 3B). Similarly, analysis of proliferation of
T cells in the presence of anti-CD3 and anti-CD28 antibodices ar
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Fic. 3. Proliferation of spleen cells in vivo and in vitre, A, after BrdUrd injection, the spleen was dissected, and cryosections were stained
with hematoxylin (a and ). Serial sections were stained with an anti-BrdUrd antibody (¢ and d). Clusters of BrdUrd-positive cells are indicated
by arrows. Percentages of BrdUrd-incorporated cells in total spleen cells were determined by flow cytometry. An asterisk indicates p < 0.05.
Magnification, X100, B, in vitro proliferation of splenic B cell isolated from wild-type (open bars) and HSF1-null (closed bars) mice. B cells were
incubated with anti-IgM antibody, LPS, or anti-CD40 antibedy for 3 days, and an MTT assay was cartied out. C, in vitro proliferation of splenic
T cell isolated from will-type and HSF1-null mice. T cells were incubated with anti-CD3 and anti-CD28 antibodies or concanavalin A for 3 days,
and an MTT assay was carried out. The means + S.D. from three independent experiments are shown.

concanavalin A showed no difference between wild-type and
HSF1-null cells (Fig. 3C). These results indicate that prolifer-
ation of B and T cells isolated from HSF1-null mice is promoted
properly in response to extraceilular growth signals.
Decreased Expression of IL-6 and CCL5 in Spleen Cells of
HSFI-null Mice—Because proliferation and differentiation of
B cells are regulated by cytokines produced by spleen cells such
as B and T cells and macrophages (23, 24), we examined cyto-
kine gene expression in spleen cells. Spleen cells were stimu-
lated with LPS and IFN-v for 24 h, and the expression of genes
related to immunoglobulin production and class b genes in
MEF microarray (Fig. 14) were examined by semiquantitative
reverse transcription-PCR (Fig. 4, A and B, and data not
shown). We found that mRNA levels of 11-6 and CCL5/RAN-
TES were significantly lower in HSFl-null spleen cells,
whereas the expression of other genes was similar in wild-type
and HSF1-null spleen cetls. We examined further the levels of
cytokines in culture medium. IL-6 accumulation increased by
the treatment of LPS and [FN-v, but the level of IL-6 was 40%
lower in HSF1-null spleen cells compared with wild-type cells
(Fig. 4C). The level of CCL5 in HSF1-null mice was also 45%
lower than that in wild-type mice, whereas the levels of CCL2
were similar (Fig. 4D). Other cytokines including IL-2, 1L-3,
1L-4, IL-5, I1.-9, I1.-13, 1L-17, monocyte chemotactic protein-5,
and tumor necrosis factor-a were not detected (data not
shown). IFN.y, which is important for B cell maturation (25,
26), was induced in spleen cells stimulated by anti-CD3 and
anti-CD28 antibodies, and the induced levels were same in
both wild-type and HS5F1-null spleen cells (Fig. 4E). These

results indicate that expression of IL-6 and CCL5 genes was
specifically repressed in HSFl-null spleen cells after
stimulation.

1L-6 and IFN-y activate STAT1 and STAT3 (27), and STAT1
expression was reduced in HSF1l-null MEF cells (Fig. 14)
Therefore, we examined whether the Janus kinase-STAT sig-
naling pathway is intact in HSFl-null spleen cells. It was
revealed that expression levels of STAT1 and STAT3 and levels
of phosphorylated forms were similar in wild-type and HSF1-
null spleen cells in response to IFN-vy, IL-6, or LPS (Fig. 4F).
These results exclude a possibility that impaired expression of
IgQ in HSF1-null cells may be caused by the lack of STAT1 and
STAT3 phosphorylation.

SRBC Immunization Activates HSF1, Which Binds Directly
to the IL-6 Gene—We next examined activation of HSF1 in
response to immunization with SRBC. Whole cell extracts were
prepared from the spleen cells before and 6 days after the
immunization, and a gel shift assay was performed using an
ideal HSE-oligonucleotide as a probe. We found that HSE bind-
ing activity was induced in wild-type spleen cells, whereas the
activity was not induced in HSFl-null cells (Fig. 54). The
mobility of HSE binding activity was retarded in the presence
of antiserum against H3F1, indicating that H5F1 is activated
in response to the immunization with SRBC,

To determine whether HSF1 binds directly to the IL-8 gene,
we searched HSE consensus sequences on the IL-6 gene, We

. detected three IISE consensus sequences (HSE1, HSE2, and

HSE3) within —1,000 bp from a transeription start site of the
mouse IL-6 gene (20). Among them, an HSE2 sequence (- 684
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Fic, 4. Production of cytokines and chemokines from spleen cells, A, total spleen cefls were incubated with LPS and IFN-y for 24 h.
Reverse transcription-PCR analysis was performed using total RNA isolated from the spleen in witd-type (1) or HSF1-null (k) mice. Representative
data are shown. B, quantification of expression levels of cytokines and chemokines examined in A. The means = S.D. of three experiments are
shown. C, cells were isolated from spleen in wild-type (open bars) and HSF1-null (closed bars) mice and were incubated for 24 h in the presence
(LPS+IFNv) or absence (none) of LPS and IFN-v. Levels of IL-6 in culture medium were determined by ELISA. D, cells were isolated from spleen
and were incubated for 24 h in the presence of LPS and IFN-y. Leveis of CCL2 and CCL5 in culture medium were estimated using the cytokine
array. E, spleen cells were incubated for 24 h in the presence {gnti-CD3+CD28) or absence (none) of anti-CD3 and anti-CD28 antibodies. [FN-y
levels in culture medium were determined by ELISA. The means = 8.1, from three experiments are shown, Asterisks indicate p < 0.05. F, spleen
cells isolated from wild-type (+/+) and HSF1-null (—/-) mice were incubated with IFN-y, IL-6, or LPS for 15 min. Whole cell extracts were
prepared, and Western blot analyses were performed using each specific antibody.

to —659) is highly conserved in human IL-6 gene, and HSF1
can bind specifically to the HSE2 oligonucleotide {Fig. 58).
Furthermore, ChIP analysis revealed that IISF1 binds to the
upstream region (—827 to —565) containing the HSE2 se-
quence in vivo in response to the immunization (Fig. 5C). The
focation of the FIS¥1 binding site is far from a transcription
start site compared with locations of binding sites of major
regulatory factors NF-«xB, NF-IL-6, and serum response factor,
which are within —60 to —180 bp (20). HSF1 also bound the

upstream region of Hsp70 gene and enhanced Hsp70 expres-
ston (IMig. 58D). These results indicate that the immunization
with SRBC activates HSF1, which binds to the upstream re-
gion of IL-6 gene in vivo.

We also found an HSE consensus sequence at position —529
to =512 within —1,000 bp from the transeription start site of
the CCLS gene (28). However, ChIP analysis showed no bind-
ing of HISF1 to the CCL5 gene (data not shown). Because COLS
expression s induced by many cytokines such as tumor necro-
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Fic. 5. HSF1 binds to the IL-6 gene as well as the IIsp70 gene in response to the SRBC immunization. A, whole cell extracts were
prepared from the untreated spleen {cont) in wild-type (w) and HSF-null (£) mice and the spleen at 6 days after the immunjzation with SRBC
(SRBC). A gel shift assay was performed using a **P-labeled ideal HSE oligonuclevtide in the absence (feft panel) or presence of preimmune serum
{pi) or each specific antibody {right panel). B, whole cell extract was prepared from 1fela cells overexpressing hHSF1T, and a gel shift assay was
performed using a **P-labeled HSE2 (F/$E2) oligonuclectide in the presence of preimmune serun or each specific antibody. Specificity of the
binding was examined by adding to the binding reaction unlabeled HSEZ2, mutated (mut) HSE2, or ideal HSE oligonucleotides. free, tree
oligonucleotide probe. ns, nonspecific binding. Sequences of cligonucleotide probes are shown on the bottom. C, wild-type and HSF1-null spleen
cells were prepared from control mice and mice at 6 days after the immunization with SKRBC. Chromatin immunoprecipitation-enriched DNAs
using preimmune serum or anti-HSF1 serum (anti-H3FI¢; Ic} as well as input DNAs were prepared, and DNA fragments of the IL-6 gene (—827
to —565) and Hsp70 gene (-272 to +47) were amplified by PCR. D, Western blot analysis was performed using extracts from the spleen isolated

before and 6 days after the immunization with SRBC.

sis factor-a, IL-1, and TFN-y (29, 30), reduction of CCL5 expres-
sion may be an indirect effect.

Reduced Expression of IL-6 and CCLS5 in Peritoneal Macro-
phages in HSFI-null Mice—We further examined cytokine and
chemokine expression in peritoneal macrophages. LPS is a
potent stimulator of macrophages and induces production of
various cytckines, nitric oxide, and superoxide. Macrophages
isolated from HSF1l-null mice produced much less IL-6 and
CCL5 than macrophages isolated from wild-type mice did (Fig.
6, A and B). Nitric oxide production from HSF1-null macro-
phages was similar to that from wild-type cells (Fig. 6C). These
results cleariy indicate that production of [[.-6 and CCL5 re-
duces in HSF1-null macrophages. Interestingly, stimulated
macrophages isolated from wild-type mice adhered to culture
plates, wherens those from HSF1-null mice did not, suggesting
dysfunction of macrophages in HSF1-null mice (Fig. 61)).

DISCUSSION

In this study, we demonstrated that (gG2a and IgG1 produe-
tion is impaired in HSF1-null mice in response to the immuni-
zation with SRBC. Especially the serum level of [gG2a in
HSF1-nwll mice is significantly lower than ils peak level in
wild-type mice at any time point after the immunization, Pur-
thermore, proliferation of spleen cells, probably plasma blasts,
is inhibited in HSE1-null spleen in response to the immuniza-
tion, The heat shock response is a fundamental defense mech-
anism agalast various stresses such as heat, ultraviolet light,

and oxidation. HSF1 regulates this response by inducing Hsps.
In addition to the classical role of HSF1, recent reports show
that HSF1 is required for developmental processes such as
cogenesis, spermatogenesis, and brain formation with un-
known mechanisms (5-7). This study extends our understand-
ing of HSF1 function. HSF1 plays a role in activating the
acquired immune system in addition to the erucial role in heat
shock response,

We further provide pessible mechanisms of impaired IgG2a
and [gG1 production. Expression of many eytokine and chemo-
kine genes related to the immune response is induced in many
cells including lymphocytes, monocytes, and epithelial cells.
We found that cxpression levels of [L-6 and a chemokine CCLS
are markedly lower in stimulated HSF1-null spleen cells than
those in wild-type mice. [1-6 is a multifunctional cytokine that
regulates the immune response and inflammation (24, 31).
During an antibody response dependent on T eell help, [1.-6 is
secreted by n germinal center cells and promotes expansion of
plasma blasts. In TL-6-null miee, control serum IgG level is
normal, but antigen-specific IgG response is reduced (31). Like
HSF1-null mice, the IpM respoose is nermal in IL-6-null mice,
Furthermore, overexpression of 1L-G induces plasmacytosis,
which s ussociated with significant increase of serum Iu(it
{(32). CCLY/RANTES is a CC chemokine that induces lympho-
cyte migration and activates the immune response (33). Bspe-
cially, CCLS promotos anligen-specific TeG2a and 1g(:3 produc-
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Fic. 8. Cytokine and chemokine production in peritoneal macrophages. A, 11-6 production in culture medium of maerophages was
determined by ELISA after incubation of LPS and IFN-vy for 48 h. B, chemokine levels in culture medium of macrophages were determined using
the cytokine array. C, nitric oxide production in culture medium was determined. The means + 8., of three experiments are shown. D, peritoneal
macrophages were isoluted from wild-type (+/+) and HSF-null (~/-) mice and were incubated in the presence (LPS+IFNv) or absence (none) of
LPS and [FN-y for 48 h. Morphology was observed using an Axiovert 200 microscope.

tion. These observations suggest that the impaired production
of IzG2a and IgG1 may be partly the result of reduced expres-
sion of {L-6 and CCL5.

We showed here that HS¥F1 in the spleen cells is activated in
response to immunization with SRBC and induces expression of
Hsps in a germinal center where plasma blasts are expanding
(Fig. 5 and data not shown). Activation of HSF1 was detected in
isolated B cells in the spleen {data not shown). HSF1 aclivation
may be triggered by stimulation of cell growth because Hsp70
and Hsp90 expression is induced when cell growth is stimulated
in human resting T cells by the treatment of mitogen (34). In
addition to the HSF1 binding to Hsp70 gene, we showed that
HSF1 binds directly to the IL-6 gene and is required for full
induction of [1-6 expression. [nterestingly, IL-6 induces expres-
sion of Hep70 and Hsph0 and also activates HSF1 in some cells
(35-37). Therefore, activation of HS¥1 and induction of [L-6 may
mutually aftect inflammatory conditions positively.
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