were broken but nuclei remained intact when ana-
lyzed under a microscope. A 30-ul sample of this
homogenate was used for each assay. To the ho-
mogenate was added 1 ul (0.1 pg) of proteinase K or
1 ! of partially purified DCP-1. For inhibition of DCP-
1, 0.1 mM Ac-DEVD-CHO was added with DCP-1.
After 3 hours of incubation at 37°C, DNA was extract-
ed and analyzed by agarose gel electrophoresis.

23. In situ hybridizations were performed as described
6).

24, Chromosome in situ analysis was performed essen-
tially as described [M. Ashburner, Drosophila: A Lab-
oratory Manual (Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY, 1989), protocol 27]. A
DCP-1 biotinylated probe was hybridized to the wild
type as well as the three deletion strains shown in
Fig. 4. A collection of preexisting P element inser-
tions mapping to the 59E-F region were crossed to
these deletion strains for complementation analysis
and were further analyzed by Southern (DNA) blot
hybridization. Two P element strains, 1(2)02132 and
I(2)01862, showed alterations on a Southern blot
when probed with the DCP-1 ¢DNA. The position
and orientation of the two P elements in the DCP-1
gene were confirmed by PCR by using a 3' P ele-
ment primer and a primer within the DCP-1 coding

region, and DNA sequencing of the PCR products.
The Df(2R)G10-BR27 and Df(2R)bwPRa stocks were
received from B. Reed. P element strains were gen-
erated by the Berkeley Drosophila Genome Project
and, together with Df2R)bw®, provided by the
Bloomington Stock Center.

25. P element revertants were generated by standard
genetic technigues. Viable and lethal revertants were
recovered for both of the P element lines. Southern
blot analysis was used to determine the presence of
the P elements in the revertant lines.

26. Phenotypic analyses were performed on dcp-178%%/
Df2R)bwP?Ra  transheterozygotes. These animals
survive to various stages of larval development and
display the melanotic tumor phenotype. The same
phenoctypes were also observed in dcp-17852/dcp-
12752 heterozygotes, and in larvae homozygous for a
single transposon insertion. However, the dcp- 77862
chromosome appeared to contain additionally an
unrelated background mutation that caused dorsal
cuticle defects in embryos.

27. TUNEL labeling was carried out as described (9).
This technique labels apoptotic nuclei by incorporat-
ing biotinylated nucleotides at the end of DNA dou-
ble-strand breaks [ Y. Gavrieli et al., J. Cell. Biol, 119,
493 (1992)]. In addition, antibody staining against the

Requirement for the Transcription Factor
LSIRF/IRF4 for Mature Band T
Lymphocyte Function
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Lymphocyte-specific interferon regulatory factor (LSIRF) (now called IRF4) is a tran-
scription factor expressed only in lymphocytes. Mice deficient in IRF4 showed normal
distribution of B and T lymphocyes at 4 to 5 weeks of age but developed progressive
generalized lymphadenopathy. IRF4-deficient mice exhibited a profound reduction in
serum immunoglobulin concentrations and did not mount detectable antibody respons-
es. T lymphocyte function was also impaired in vivo; these mice could not generate
cytotoxic or antitumor responses. Thus, IRF4 is essential for the function and homeosta-
sis of both mature B and mature T lymphocytes.

Lymphocyte-speciﬁc interferon regulatory
factor (LSIRF) [now called IRF4 (1)] is a
lymphocyte-restricted member of the inter-
feron regulatory factor (IRF) family of tran-
scription factors (2—4). This family is de-
fined by a characteristic DNA binding do-
main and the ability to bind to the inter-
feron-stimulated response element. Members
of the IRF family are involved in diverse
processes such as pathogen response, cyto-
kine signaling, apoptosis, and control of cell
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proliferation (5).

We generated mice deficient in IRF4 by
replacing exons 2 and 3 of the IRF4 gene
with a neomycin resistance gene (6). Mouse
strains derived from two independent em-
bryonic stem cell lines exhibited an identi-
cal phenotype. Mutation of the IRF4 gene
was confirmed by Southern (DNA) blot
analysis of tail DNA (shown for one mouse
strain in Fig. 1A). Hind III-digested DNA
from IRF4*/~ and IRF4~/~ mice displayed
the 3.3-kb band of the mutant locus; the
wild-type band at 8.4 kb was absent in
IRF4™/~ mice. The absence of the IRF4
protein was confirmed by protein immuno-
blot analysis (Fig. 1B).

At 4 to 5 weeks of age, lymph nodes and
spleens of IRF4™/~ mice showed a relatively
normal lymphocyte distribution and cellu-
larity as compared with those of control
littermates (Fig. 1C). At 10 to 15 weeks,
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spleens were enlarged 3 to 5 times and
lymph nodes were enlarged 10 times over
those of control littermates, because of an
expansion of T (both CD4* and CD8")
and B lymphocytes (Fig. 1C). The distribu-
tion of several different Vg-elements of the
TCR was conserved, excluding the expan-
sion of single T cell clones. Analysis of T
cell surface molecules, including CD2,
CDl11a, CD18, CD25, CD28, CD45,
CD54, FAS, and Thy-1, did not reveal any
changes, although a slight increase in the
number of CD69" T cells was observed.
Thymi of IRF4 ™/~ mice were of normal size
and showed a normal distribution of thymic
cell populations (Fig. 1C) (7).

Analysis of B lymphocytes from bone
marrow revealed no differences in the ex-
pression of the B cell surface molecules
CD43, immunoglobulin M (IgM), IgD, Igk,
B220, and I-A, indicating that early B cell
development was grossly normal. The de-
velopment of peritoneal CD5" Bl B cells
was also normal (7). Splenic B cells showed
normal surface expression of IgM and of
and X\ light chains (Fig. 2). However, on
closer examination, spleens from IRF4~/~
mice were found to display increased mem-
brane IgM (mIgM)ried mJgD'*, and de-
creased mIgM'™ mlgDMeh B cell popula-
tions. The frequency of CD23™ B220" B
cells was markedly reduced, and the
CD23"eh B220% B cell subpopulation was
absent (Fig. 2), indicating a block at a late
stage of peripheral B cell maturation (8).
Consistent with such a block was the ab-
sence of germinal centers in B cell follicles
of spleens and lymph nodes, even after the
injection of sheep red blood cells, a stimulus
that induces a large number of germinal
centers in control mice (9). Furthermore,
plasma cells could not be detected in the
spleen or lamina propria of IRF4™/~ mice.



Fig. 1. Gene targeting
of the murine IRF4 lo-
cus. (A) Southern blot
analysis of mouse tail
DNA. DNA was digest-
ed with Hind Ill and hy-
bridized with the 5’
probe or with a neo
probe. (B) Protein im-
munoblot analysis of
concanavalin A (Con A)-
activated lymph node
cells with an antiserum
specific for the COOH-
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Serum concentrations in IRF4™/~ mice
of all Ig subclasses were reduced at least
99% (Fig. 3A). Although control mice
immunized with dinitrophenyl keywhole
limpet hemocyanin (DNP-KLH) showed
strong DNP-specific Ig production (Fig.
3B), IRF4~/~ mice produced no detect-
able hapten-specific antibodies (Abs).
Antibody production was also absent
when IRF4™/~ mice were immunized with

IRF4++ IRF4+

lgx
Spleen
B220

IgA

t Spleen
B220

CcD23

t Spleen
B220

IgD
Li;)leen
IgMm
Fig. 2. Surface Ig and maturation markers in
IRF4~/~ B cells. Splenocytes were stained with
fluorescein isothiocyanate—or phycoerythrin-
conjugated mAbs to Igk, B220, CD23, IgD, and
IgM or Abs to Ig (anti-Igh, Southern Biotech; all
other mAbs, Pharmingen). Numbers indicate the
percentage of cells in a quadrant or square.

Staining and analysis were done as described
(76). '

the T-independent antigen trinitrophe-
nyl-lipopolysaccharide (TNP-LPS) (Fig.
3C).

To examine B cell activation, we stimu-
lated purified B cells from control and
IRF4~/~ mice with Ab to IgM (anti-IgM),
anti-CD40, or LPS (Fig. 4A). Whereas con-
trol B cells showed a proliferative response
after anti-IgM or LPS stimulation, prolifera-
tion of IRF4™/~ B cells was reduced after
LPS stimulation and absent after IgM stim-
ulation. The addition of interleukin-4 (IL-4)
could not restore the defective proliferation
of IRF4~/~ B cells. In contrast, stimulation
with anti-CD40 induced an equal prolifera-
tive response in both IRF4*/* and IRF4~/~
B cells. Immunoglobulin secretion in re-
sponse to stimulation with LPS or monoclo-
nal antibody (mAb) to CD40 was severely
impaired in IRF4~/~ B cells (Fig. 4B).

Fig. 3. Basal serum Ig concentra-
10,000
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Lymph nodes
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mice. Cells from the thymus, spleen, and mesenteric lymph nodes were analyzed as described (716). IRF4*/*, triangles; IRF4*/~, diamonds;

IRF4 is induced in T cells after T cell
receptor stimulation (2). To examine the in
vitro response of IRF4~/~ T cells, we incu-
bated lymph node cells with mAb to CD3,
concanavalin A, or the bacterial superanti-
gen staphylococcal enterotoxin A (SEA)
and measured cell proliferation (Fig. 5A).
Proliferation of IRF4™/~ T cells was re-
duced after incubation with all three stimuli
and was not restored by the addition of
IL-2. In mixed lymphocyte reaction (MLR)
experiments, purified IRF4~/~ T cells (H-
2b) showed reduced proliferation against
BALB/c spleen cells (H-2¢) (Fig. 5B),
which is consistent with a defect intrinsic
to IRF4~/~ T cells. Furthermore, IRF4~/~
spleen and peritoneal cells were able to
process and present antigens to wild-type T
cells (10), excluding impaired antigen pre-

sentation of IRF4~/~ cells. When IRF4~/~

tions, and responses to T-depen-
dent and T-independent antigens in
IRF4~/~ mice. (A) Serum concen-
trations of different Ig subclasses
were determined in 6- to 8-week-
old mice by enzyme-linked immu-
nosorbent assay (ELISA) (76).
IRF4+/*, triangles; IRF4*/~, dia-
monds; IRF4~/~, solid circles; ND,
not detectable. (B) T-dependent

1004

101

Serum Ig (pg/mi)
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antigens. |IRF4*/~ and IRF4~/~
mice were injected subcutaneously
with 100 pg of DNP-KLH in com-
plete Freund’s adjuvant and rechal-
lenged on day 34 with 100 pg of
DNP-KLH in incomplete Freund'’s
adjuvant. Mice were bled, and hap-
ten-specific IgG was determined by
ELISA against DNP—bovine serum
albumin (DNP-BSA). The results for
day 44 are shown. A,y absor-
bance at 405 nm. (C) T-indepen-
dent antigens. Mice were injected ip
with 100 ng of TNP-LPS. After 5

A5 (arbitrary units)

IgG2a

IgG2b 1gG3 ' IgA

——IRF4++
—O-IRF4+"

log (serum dilution)

days, TNP-specific IgM was determined by ELISA against TNP-BSA (17).
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Fig. 4. (A) Proliferation of purified B cells after stimulation with IL-4, anti-IgM,
LPS, or anti-CD40. Splenic B cells were purified by erythrocyte lysis and
complement lysis of T cells as described (78). B cells (5 X 105 per well) were
stimulated with LPS (10 png/ml), goat anti-mouse IgM (20 wg/ml), anti-CD40
(5 pg/ml, clone 3/230), or mouse recombinant IL-4 (50 U/ml). Proliferation

T cells were stimulated with mAb to CD3,
the production of IL-2, IL-4, and interfer-
on-vy (IFN-y) was also found to be reduced

To analyze the function of T cells in
vivo, we infected IRF4~/~ mice with lym-
phocytic choriomeningitis virus (LCMV).
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Fig. 5. In vitro and in vivo T cell responses of IRF4~/~ mice. {A) Proliferation of lymph node T cells after
stimulation with mAb to CD3e, Con A, and SEA. (B) Mixed lymphocyte reaction. (C) Cytokine production
after stimulation with mAb to CD3e. (D) Cytotoxic response against LCMV (the control was an uninjected
mouse). Proliferation after stimulation with Con A (2 ug/ml), anti-CD3e (clone 145 2C11, 10 ng/ml), SEA
(1 wg/ml), and IL-2 (50 U/ml) and MLR assays were performed as described (16, 19). For the MLR
assays, T cells were purified with T cell enrichment columns (R&D Systems). For the induction of
lymphokines, lymph node cells (4 X 10° per milliliter) were cultured for 48 hours in plates coated with
anti-CD3e (5 pg/ml) (75). IL-2 was determined with the CTLL-2 bioassay (76) and IL-4 and IFN-y by
ELISA (Genzyme). Values are the mean of triplicate samples. For determination of cytotoxic responses,
mice were footpad-injected with 200 plaque-forming units of LCMV (Armstrong strain). Ex vivo cytotoxic
activity of T cells was measured 8 days after infection in a 8'Cr-release assay with EL-4 target cells
loaded with LCMV-glycoprotein peptide (amino acids 33 to 41) (19). Experiments in (A) through (D) are
representative of at least three independent experiments, with at least three mice per group in (D).
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was measured at day 3 by [*H]thymidine incorporation (76). Values are the
mean of triplicate samples. (B) Antibody production after B cell stimulation
with LPS and mAb to CD40 in vitro. Conditions were as described in (A). Total
Ig was measured by ELISA after 3 days (76). Each experiment in (A) and (B)
is representative of at least three independent experiments.

mice, LCMV induces a strong cytotoxic T
cell response, characterized by an immuno-
pathologic swelling reaction which, in the
early phase, is mediated by CD8* T cells
(11). LCMYV was injected into the footpads
of mice, and after 8 days, spleen cells were
analyzed for LCMV-specific cytotoxic ac-
tivity (Fig. 5D). In contrast to cells from
control mice, cells from IRF4~/~ mice had
no cytotoxic activity. In addition, whereas
control mice showed the expected strong
swelling of their footpads, swelling was ab-
sent in IRF4™/~ mice.

The transplantation of T cells into an
immunocompromized allogeneic host leads
to a strong T cell-mediated graft-versus-
host (GvH) reaction. BALB/c mice (H-2%)
with severe combined immunodeficiency
disease (SCID) injected with spleen cells
from allogeneic IRF4*/* and IRF4*/~ mice
(all H-2P) developed a severe GvH reac-
tion, accompanied by rough fur, over-
whelming diarrhea, and massive weight loss
(12). These mice died within 18 days of
injection. Although SCID mice injected
with allogeneic IRF4~/~ cells displayed an
initial weight loss, they recovered and sur-
vived for at least 40 days. Flow cytometric
analysis revealed that after 4 weeks, the
peripheral blood of these mice contained
H-2K"* donor-derived lymphocytes.

Finally, mice were injected with P815
mastocytoma cells, derived from DBA/2
mice (H-29). When injected into H-2b
mice, P815 cells are completely allogeneic
and provoke a strong T cell response. All
IRF4*/* and IRF4*/~ mice were able to
reject the P815 cells, and no tumor growth
occurred for at least 3 months. In contrast,
all IRF4~/~ mice developed tumors with a
time course identical to that seen in DBA/2
control mice (I13).

It has been shown that IRF4 binds a
motif in the Ig light chain gene enhancers



E.s» Ey s and Ey5_; and that IRF4 can
enhance the transcription of genes under
the control of this motif (3). For the k-gene
locus it has further been demonstrated that
E,; is crucial for k-light chain secretion
(14). Together, these facts could explain
the defective lg production in IRF4~/~
mice. However, it is not likely that im-
paired light chain expression alone ac-
counts for the severe B cell defect, and it is
probable that IRF4 is involved in the ex-
pression of other genes that are important
for late B cell differentiation.

In T cells, the deficiency of IRF4 leads to
reduced proliferation and lymphokine pro-
duction, and the reduced proliferation can-
not be restored by exogenous IL-2. Analysis
of early events after T cell activation, such as
calcium influx or the expression of the acti-
vation molecules CD25 and CD69, revealed
no difference between IRF4~/~ and control
T cells (7). Therefore, we conclude that
IRF4 is not involved in the early events after
T cell activation but is important for later
processes, including both IL-2 production
and IL-2 response, which is consistent with
the strong up-regulation of IRF4 mRNA
shortly after T cell activation (2).

Paradoxically, even though B and T cell
responses are impaired in IRF4™/~ mice,
these animals develop severe lymphadenop-
athy. A possible explanation is that the
incomplete lymphocyte activation in
IRF4~/~ mice affects the mechanisms con-
trolling lymphocyte homeostasis, a phe-
nomenon that has been described for IL-2—-
and [L-2Ra—deficient mice (15).
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Still life, a Protein in Synaptic Terminals of
Drosophila Homologous to GDP-GTP
Exchangers
Masaki Sone, Mikio Hoshino,” Emiko Suzuki, Shinya Kuroda,

Kozo Kaibuchi, Hideki Nakagoshi, Kaoru Saigo,
Yo-ichi Nabeshima, Chihiro Hamat

The morphology of axon terminals changes with differentiation into mature synapses. A
molecule that might regulate this process was identified by a screen of Drosophila
mutants for abnormal motor activities. The still life (sif) gene encodes a protein homol-
ogous to guanine nucleotide exchange factors, which convert Rho-like guanosine
triphosphatases (GTPases) from a guanosine diphosphate~bound inactive state to a
guanosine triphosphate-bound active state. The SIF proteins are found adjacent to the
plasma membrane of synaptic terminals. Expression of a truncated SIF protein resuited
in defects in neuronal morphology and induced membrane ruffling with altered actin
localization in human KB cells. Thus, SIF proteins may regulate synaptic differentiation
through the organization of the actin cytoskeleton by activating Rho-like GTPases.

The morphology of synaptic terminals
changes during synaptogenesis and in re-
sponse to environmental cues or neural activ-
ity (1). Rho-like GTPases, which include
Racl, Cdc42, and Rho, regulate cell motility,
morphology, and adhesion through interac-
tion with the actin cytoskeleton (2), and they
are also implicated in the extension or elabo-
ration of axons and dendrites in the nervous
system (3, 4). Here we describe the Still life
(SIF) proteins of Drosophila that participate in
the signaling cascade of the Rho-like GTPases
in the synaptic terminals.
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To identify factors involved in the for-
mation of neural circuits, we created Dro-
sophila mutants by the insertion of an en-
hancer trap transposon and then screened
them for reduced locomotor behavior, an
approach used to identify factors that func-
tion during synapse formation (5, 6). We
isolated a mutant, sif°®- | that carries a sin-
gle P element insertion at the cytological
location 64E. Flies homozygous for this in-
sertion demonstrated reduced locomotion
(Fig. 1A) and were male sterile.

We isolared genomic DNA surrounding
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