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Engine mass detector contralled by a Chernstatian
HPUX. Analyses were performed after electran im-
pact (El-GC-MS, 2 bars He, 70 W) with a program af
scanned masaes of mass-ta-charge ratia (mdz) from
45 to 600 and after chemical ianization {CI-CH, >, 1.5
bar He, 140 8], scanning fram 100 to 600 mdz. The
capillary calurmn and termperature pragram were the
garme as those usad for GO Infection was performed
in the splitless mode far 1 min, Analysis was dane
either by tatal fon chramatagram ar selected jon
chramatogram.

Peak 11, which aften appears in Fig. 1, was chogen
as a reference to flustrate step by step the com-
plexity of the qualitative and quantitative changes
that aceur in the chemical signature of P. atriman-
dlibudaris.

In P. higlurris birmacuiatos, peak 11 contains anly

2-methylhexacasane and accounts far 0,76% of the
sfgnature mixture (relative praportiar]. Canversely,
F. atrmandibufans peak 11 is made up mainly of a
combinaticn of heptacosene isomers and the
2-methyihexarasane and accounts for 31% of the
rixtura. The praportion of the 2-methyvihexaccsane
i low.

Al this time peak 11 accounts for 1.1% of the
cuticular mikture in P. bighumis bimacufatus faund-
ressas and 6.48% in the P. atrimandibufaris queen
and is campesed anly af 2-methyhexacosane in
hoth species.

. The P higlumis bimacuiatus descendants fwarkers

and reproductives) cannot distinguish between their
mather and the heteraspecific parasite. They work
for the parasite and cantribute to her repraductive
suecass. In contrast, they recagnize a canspecific
parasite and refuse to cooperate with her.

PCA displays different narmmalized variables fvectars)
an & single plane, accaunting for maximum disper-
sicn. This unkiased representation alltws ane to dis-
tinguish or associate individuals (wasps) according
ta their degree of similarity using the relative propar-
tians of tha differant quantitative variables {featicular
hydrocarbons).

. It ig known that cuticular misturas from a ealory, or

part af a calany, change continuously awer time.
These changes are cantrolled by a dynamic system
af regulation that induyces a chemical drift in the
whole graup of insacts and probably contributes ta
establish the colonial ador of socfal insects [E, Pro-
wost, G. Rivigre, M. Raux, E. D. Margan, A.-G. Bag-
néras, fnsaect Biacham. Maolec, Biof. 23, 945 1993]].

At the time af ehamical usurpatian, peak 11 i stil

camposed only of 2-methylhexaccsane and ac-
caunts far 4 similar relative praportion i the twa
species, that is, Q.58% in A bighemis iimacwiatus
and 1.13% in P. atrimanditiutaris.

. Peak 11 fallows the sarme pattern: It returns ta the

same proportians as in Jurne, that is, 1.068% for P2
higlumis Gimacutatus and 6.4% far P gtrimandibio-
faris fincluding bath the 2 -methylhexacosane and the
heptacosenes).

. Corrparable observations have beer made in ter-

mites in which soldiers are fed by workers despite
differences in caste signature [A. -G, Bagneres, the-
sig, Paris & Univarsity (1989)), and in slawva-making
ants in which the latter are fed by slaves taken at a
larval stage, despite differences in specific signa-
turas [C. Habersetzer and A, Bonavita-Cougeourdan,
Fhysiof. Entomat, 18, 160 {1993]].

. Peak 11 accaunts for 1.02% af the 2-methyhexaca-

gane in P. biglurmis bimacuiatus female descen-
dants, 6.13% of a mixture af 2-methyiC26 and hep-
tacosenes in P, atimandibolans female descen-
dants, and 30.3% of the heptacosenss in the P
atrimandibulans queen,

M.-C. Laranzi, A-G. Bagnéras, J.-L. Clament, in
Matural Histary ang Evalution of Faper Wasps, S.
Turillazzi and M. 1. West-Eberhard, Eds. (Oxfard
Urniv. Press, New Yark, 1936), chap. 10, Many au-
thars warking on paper wasps have suggested that
chemicals cavering the nest play a major rale in nest-
mate racagnition [O. W. Pfennig, G. J. Gambaa, H.
K. Reeve, J. 5. Shellman-Reeve, | . Fergusan, Ba-
hav. Ecal. Sociobial. 13,299 (1983); T. L. Singer and
K. E. Espelie, Arnim. Bahav. 44, 63 (1992)|.

In the present discussion the term cuticla means
ntegurmant that is the cuticle plus associated epider-

mal calls and tissue including lipopharn ftranspart
proteins]. Oenocytes that are usually asscciated with
the epidermal layer are currently thaught ta be the
rrost likaly site of hinsynthasis of cuticular hydracar-
bons carried ta the epicuticular layer thraugh pore
and wax canals [D. R. Nelson el af |, in fnsact Lipids:
Charristry, Binchamistry and Biolagy, D, W, Stanley-
Samuelson and D. A Nelson, Eds. {Unfv. Nebraska
Press, Lincaln, NE, and Landan, 1993), pp. 271-
315; G Blameuist &f af., did., pp. 317-351; X, Gu,
0. Quilici, P. Juarez, G. J. Blomquist, 5. Schal, J
Insect Physiol 41, 257 {1905)).

22, 1 M. Carpenter et af., Clachistics 9, 129 {1993].
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L. Warga, Evalutian 41, 280 (1987); J.F. Ferveur, K.

F. Stérthuhl, B F. Stacker, B J. Greenspan, Sciancea
267, 902 (19495), J-F. Ferveur, Genetics 128, 2593

{1991); and J.-M. Jallan, it 131, 581
{19583); J. Chase at al., Proc. Mat! Arad. Soi LS A,
89, 6050 (1992); . Wicker and J.-M. Jallan, Eur. .
Entarmod. 92, 197 (1985); J fnsect Physiol 41, 65
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ibid., p. 609
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and K. Espelie for their useful commenta on the initial
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wiork on this manuscript,
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An Enhanced Immune Response in Mice Lacking
the Transcription Factor NFAT1

Steven Xanthoudakis, Joao P. B. Viola, Karen T. Y. Shaw,
Chun Luo, James D. Wallace,* Patricia T. Bozza, Tom Curran,t
Anjana Raot

Transcription factors of the NFAT family are thought to play a major role in requlating the
expression of cytokine genes and other inducible genes during the immune respanse. The
role of NFAT1 was investigated by targeted disruption of the NFAT1 gene. Unexpectedly,
cells from NFAT 1/~ mice showed increased primary responses to Lejshmania major and
mounted increased secondary responses to ovalbumin in vitro. In an in vivo madel of
allergic inflammation, the accumulation of eosinophils and levels of serum immuncglob-
ulin E were increased in NFAT1/~ mice. These results suggest that NFAT1 exeris a
negative regulatory influence on the immune respanse.

The response of rhe immune system o
antigen s coordinated by an inceracting
necwark of transcription factors that dicrate
expression of effectar proteins such as cell
surface receptars and cytokines {1, 2). The
recently idencified NEAT family of wan-
seription factors is thought to play a ericical
tole in this process (3). NFAT DNA hind-
ing acrivity has been derected in nuclear
extracrs of antigen-stimulated T cells, B
cells, masc cells, and natural killer {NK)
cells (4, 5}, and NEAT hinding sites have
been idencified in the promoter and en-
hancer regions of many genes encoding im-
munaregulatary proteins (4, 6). The NFAT
family comprises several structurally relared
prateins that are encoded hy at least four
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distinct genes {7-9). The best characterized
member of the NFAT family, NFATI (for-
merly NFATp) (7, 8}, is expressed consti-
rutively as a cytoplasmic phosphoprotein in
resting immune system cells (10, [1}; upon
stimulation, it is rapidly dephaspharylared
and translocared to the nucleus by way of
a calcium-caleineurin—dependent pathway
(1!, 12). Individual NEAT proteins may be
able to substitute for one another in regu-
lating expression of certain targec genes,
because each can bind cooperacively with
Fos and Jun to DNA and activare transcrip-
tian of the mrerleukin-2 (IL-2) promater in
transient transfecrion assays (8, 9). Hawev-
er, the differential expression of NFAT pro-
teins in tissues and the differences in their
binding preferences for recognition sites in
eytakine genes (2) suggest thar each NFAT
pratein may control the expression of a
distinet set of genes in vivo.

To study the unique functions of
NFATTI in vivo, we generated mutant mice
carrying a distupred NFATIL allele {13}
The rargeting vector was designed to delete
most of an exan encoding amino acids near
the NH,-terminus of the DNA binding do-
main {Fig. 1, A and B). A short segment of
conserved aming acids encoded by this
exon has been shown to be critical for DNA
binding activity (I14). Reverse transcriptase
palymerase chain reaction (RT-PCR) anal-



ysis indicated that sequences contained
wichin the rargeted exon were absent, as
expected, in NFATI transcripts from che
mutant mice. The deletion results in an
aberrant splice between the flanking exons,
which generates an out-of-frame mutation
at amino acid 389 and a predicted stop
codon at amino acid 438 [for numbering,
see (8}]. However, this predicted mutant
fragment (molecular size, ~50 kD} is either
not made or is rapidly degraded, because
three different antibodies to NFATT failed
to detect any NFATI protein expression in
T cells from mutant mice (Fig. 1C). The
same antibodies detected both the phospho-
tylated and the dephosphorylated forms of

NEAT1 in T cells from wild-type mice,
confirming thac the homozygous mutane
mice possessed a null phenotype for
NEATI.

We examined cytosolic extracts from
NFEATI ™/~ and wild-type T cells (13} for
NFAT DNA hinding activicy {Fig. 2). The
specificity of the NFAT DNA-protein com-
plexes was established by competition with
excess unlabeled NFAT oligonucleotides.
NFAT DNA binding activity was markedly
reduced in the NFAT1™/~ extracts com-
pared with chat in the wild-type extracts.
The residual activity observed in the
NFAT17/~ extracts was due to the pres-
ence of NFATc, as determined by sensitiv-

A E X X X 85
NFAT1 gene M ,l J ‘ =
—t | :s E . » P
Targeting vector S ey [
Probe

Targeted allele

Mutated transcript

12337 "1406
Fram%shil‘t Stop
390 438
' '
Predicted protein .. LVPAIFICSSTATWATSL ... PRAMARS
B C, . ) - )
e - 4 Antiserum:  NH-terminal DBD COO0H-terminal
kb -+l -+l -+t
-l 10.6
Stimulation: - + - + -+ - 4 - 4+ -+
- 3.6 — : :
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Fig. 1. Generation of NFAT1

mutant mice by gene targeting. 97
{A) Schematic diagram of the
NFAT1 locus, the targeting vec- 66
tor, and the targeted allele. The
mutated NFAT1 transeript and 48
its predicted protein product are

; 30 R
diagrammed belaw the targeted g 10 1t 12

alele. As a result of an out-of-

frame mutation, the protein predicted ta be encoded by the targeted allele has an altered sequence {shown
in italics) beyond amino acid 390 and terminates at aming acid 438. The solid boxes and straight lines
denote exon and intron sequences, respectively. Restriction enzyme sites are indicated (E, Eco RI; X, Xho
I; and 8, Spe |). Arows indicate the relative orientations of the NFAT, NEQ, and TK sequences. (B} Southem
{DNA) analysis, used to assess homologous recombination. Genomic DNA, isclated from tails of transgenic
mice was digested with Eco Rl and Spe |, resolved on 20.7% agarase gel, transferred to nylon membranes,
and hybridized with a 1.8-kb Eco Rl-Xho | fragment of the NFAT1 gene [indicated in (A} by a bar above the
depiction of the targeted allele). The 10.8-kb and 3.6-kb fragments are diagnostic for the presence of a
wild-type (+/+} or targeted (—/—) alele, respectively. Abbireviations for the amino acid residues are as
follows: A, Ala; C, Cys; |, lle; L, Leu; M, Met; P, Pra; R, Arg; 8, Ser; T, Thr; V, Val, and W, Trp. (&} Detection
of NFAT1 by immunchlatting of total proteins from cultured T cells of NFAT1 '~ and wild-type (+/+} mice.
Cells were left unstirmulated (—) or stimulated with 1 wM ionamycein for & min at 37°C. 808 lysates of 2 X 106
T cells were separated on a 7.5% palyacrylamicle gel, transferred to nitrocellulose, and immunablotted with
three differant antibodies to NFAT 1. The antibodies used are described in (10) and ara specific for the 67.1
peptide near the NH,-terminus of all isoforms of NFAT1 (NH,-terminal), a bacterially expressed fragment
{NFATPXS} that includes the DNA binding domain (DBDY, and a peptide at the COOH-terminus of the
NFAT1-C isoform (8) {COOH-terminal). Stimulation results in the appearance of a dephospharylated farm of
NFATT that migrates with higher mability on SDS gels (171, 72} Molecular sizes are indicated on the left (in
kilodaltons).

5§ 7 8
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ity to an antibody to NFATe (anci-
NFATc); however, there was no compen-
satory increase in the level of NFATe in
NFATL ™/~ mice. Idencical results were ob-
tained with nuclear extraces from T cells
stimulated with anti-CD3.

Preliminary analysis of NFAT1 ™/~ mice
did nat reveal any gross anatomical abnor-
malities. The animals grew to normal size,
were fertile, and did not exhibit obvious
behavioral deficiencies. Flow cytometric
analysis of splenocytes and thymocytes from
4-week-old mice did not indicate any alter-
ation in the numbers or ratios of T and B
cells or CD4* and CD8™ populations, sug-
gesting that NFATL does not play a major
role in lymphocyte development. In older
mice (7 to 12 weeks), however, there was a
small but consistent increase in the number
of T cells in the spleens of NFATL ™" mice
compared with the number in wild-type
mice; the ratio of T cells (CD3*) to B cells
{B220%) was 0.42 * 008 (n = 35) for
wild-type mice compared with 0.70 = 0.17
{n = 6) for NFATL ™/~ mice (P < 0.01}. At
11 to 12 weeks, the spleens of NFAT1~/~
mice were roughly 18% larger by weighe
than the spleens of their wild-type counter-
parts {n = 10, P < Q.05}, although histo-
logical analysis did not detect differences in
spleen architecture or in the ratio of white
to red pulp. A complete blood count and
differential leukocyte analysis did not reveal

Cytosalic extracts

+He -~
oy o= [
E g £ 2
SE L
£ £
lana. - + + + - + + +

Supershift-
MNFAT -

123 4586 78

Fig. 2. NFAT ONA hinding activity in cultured T
cells from NFAT1~/~ and wild-type {(+/+] mice.
Cytosalic extracts from unstimulated (=} or iono-
mycin-stimulated {(+) cells were incubated with a
3P labeled NFAT cligonucleotide and analyzed
by EMSA (18}, Where indicated, a monoclonal
antibody (7A8) to NFATe (Anti-NFATc, lanes 3 and
7} or a 200-fold excess of unlabeled NFAT oligo-
nucleotide (Compet., lanes 4 and 8} were included
in the hinding reactions. Comparison of lanes 3
and 7 indicates that wild-type and NFAT1-/~ T
cells express similar levels of NFATc. Comparison
of lanes 5 and 6 indicates that the DNA hinding
activity of NFATc, like that of NFAT1 (¥ 1}, is in-
creased in ionomygcin-stimulated cells.

803



any differences in the blood composicion of
20-week-old NFAT1™/~ and NFATL*™
mice (n = ).

Because NFATL has been proposed to
play an importanc role in immune cell fune-
tion, we assessed the primary immune re-
sponses of NFAT1 ™/~ mice both in wvitro
and in vivo. Spleen cells from NFAT1 -/~
and wild-type mice displayed similar levels of
proliferation in response to primary in vitro

stimulation with concanavalin A {Con A},

anti-CD3, pharbol myristate acetate (PMAY},
IL-2, PMA plus IL-2, PMA plus ionomycin,
ar an. allogeneic stimulus {irradiated BALBfc
spleen cells). Cyclosporin A (1 pM} com-
pletely inhibited the responses of bath
NFAT1 ™~ and wild-type cells to anti-CD3,
PMA plus ionomycin, and irradiated alloge-
neic cells, establishing that NFATI is noc
the only target of this immuncsuppressive
drug. There was no difference in the produc-
tion of tumot necrosis factor—o (TNF-at),
interferon-y {IFN-y), [L-2, and IL-4 in re-
sponse to Con A or anti-CD3J or in the time
course of TNF-a production in response to
Con A. The basal levels of IL-4, [L-10, TNF-
o, [FN-y, and transforming growth factor—p
(TGF-p) mRNAs in spleen cells of wild-type
and NFAT1™/~ mice were comparable, as
was the early (1 hour) induction of these
mRNAs in spleen cells of mice that had
been injected intravenously with anri-CD3
(16). In contrast, proliferation of NFAT1 7/~
spleen cells in response to primary in vitro
stimulation with Leishmania major (17, 18)
was teproducibly increased (Fig. 3A), al-
though rhere was no significane difference in
the levels of TNF-a, IFN-y, or IL-4 detected
in the correspanding culture supernatants.
The enhanced primary responses of
NFAT1™/~ mice to Leishmania suggested
that NFAT1 might exert an inhibitory ef-
fect on the normal T cell response to anti-
gen. To tese this hypothesis, we compared
the secondary immune responses of
NFAT1 ™/~ and wild-type mice by using

Naone Lsl 0 ¢ 01 03 1

OVA (mg/mi)

Fig. 3. Immune responses of NFAT1 7/~ and wild-
type (+/+) mice. (A} Prirnary immune response to
L. major (Lsh). (B} Secondary immune responses
of NFAT1-/~ and wild-type mice to avalbumin
{OVA). Wild-type and NFAT1~/~ mice are repre-
sented by the open and solid bars, respectively.
Data are expressed as the mean + SD of values
from three rmice in (A} and 9 to 11 mice in (B). An
asterisk (") indicates data significantly greater than
in wild-type mice (F < 0.05, Student's f test).

[*HThymIdine incorporation
{104 epm)

894

two experimental systems (19, 20). In the
first system, the secondary stimulation was
performed in vitco. Cells were harvested
from draining lymph nodes of mice that had
been actively sensitized by injection with
ovalbumin, and cheir proliferation in re-
sponse to antigen was assessed (19). Cells
from NFAT1~/~ mice consistently shawed
a marked increase in proliferation in chis
assay compared with cells from wild-eype
mice (Fig. 3B). In che second experimental
system, an allergic {inflammatory) response
to antigen was assessed in vivo. Mice that
had been previously sensitized to ovalbumin
{19} were restimulared by intrapleural in-
jection of antigen, and the accumulation of
eosinophils and other inflammatory cells in
the pleural cavity was assessed (20, 21).
Compared with wild-type mice, NFAT17/~
mice showed a marked increase in cthe num-
ber of eosinophils in the pleural cavity and
a corresponding increase in the level of
serum immunoglobulin E {IgE) (Fig. 4),
suggesting that the presence of NFAT1 in
normal mice might dawn-regulate the aller-
gic response.

QOuir results indicate that disruption of
the NFATI1 gene results in an unexpected
phenotype of immune stimulation in vivo
that could not have been predicted from
experiments performed only in cell lines.
Specifically, NFAT1 ™/~ mice show an en-
hanced proliferative response to an antigen-
ic stimulus, Leishmania, in vitro; an en-
hanced secondary response to a protein an-

tigen, ovalbumin; and increased eosinophil
accurmulation in an in vivo model of sller-
gic inflammation. Although easinophil ac-
cumulation in this and ather models is de-
pendent on secretion of the T helper 2
(T2} eytokines IL-5 and IL-4 by sensitized
mast cells and CD4* T cells (22), we have
not observed that NFAT1 selecrively di-
rects differenciation of T cells toward either
the Ty} or the Ty 2 pathway, nor have we
abserved any characteristic bias {!) in the
cyrokines produced by NFATL ™/~ spleen
cells exposed to T cell stimuli in vitro or in
viva. Likewise, previous work has shown
that the level of proliferation in the primary
in vitro response to Leishmania does noc
correlate with either a Ty 1 {protective) ora
Ty {nonpratective) response (17).

The enhancement of immune respanses
seen in the NFAT1™/" mice may resule
from an altered balance of activating and
inhibitory interactions (23). For example,
NFATT1 might be required for production of
a cytokine, cell surface receptor, or other
effector protein that inhibits certain aspects
of the response; however, we derecred no
differences in the levels of expression of the
known inhibitory cytokines TGF-@ and IL-
10 (24). Alcernactively, NEAT1 may repress
induction of one or more activating cyto-
kines, perhaps by funcrioning as a transcrip-
tional repressor, or it may bias the differen-
tiation program of antigen-stimulated T

cells away from memory cell development
(25). Northern (RNA) analysis of rotal

Fig. 4. Antigen-induced allergic
pleurisy in NFAT1~/~ and wild-type

A
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mice. (A} Total number of leuko-
H cytes, eosinophils in the pleural
cavity, and IgE levels in the sera of
ovalburmin-sensitized mice injected
intrathoracically with  avalbumin
{OVA} or PBS. Wild-type and
NFAT1-/~ mice are represented by
the apen and solid bars, respactive-
ly. Data are expressed as the mean
* 8D of values from six mice. An
asterisk ("} indicates significantly
greater than wild-type mice (P <
0.08, Student's ¢ test). (B) Photomi-
crography of cytaspin preparations
from pleural fluid obtained as in (A}.
Large numbers of eosinophils (ar-
rows) are present in the pleural fluid
of NFAT1~/~, compared with that
of wild-type (+/+} rnice.




RNA from spleens of mice injected 1 hour
previously with anti-CD3 showed a two- to
threefold increase in the induced level of
CTLA-4 mRNA in NFAT1 ™! mice com-
pared with chat in wild-type mice, indicat-
ing that the enhanced imraune response of
NFEAT1™~ mice is not due to a decrease in
CTLA-4 expressian. Given thac CTLA-4 is
thaught to down-regulate immune respons-
es (26), the increase in CTLA-4 may rep-
resent a compensating mechanism that lim-
its the tatal enhancement of immune func-
tion in NFATI1™/~ mice.

Owr resules do not exclude the possibilicy
that NFATL also functions as a pasitive
regulatar of the immune response. The im-
munacompetence of NFAT1 ™/ mice may
he rarionalized on the basis of the potential
redundancy in NFAT activiey. The four
known members of the NFAT family dis-
play overlapping DNA binding and tan-
scriptional specificities and may be coex-
pressed in mature lymphacytes (7-9). Thus,
marked deficiencies in immune responsive-
ness may not become apparent unless mice
lacking two or more members of the NFAT
family are obtained. A precedent is provid-
ed by [L-27/ [L-47/~ mice, which are also
immunocompetent with a phenatype of en-
hanced basal proliferation (27). Older IL-2-
and [L-2/IL-4—deficient mice suffer from
dysregulation of the immune respanse, be-
cause they are prorie to inflammatory bowel
disease and other pathological changes of
complex eticlogy {28). These or other pa-
thologies may become apparent in older

NEATI ™~ mice.
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