observation that the cre’ transgene is not
expressed in mature T cells (9).

There may be two main reasons for the
incompleteness of polB gene deletion in our
experimental system. First, the Ick proximal
promoter is active only at early stages of T cell
development (15). Earlier data also indicate
that the cre® transgene is expressed only
transiently in the thymus (9). It is therefore
conceivable that in the transgenic T cells the
polpfx alleles have only a brief period of time
to accomplish Cre-loxP-mediated recombina-
tion. Second, the cre gene that we have used
corresponds to the wild-type cre gene of P1
phage (6). It is known that the expression of
this gene in eukaryotic cells is suboptimal, but
it can be improved by appropriate genetic
manipulation (7, 16). Thus, there are
straightforward ways in which our experimen-
tal system can be improved to obtain a more
efficient deletion of the target gene.

Our data provide no direct evidence at
this stage about a possible involvement of
polB in the control of TCR gene rearrange-
ments. However, we might interpret the
lesser extent of polp deletion in polB?/
polpex; crel* mice as compared to that in
polpx/+; crel® transgenic mice (Table 3)
to mean that in the former case Cre-loxP-
mediated polB inactivation results in cell
death if it happens to occur before the
completion of TCR gene rearrangement.

In principle, Cre-loxP-mediated gene
targeting should allow the inactivation of
any gene in any tissue at any stage of
development. It can also be adapted to
conditional reconstitution of gene func-
tion. Furthermore, through lineage-specific
inactivation of genes critical for cell surviv-
al, this approach can potentially be used for
the ablation of cell lineages in vivo.
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Regulation of MHC Class Il Expression by
Interferon-y Mediated by the
Transactivator Gene CIITA

Viktor Steimle, Claire-Anne Siegrist, Annick Mottet,
- Barbara Lisowska-Grospierre, Bemard Mach*

Major histocompatibility complex (MHC) class Il genes are expressed constitutively in only
afew cell types, but they can be induced in the majority of them, in particular by interferon-y
(IFN-y). The MHC class Il transactivator gene CIITA is defective in a form of primary MHC
class Il deficiency. Here it is shown that CIITA expression is controlled and induced by
IFN-v. A functional CIITA gene is necessary for class Il induction, and transfection of CIITA
is sufficient to activate expression of MHC class Il genes in class ll-negative cells in the
absence of IFN-y. CIITA is therefore a general regulator of both inducible and constitutive

MHC class Il expression.

MHC class 11 molecules present antigens
to T helper lymphocytes, and the tight
regulation of their expression is of critical
importance for the control of the immune
response both in physiological and patho-
logical situations. However, the mecha-
nism of [FN-y—induced MHC class II ex-
pression remains obscure (I-4). Induction
of MHC class II genes by IFN-vy is charac-
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terized by an unusually long-lag period and
total dependence on de novo protein syn-
thesis (5-7). These genes thus exhibit a
“secondary” response to IFN-y (8, 9),
which has led to the postulation of an
intermediary activator, itself induced by
IFN-y (5-7). Despite considerable effort it
has not been possible to define “interferon
response elements” convincingly in MHC
class II genes (2). The same DNA sequence
elements seem to be required for IFN-y—
induced transcription and constitutive ex-
pression in B cells (2, 3). The factors
implicated thus far in the regulation of
MHC class II genes are expressed constitu-
tively, and their binding to MHC class II



promoters does not depend on IFN-y induc-
tion (4). None of the now well documented
IFN-y-inducible factors has been found to
bind to class II promoter sequences. Fur-
thermore, it has been suggested that the
constitutive and inducible modes of class II
éxpression are controlled by distinct regu-
latory mechanisms (10).

The MHC class II transactivator CIITA
was recently cloned by genetic complementa-
tion of an MHC class II mutant B lymphocyte
line. CIITA was shown to be defective in a
form of primary MHC class II deficiency (or
bare lymphocyte syndrome, BLS) and is
therefore essential for constitutive expression
of MHC class II genes (11). Interestingly,
CIITA is expressed in a cell type—specific
manner, and the pattern of its expression
correlates with that of MHC class I molecules
in numerous cell lines and tissues (11, 12).
CIITA expression was studied after IFN-y
stimulation of MHC class [I-negative cells. In
three different types of IFN-y—inducible cell
lines—a monocytic, a fibroblastic, and a mel-
anoma cell line—CIITA mRNA was indeed
detected only after induction by IFN-y (Fig.
1). Induction of CIITA expression was rapid
and preceded by several hours that of MHC
class II genes (Fig. 2, A and C): CIITA
mRNA appeared in monocytic THP-1 cells as
early as 1 to 1.5 hours after the addition of
IFN-y and reached steady-state levels after 6
to 12 hours (Fig. 2A). CIITA is the first
MHC class II regulatory factor induced by

The availability of fibroblast lines from
patients belonging to the CIITA-deficient
BLS complementation group A (11, 13)
allowed us to test directly for an obligatory
role of CIITA in IFN-y—induced MHC
class II expression. As shown in Fig. 3, the
fibroblast line MHV (13, 14) could not be
induced to express MHC class I molecules
by the addition of IFN-y, whereas MHC
class I molecules were induced normally.
This indicates that the integrity of CIITA is
required for induction by IFN-y.

Having established that CIITA is re-
quired both for constitutive and inducible
class II expression and is itself induced by
IFN-y, we addressed whether CIITA expres-
sion alone is sufficient to activate MHC class
II gene transcription in the absence of IFN-

Fig. 1. ClITA mRNA is expressed only in IFN-y-induced, u
MHC class ll-positive cells. The cell lines THP-1 (mono- e s -
cytic, ATCC TIB202), 143B (6) (fibroblastic osteosar- A

coma), and ME1477 (melanoma) were grown in RPMI 1640
(THP-1) or Dulbecco’s minimum essential medium (143B
and ME1477) supplemented with 10% fetal calf serum
either without or with IFN-y (250 U/ml) for 48 hours. CIITA

v. CIITA complementary DNA (cDNA)
under the control of a constitutive promoter
was therefore introduced into a variety of
MHC class II-negative, IFN-y-inducible
cell lines. As shown in Fig. 4A, stable
transfection of CIITA ¢cDNA was sufficient
to confer constitutive HLA class II expres-
sion in monocytic, fibroblastic, as well as
melanoma lines. All of these cells acquired,
on transfection with CIITA, a cell surface
expression of MHC class II molecules similar
to that induced by IFN-y; HLA-DR, -DP,
and -DQ were all activated by CIITA (Fig.
4A, panels 1 to 3). Furthermore, transient
transfection of CIITA into the CIITA-defi-
cient fibroblast line MHYV also resulted in an
MHC class II-positive phenotype (Fig. 4B,
left). Transfection of CIITA into a fibroblast
line (ABL) (13) from a different BLS com-
plementation group (group B) had no effect,
confirming the specificity of CIITA action
(Fig. 4B, right). As expected from the dis-
tinct characteristics of MHC class I induc-
tion (15), CIITA expression did not affect
the level of expression of MHC class I
molecules (Fig. 4A, panel 6). These results
demonstrate that CIITA expression can sub-
stitute for IFN-y to induce MHC class II
expression and that CIITA expression res-
cues MHC class II expression in CIITA-
deficient fibroblasts in a specific manner.
The results also show that induction of
CIITA by IFN-y is by itself sufficient for
activation of MHC class II transcription.
Cotransfection of CIITA c¢cDNA and a
chloramphenicol acetyltransferase (CAT)
reporter gene under the control of the prox-
imal HLA-DRA promoter resulted in a
strong transactivation (Fig. 4C), indicating
that CIITA transactivation is mediated by
the proximal class II promoter.

Fusion experiments with human-mouse
hybrids have identified several loci that are
critical for the induction of MHC class II by
IFN-y. An essential factor for IFN-y induc-
tion of MHC class II molecules was shown to
be located on human chromosome 16 (16).
We have localized the CIITA gene by in situ
fluorescence hybridization to chromosome
16 (12), which suggests that CIITA is the
factor postulated by these earlier cell-fusion
experiments (16). A second locus, necessary
for species specificity of human IFN-y induc-

THP-1 1438 ME-1477
+ IFN-y

and HLA-DRA expression was analyzed in total RNA from

unstimulated (—) or IFN-y-induced (+) cells by ribonucle-

ase protection analysis with a TBP-probe as internal con- 2
trol for the CIITA hybridization (u, undigested probes) (23).
The size of protected fragments is indicated on the left (in base pairs).
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tion (16), has now been identified as the
catalytic subunit of the human IFN-y recep-
tor and is located on chromosome 21 (17).

The demonstration that CIITA is an
essential mediator of IFN-y induction of
MHC class II genes led us to study the
pattern of CIITA induction. In contrast to
MHC class II induction (Fig. 2C) (5-7),
inhibition of protein synthesis by cyclo-
heximide does not prevent CIITA induc-
tion by IFN-y, although a partial reduction

A

IFN-y

u 0 051 15 2 3 6 hours
350— — g ClITA
275— S TBP
138—

o — GBP

B IEN-y+CHX
u 0 051

15 2 3 6 hours

350 — o — mmm ClITA
275— — S ——— - T}
e R e AT i e
138— “u - mm GBP
c IFN-y | IFN-y+ CHX
u 0 3 613 6 hours
-
309— —- DRA
D
= I - + Stau.
002 2 0 2 2 0 2 2 IFNy
(hours)
CIITA GBP FoyR1

Fig. 2. Time course of CIITA mRNA induction in
THP-1 cells with IFN-y alone or in the presence
of inhibitors. The induction of CIITA was com-
pared to that of the IFN-y—inducible genes GBP
and FcyR1 (high-affinity IgG receptor 1). (A)
Time course of IFN-y induction. (B) IFN-y in-
duction in the presence of the inhibitor of pro-
tein synthesis cycloheximide (CHX, Sigma; 5
ug/ml). Cycloheximide was added to the THP-1
cells 15 min before IFN-y (time point zero). (C)
HLA-DRA expression in cells stimulated by
IFN-y with or without cycloheximide (24). (D)
IFN-y induction in the presence of the inhibitor
staurosporine (Stau., Calbiochem; 0.5 pM).
THP-1 cells were incubated for 2 hours with
IFN-y in the absence (-) or presence (+) of
staurosporine and analyzed for the expression
of CIITA, GBP, and FcyR1 (24). The GBP probe
(25) protects a 138-bp fragment. The FcyR1
probe (26), generated by polymerase chain
reaction amplification of genomic DNA, pro-
tects a 201-bp fragment. The size of protected
fragments is indicated on the left (in base
pairs).
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of CIITA mRNA is found at intermediary
time points (1.5 to 3 hours, Fig. 2B). In
THP-1 cells, the pattern of CIITA induc-
tion by IFN-vy is very similar to that of the
well-studied guanylate binding protein
(GBP) gene, whose promoter contains the
first described gamma activated sequence
(GAS) element (8, 18). In these cells,
GBP mRNA also appears after 1.5 hours of
IFN-y stimulation and exhibits a partial
sensitivity to cycloheximide (Fig. 2, A and
B). Induction of the CIITA, GBP, and

FcyR1 [high-affinity immunoglobulin G
(IgG) receptor] genes by IFN-vy is complete-
ly inhibited by staurosporine (Fig. 2D),
which has been shown to block the func-
tionally critical phosphorylation of p91 (19,
20). The p91 protein has recently been
shown to mediate the induction of all IFN-
y-inducible genes, including MHC class 11
genes (9, 19, 21). In contrast to immediate
early genes, which require only latent pre-
existing factors for induction (22), both
CIITA and GBP exhibit intermediary ki-

Fig. 3. MHC class Il gene expres-
sion cannot be induced by IFN-y
in a CliTA-deficient BLS fibroblast
cell line. Fibroblasts from patient
M.H.V. were cultivated for 48
hours in the absence (open pro-
files) or presence (shaded pro-

2 c.l{l]3 DR

10° 100 102 10° 104][10° 10' 102 10°

files) of IFN-y (500 U/ml) and analyzed by flow cytofluorimetry for the expression of HLA-DR (panel
1) and HLA class | (panel 2). Panel 3 shows HLA-DR induction in a normal control.

Fig. 4. CIITA expression induces A

constitutive HLA class Il expres-
sion. (A) Stable transfectants of
the cell lines ME1477 (panels 1, 2,
3, and 6), THP-1 (panel 4), and
143B (panel 5) with either the
expression vector EBO-Sfi alone
(open profiles) or a full-length

109 100 1% 100 10°

DR || 2 DP||]3 DQ

109 10' 102 10° 10% 00 10" 107 10° 104

CIITA cDNA cloned into EBO-Sfi 14 |
(EBO-CIITA, shaded profiles) A
(11) were analyzed by flow cyto- ‘
fluorimetry for the expression of
HLA-DR (mAb 2.06; panels 1, 4,
and 5), HLA-DP (mAb B7/21; pan-

10° 10!

DR || |5 DR||] 6 cl. |

100 10¢ | [10° 10! 102 10° 104 [ 100 10! 102 108 10t

el 2), HLA-DQ (mAb Tu22; panel
3) (27), and HLA-class | (mAb B
W6/32, Serotec; panel 6) (28).
CITA cDNA in EBO-Sfi is under
the control of the SV40 promoter.
Profiles of EBO-Sfi-transfected
cell lines are superposable with
those of untransfected, nonin-
duced cells. (B) (Left) The CIITA-
deficient fibroblast line MHV was
transfected transiently with vector
EBO-CIITA. (Right) Transfection
of fibroblast ABL from BLS com-
plementation group B (73) with EBO-CIITA.
Transfection of EBO-Sfi into these cells has no
effect on MHC class Il expression. Cells were
grown for 48 hours after transfection, fixed, and
analyzed for HLA-DR expression (29). (C) Cl-
ITA cDNA expression activates the 150-bp
DRA promoter. ME1477 cells were cotrans-
fected with the indicated amounts (in micro-
grams) of pDRsyn (30) (containing the 150-bp
DRA promoter fused to the CAT coding se-
quence), either EBO-As (a full-length CIITA
cDNA cloned in the reverse orientation into
EBO-Sfi) or EBO-CIITA and 3 pg of pSVAP (37)
(containing the alkaline phosphatase gene un-
der control of the SV40 promoter) to monitor
transfection efficiencies. CAT assays were car-
ried out 48 hours after transfection. Cell ex-
tracts were prepared, assayed, and corrected

C
® 0 0
5 o :
DRA-CAT: 10 10 10 10
EBO-As: = 10 o =
EBO-CIITA: = " 5 10
% acetylation: 3.1 55 63 96

for alkaline phosphatase activity (37) and then assayed for CAT activity (32).
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netics and partial sensitivity to cyclohexi-
mide in THP-1 cells. This probably reflects
the fact that in certain cell types the syn-
thesis of one or more additional factors is
necessary for full stimulation (22). Such
factors may themselves be induced by IFN-
v, as for example the DNA-binding com-
ponent of IFN-stimulated gene factor-3,
p48 (9).

Taken together, the differential expres-
sion of CIITA, the induction of CIITA
mRNA by IFN-y (Figs. 1 and 2), the
demonstration of the noninducibility of
CIITA-deficient fibroblasts (Fig. 3), and
the demonstration that CIITA expression is
sufficient to induce MHC class II expression
both in normal inducible cells and in
CIITA-defective cells (Fig. 4) provide a
complete chain of evidence for the essential
role of CIITA in IFN-y-inducible MHC
class II expression. We accordingly propose
a model for the regulation of MHC class 11
gene transcription in which the IFN-y-
induced intracellular signals activate ex-
pression of the CIITA gene as an obliga-
tory intermediate, rather than having a
direct effect on MHC class II promoters
(Fig. 5). In cells constitively positive for
class II, CIITA is also essential and is
constitutively expressed (I11). These re-
sults indicate that control of both consti-
tutive and inducible MHC class II expres-
sion is mediated by the transactivator
CIITA. Because there is no evidence for
direct binding of CIITA to the MHC class
II promoter (11, 12), CIITA might act as
a gene- and tissue-specific coactivator.
Identification of CIITA as a modulator of
MHC class II gene expression in multiple
cell types opens new perspectives for the
manipulation of the immune system. This
can be envisaged either by up- or down-
regulation of CIITA expression or activi-
ty, and hence of MHC class II expression,
or by introduction of the recombinant
CIITA gene to increase immunogenicity.

(s.) 1 )/'4:) gCIITA (16)
)

1® (6)

MHC class Il

N

Fig. 5. Model of MHC class Il induction by
IFN-y. Numbers in parentheses indicate the
chromosomal assignments of the various fac-
tors on human chromosomes known to be
essential for-the induction of MHC class I
genes by IFN-y.
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Pattern Formation and Eyespot
Determination in Butterfly Wings

Sean B. Carroll,* Julie Gates, David N. Keys,
Stephen W. Paddock, Grace E. F. Panganiban,
Jane E. Selegue, Jim A. Williams

Butterfly wings display pattern elements of many types and colors. To identify the molecular
processes underlying the generation of these patterns, several butterfly cognates of Dro-
sophila appendage patterning genes have been cloned and their expression patterns have
been analyzed. Butterfly wing patterns are organized by two spatial coordinate systems.
One system specifies positional information with respect to the entire wing field and is
conserved between fruit flies and butterflies. A second system, superimposed on the
general system and involving several of the same genes, operates within each wing
subdivision to elaborate discrete pattern elements. Eyespots, which form from discrete
developmental organizers, are marked by Distal-less gene expression. These circular
pattern elements appear to be generated by a process similar to, and perhaps evolved
from, proximodistal pattern formation in insect appendages.

Most of the more than 17,000 species of
butterflies can be distinguished by their
wing color patterns. The diversity of but-
terfly wing pattern elements has stimulated
comparative, theoretical, and experimental
study [reviewed in (I)]. One pattern ele-
ment, the eyespot, occurs in varying sizes
and numbers on the upper or lower wing
surfaces and is used to confuse or warn off
predators. This circular pattern of pigmen-
tation is controlled by a patterning focus at
the center (1-3). In Precis coenia (Nymph-
alidae) , the best studied model species, cau-
tery of this organizer ablates the eyespot
(2), whereas transplantation to an ectopic
site induces a new eyespot (3). Although
the pattern-organizing properties of the
eyespot focus may be related to other devel-
opmental organizers, nothing is known at
the molecular level about butterfly wing
pattern elements.

Flies diverged from butterflies approxi-
mately 200 million years ago and possess
wings that are much smaller, have a simpler
suborganization, and develop from imaginal
discs with a distinct style of growth and
morphogenesis. However, the fruit fly Dro-
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sophila melanogaster is the closest relative of
butterflies for which there is detailed devel-
opmental and genetic information. Much
progress has been made in the characteriza-
tion of genes involved in Drosophila wing
organization and patterning [(4-9), re-
viewed in (10)]; therefore we examined the
potential roles of the butterfly cognates of
such Drosophila genes in butterfly wing pat-
terning. We cloned and examined the ex-
pression of the Precis coenia homologs of the
Drosophila wingless and decapentaplegic signal-
ing molecules and the apterous, invected,
scalloped, and Distal-less transcription factors.
The largest P. coenia complementary
DNAs (cDNAs) representing the apterous
(ap, 3.2 kb), scalloped (sd, 3.8 kb), wingless
(wg, 3.0 kb), decapentaplegic 1dpp,.0.9 kb),
and invected (inv, 1.5 kb) genes were isolated
and analyzed. Genomic Southern blot anal-
yses demonstrated that the cDNAs represent
single copy sequences and are the closest P.
coenia relatives, at the DNA level, of the
respective D. melanogaster genes. Conserved
regions of these cDNAs were sequenced,
and the deduced amino acid translations
were aligned with the D. melanogaster pro-
teins (Fig. 1). Sequence conservation occurs
within and outside (11) the ap home-
odomains, and these residues are also present
in an apparent vertebrate ap cognate (12).
The P. coenia enfinv gene homolog contains
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