
onset of GHFl  and GRF expression is 
correlated with the time at which expansion 
of the somatotrophic lineage is initiated. 
Defects in GHFl  expression and function 
prevent the growth and differentiation of 
these cells, leading to a complete absence of 
mature somatotrophs and an almost com- 
plete absence of mature lactotrophs. Because 
the Snell dwarf also has a decreased number 
of thyrotrophs (14, 24), it is possible that, in 
contrast to previous assumptions, this cell 
type may also be derived from the soma- 
totrophic lineage. However, it is also possi- 
ble that thyrotroph differentiation or surviv- 
al may be dependent on the presence of 
intact somatotrophs or lactotrophs. 

Although proper development requires 
proliferation of stem cells, as well as various 
determined progenitors, it is not clear how 
proliferation and differentiation are coupled 
during development. Genetic and biochem- 
ical evidence indicates that homeodomain 
proteins are involved in the determination of 
a cell's fate (1-3). Homeodomain genes may 
regulate the expression of genes that control 
the Drosophila cell cycle (25). In addition, 
another POU protein, the ubiquitously ex- 
pressed Octl, is important for viral DNA 
replication (26). Our study provides evi- 
dence that a homeodomain protein is re- 
quired for cell proliferation, in addition to 
its role in cell fate determination. The regu- 
lation of expression of homeodomain pro- 
teins by lineage-specific growth factors (27) 
may provide an efficient way of coupling 
proliferation and differentiation. 
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MHC Class I Deficiency: Susceptibility to Natural 
Killer (NK) Cells and Impaired NK Activity 

The role of major histocompatibility complex (MHC) class I expression in natural 
killer (NK) cell target recognition is controversial. Normal T cell blasts from M H C  
class I-deficient mutant mice were found t o  serve as target cells for NK cells in vitro, 
which suggests that MHC class I molecules are directly involved in NK cell recogni- 
tion. Spleen cells from the mutant mice were deficient in their ability t o  lyse MHC class 
I-deficient target cells o r  NK-susceptible tumor targets, and mutant mice could not 
reject allogeneic bone marrow. Thus, class I molecules may participate in the positive 
selection o r  tolerance induction of N K  cells. 

E I T H E R  T H E  A N T I G E N S  R E C O G -  

nized by NK cells nor their antigen 
receptors have been identified, 

though their capacity to destroy various 
tumor cell lines is well documented. The 
M H C  class I molecules may be involved in 
recognition by NK cells. Tumor cell variants 
that are deficient for M H C  class I expression 
are often more susceptible to lysis by NK 
cells than are MHC class I+ tumor cells 
(1-5). Because susceptible tumor cells may 
express tumor antigens recognized by NK 
cells, it is unclear from these experiments 
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whether the MHC class I deficiency enhanc- 
es recognition of these antigens or is itself 
sufficient to render the cells sensitive to NK 
cells. With the use of cells from mice mutant 
for P2-microglobulin (P2M) (6-8) and 
hence deficient for cell surface class I expres- 
sion, we directly addressed the role of MHC 
class I expression in the susceptibility of 
otherwise normal cells to NK cell lysis in 
vitro and investigated if MHC class I partic- 
ipates in the development of NK activity in 
vivo. 

Spleen cells from C57BL/6 (B6) mice 
that had been injected 1 day before with 
polyinosinic:polycytidylic acid (poly I:C), 
an agent that induces NK cell activity (9, 
lo) ,  lysed both NK-sensitive YAC-1 tumor 
cells and concanavalin A-induced T cell 
blasts (Con A blasts) from (B6 x 129)F, 
mice (H-2b) homozygous for a mutant P,M 
allele (-1- mice) (Fig. 1A). Similar results 
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Fig. 1. (A) Lysis of p,M-deficient 
(-/-) cells by enriched NK cells 

B C 

from poly 1:Gpretreated B6 mice, 
but nbt by specific for the so 

Jl ld+  cells (30). Cells were titrated 
for cytotoxic activity (31) versus 
YAC-1 tumor cells (A), Con A 
blasts from -1- (B6 x 129)F, 
mice (O), or Con A blasts from O 

+/- (B6 x 129)F3 littermates 
( 0 ) .  (B) Lysis of -1- cells by 1 1 0  lo2  1 1 0  lo2 1 1 0  lo2  1 1 0  lo2 1 1 0  lo2 

enriched NK cells from poly 1 : G  Effector celhrget cell ratio 
pretreated, but not unt&ed'mice. NK cells were enriched from B6 spleen cell populations by depleting 
IAb+ and J l ld+  cells (30). Target cells were as indicated in (A). (C) Restoration of P2M expression by 
crossing the human P2M transgene into -/- mice, renders -1- cells resistant to lysis by enriched NK 
cells. NK cells were enriched as in B. The target cells were Con A blasts from -/- mice transgenic for 
a human transgene (A), Con A blasts from -/- nontransgenic littermates ( 0 )  and Con A blasts 
from + /- nonuamgenic littermates (0 ) .  

were obtained in 12 of 13 independent 
experiments with the F, and F, target cells. 
To achieve the same lysis of -/- targets as 
YAC-1 targets, two to nine times more 
effector cells were required. Con A blasts 
from MHC class I+ heterozygous (+/-) 
mice were barely lysed, if at all (Fig. 1A). 
Conversely, a polyclonal cytotoxic T lym- 
phocyte (CTL) population specific for the 
male antigen H-Y efficiently lysed +/- but 
not -1- male target cells (Fig. 1A). 

Spleen cells from mice not pretreated with 
p l y  I:C did not significantly lyse either 
-1- (Fig. 1B) or YAC-1 target cells. These 
results suggest that mice in our colony have 
low basal NK activity, and that like NK 
cells, the effector cells that lyse -/- targets 
are induced by poly 1:C. In all subsequent 
experiments p l y  1:Gtreated mice were 
used as a source of effector cells. 

That the P,M mutation itself is responsi- 
ble for susceptibility to enriched NK cells 
was shown by the lysis of - / - but not + / + 
target cells from inbred 129 mice (11) and 
by examining -1- mice in which surface 
expression of class I molecules was restored 
by crossing in a human P,M transgene (12). 
Expression of the human P,M transgene 
reverted -1- target cells to an NK cell- 
resistant phenotype (Fig. 1C). 

Depletion of CD4+ or CD8+ cells from 
the NK cell-enriched effector population 
had no effect on the lysis of -1- or YAC-1 
cells, whereas depletion of NK1.1+ cells 
nearly abolished activity on both -/- and 
YAC-1 target cells (Fig. 2A). Therefore the 
effector cells are NKl.l+CD4-CD8- cells. 
Spleen cell populations from three of three 
severe combined immune deficient (SCID) 
mutant mice, and two of three wild-type 
C.B-17 control mice, lysed both -/- and 
YAC-1 but not +/+ target cells (Fig. 2B). 
SCID mice have almost no T cells and B 
cells because of a defect in the gene rear- 
rangement process, but are not deficient in 

NK cell activity (13, 14). Thus, our results 
indicate that T cell receptors do not partic- 
ipate in the lysis of -1- cells by splenic 
NK1.1+ cells, 10 to 20% of which bear T 
cell receptors in normal mice (15). Gene 
rearrangements mediated by the recombi- 
nase that rearranges immunoglobulin and 
TCR genes are apparently unnecessary to 
generate the receptors used for recognition 
of -/- cells. Overall, the properties of 
the effector cells that lyse -1- cells 
(NKl.l+CM-CD8- phenotype, normal 
in SCID mice, induced by poly 1:C) are 
consistent with those of "conventional" NK 
cells. 

Because -/- cells are susceptible to lysis 
by NK cells, we examined the status of NK 
cells in these animals. In comparison to their 
+/- or +/+ littermates, enriched NK cells 
from p l y  1:C-pretreated -/- mice were 
significantly and reproducibly diminished in 
their ability to lyse -/- or YAC-1 target 
cells (Fig. 3A); the lysis of -1- targets was 
consistently more diminished than was the 
lysis of YAC-1 targets. 

Irradiated -1- mice (H-2b) were also 
unable to reject allogeneic (BALB/c, H-2d) 
bone marrow grafts, whereas +/- litter- 
mates rejected the BALB/c marrow grafts 
(Fig. 3B). Because previous studies show 
that NKl.l+, CD8- cells mediate rejection 
of allogeneic H-2d marrow by irradiated 
H-2b mice (16), the present studies suggest 
that class I-deficient mice are deficient in 
active NK cells that destroy allogeneic as 
well as class I-deficient cells. 

The diminished activity of NK cells from 
-1- mice was not due to the improved 
husbandry of the - / - animals, because the 
+ / - and + / + littermates were raised under 
identical conditions, often in the same cage. 
These results suggest that at least a compo- 
nent of NK activity, responsible for lysis of 
YAGl and -/- targets, is masked, inac- 
tive, or absent in MHC class I-deficient 

mice. Flow cytomemc analysis revealed, 
however, that NK1.1+ cells are present in 
-/- mice in normal numbers (2 to 3% of 
spleen cells), indicating that the presence of 
NK1.1+ cells does not depend on MHC 
dass I expression (Fig. 4). 

Our dam provide evidence that MHC 
class I deficiency is sdlicient to render non- 
transformed cells sensitive to NK cell lysis. 
Thus, the likely explanation for our earlier 
finding that -1- bone marrow transplants 
fail in irradiated, MHC-matched normal 
mice (17) is that the stem cells are lysed, 
rather than inhibited (18). The specific de- 
struction of MHC class I-deficient cells by 
NK cells implicates class I molecules or 
molecules that interact with class I molecules 
as the ligands for at least a subset of NK cells 
(1, 17). If class I molecules are themselves 
recopzed, it must be proposed that this 
binding inhibits rather than activates the 
lytic program of NK cells, since normal B,M 
expression renders cells resistant to NK cell- 

Effectorltarget cell ratio 

Fig. 2. (A) Effector cells that lyse -/- or YAC-1 
targets are NKl.l+CM-CD8- cells. Effector 
cells were pretreated (32) with complement and 
monoclonal antibodies (MAbs) to NKl.l  [MAb 
PK136 (33)] (A), CD4 (MAb GK1.5) (O), CD8 
[MAb AD4(15)] (0 ) ,  or no antibody ( 0 )  and the 
surviving cells were tested for cytotoxic activity on 
the indicated targets. (B) Spleen cells from three 
of three individual scid mice (circles) and two of 
three isogenic C.B-17 mice (squares) lyse -1- 
targets (left panels) but not +/- targets (right- 
most panel). The mice were pretreated with p l y  
I:C (100 kg). 
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mediated lysis. Alternatively, class I mole- 
cules may mask or inhibit the expression of 
specific antigens that are recognized by NK 
cell receptors and that, when recognized, 
activate the lytic program (4, 5, 19). 

Current data do not distinguish these two 
hypotheses. However, the present findings 
seem likely to be related to the recessive 
susceptibility of allogeneic or parental mar- 
row grafts to rejection by NK1.1+ cells ( 1  7, 
2&22) and to the recessive susceptibility of 
human T cell blasts to lysis by human cloned 
NK cell lines (23). The concordant reduc- 
tion in -1- mice of both the NK-mediated 
lysis of -1- cells and the rejection of allo- 
geneic marrow, is further evidence for a 
relationship between these phenomena, The 
simplest model to explain both of these 
phenomena is that NK cells have receptors 
for some or all of the self class I molecules 
normally expressed by cells, and that en- 

A +'+"+/- -/- YAC-1 
target target target 

801 1 I 1 
Experiment 

:i 
Experiment 2 
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gagement of these receptors by the class I 
molecules on a cell inhibits the lysis of this 
cell by NK cells (17, 22). Failed expression 
of one or all of these molecules may there- 
fore render a cell sensitive to NK cell- 
mediated lysis. 

MHC class I deficiency is apparently im- 
portant for the susceptibity of some tumor 
cell lines to lysis by NK cells (2, 4, 5,24) but 
not others (25, 26). Therefore, so-called NK 
activity is likely comprised of two or more 
independent a&viti&, not all of which are 
influenced by MHC expression. It remains 
unclear whether all NK cells, or just a subset 
of them (27, 28), can lyse -1- cells or 
mediate other types of NK activity. In the 
present studies, lysis by NK cells of -1- 
targets was generally less efficient than that 
of YAC-1 targets, but this may be due to 
differential expression of accessory mole- 
cules or other molecules that affect suscepti- 
bility to lysis. 

The deficiency of NK activity in -1- mice 
implicates class I MHC in the development 
of at least a major component of NK activ- 
ity, that which is responsible for destruction 
of both allogeneic and class I-deficient cells. 
The role that MHC class I plays in develop- 
ment will remain unclear without more data 
on NK cell recognition. The expression on 
-1- cells of NK-specitic antigens, normally 
masked, might render NK cells tolerant in 
-1- mice. Because the frequency of 
NK1.1+ cells is not reduced in -1- mice, 
tolerance may involve anergy rather than 
deletion, or only a minor subset of NK1.1+ 
cells, responsible for lysis of -1- cells, may 
be deleted from the NK1.1+ population. 

Alternatively, if recognition of self MHC 

Fig. 3. (A) Lysis of YAC-1, -/-, +/+, or +/- 
targets by spleen cells from +/+ (squares) and 
-/- (circles) (B6 x 129)F3 mice. Three experi- 
ments are shown. NK cells were enriched from 
spleen cell populations (from poly I:C pretreated 
mice) by depleting B cells with anti-LAb and 
complement treatment (experiments 2 and 3) or 
depleting LAb+, Jl ld+, CD4+, and CD8+ T cells 
by treatment with MAbs plus complement (30). 
In experiment 1, enriched NK cells were prepared 
from a pool of spleen cells from four -/- or two 
+/- and two +/+ mice. The NK cells were 
tested for their ability to lyse -/- or +/+ targets 
from inbred 129 mice (1 I), or YAC-1 tumor cells. 
In experiments 2 and 3, enriched NK cells from 
individual -/- or +/+ mice were tested for their 
ability to lyse (B6 x 129)F, and F, target cells. 
The target cells were YAC-1 tumor cells and -/- 
or +/- Con A blasts in experiment 2, and -/- 
or +/+ Con A blasts in experiment 3. (B) 
Irradiated +/- but not -1- H-2b mice reject 
BALB/c bone marrow allografts. Rejection is 
assessed by failure of 5 x 10" T cell-depleted 
transplanted bone marrow cells to proliferate in 
the spleens of irradiated (940 rads) recipient mice 
5 days after transplantation, by determining 
'251UdR incorp~ration (1 7). 

TCR af3 
Fig. 4. Unfractionated spleen cells from untreated 
-/- and +/- mice contain 2 to 3% NK1.1+ 
cells. Spleen cells from B6 backcross mice (34) 
were stained with MAbs to NKl. 1 and TCRf3. In 
another experiment, 2.3% of +/- and 2.2% of 
-1- spleen cells stained with anti-NK1.l. With- 
out enrichment of NKl. l+ cells it is diflicult to 
address the status of the minor TCRp+ NKl. l+ 
population. 

class I alleles provides a negative signal to 
NK cells, a "positive selection" step during 
NK cell development may operate to define 
self MHC class I. In the absence of any class 
I molecules, the MHC-related component 
of NK activity may not develop. The undi- 
minished frequency of NK1.1+ cells might 
be explained if these cells are largely trapped 
in a nonfunctional, immature stage, or if 
only a minor subset of NK1.1+ cells, re- 
sponsible for the MHC-related component 
of NK activity, does not develop. 

Other possiblilities to explain the dimin- 
ished NK activity in -1- mice are that class 
I interactions are necessary to induce NK 
cell cytolytic activity or that class I molecules 
serve as part of the NK receptor. It is also 
possible that -1- cells in the effector pop- 
ulation inhibit the activity of -1- NK cells 
by serving as "cold target" competitors. This 
possibility seems unlikely, by itself, to ac- 
count for the diminished lysis of -1- cells, 
because it implies the chronic lysis of autol- 
ogous cells in -1- mice; no hemopoietic 
deficiencies or other signs of autoimmune 
reactivity, however, are seen. The MHC 
class I-deficient mice should be useful in 
determining the mechanism by which class I 
expression modulates NK activity. 
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Demonstration That CFTR Is a Chloride Channel by 
Alteration of Its Anion Selectivity 

Expression of the cystic fibrosis transmembrane conductance regulator (CFTR) 
generates adenosine 3',5'-monophosphate (CAMP)-regulated chloride channels, indi- 
cating that CFTR is either a chloride channel or  a chloride channel regulator. To  
distinguish between these possibilities, basic amino acids in the putative transmem- 
brane domains were mutated. The sequence of anion selectivity of CAMP-regulated 
channels in cells containing either endogenous or  recombinant CFTR'was bromide > 
chloride > iodide > fluoride. Mutation of the lysines at positions 95  or  335 to  acidic 
amino acids converted the selectivity sequence to  iodide > bromide > chloride > 
fluoride. These data indicate that CFTR is a CAMP-regulated chloride channel and that 
lysines 95  and 335 determine anion selectivity. 

C YSTIC FIBROSIS (CF) (1) IS CAUSED 

by mutations in the gene encoding 
CFTR (2-6). Amino acid sequence 

analysis and comparison with other proteins 
(3, 7, 8) suggest that CFTR consists of two 
repeats of a unit containing six membrane- 
spanning segments and a putative nucleo- 
tide binding domain (Fig. 1). The two 
repeats are separated by a large polar seg- 
ment called the R (regulatory) domain, 
which contains multiple potential phosphor- 
ylation sites. The predicted topology of 
CFTR, with the exception of the R domain, 
resembles that of a number of other mem- 
brane proteins, such as the multiple drug 
resistance P-glycoprotein, the yeast STE6 
gene product, and several bacterial periplas- 
mic permeases (3, 7, 8 ) .  

Chloride transport by epithelial tissues is 
abnormal in patients with CF (9); apical 
membrane C1- channels do not open in 
response to an increase in intracellular 
CAMP. When CFTR is expressed in cell 
types that do not normally express CFTR or 
have CAMP-regulated CI- channels (10, II) ,  

CAMP-regulated C I  currents are generated. 
The simplest interpretation of these results is 
that CFTR is a CAMP-regulated C1- chan- 
nel, bur it is possible that CFTR could 
regulate endogenous, previously silent C1- 
channels. The notion that CFTR is a CI- 
channel has been controversial because 
CFTR does not resemble any known ion 
channels but most resembles a family of 
energy-dependent transport proteins (3, 7, 
8 ) .  To test whether CFTR is a CAMP- 
regulated CI- channel, we used site-directed 
mutagenesis to change the properties of 
CFTR. 

As permeating ions flow through an ion- 
selective pore, they sense the electrostatic 
forces generated by amino acids that line the 
pore. This interaction between amino acids 
and the permeating ions determines ionic 
selectivity (12). We reasoned that if CFTR is 
a C1- channel, then changing positively 
charged amino acids in CFTR to negatively 
charged amino acids might alter ionic selec- 
tivity. Similar strategies have been used in 
K+ channels, the nicotinic acetylcholine re- 
ceptor, and the mitochondria1 voltage-de- 
pendent anion-selective channel (13). 
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and Department of Biology, Massachusew Institute of their hydropathy and the prediction that 
Technology, Cambridge, MA 02142. they form a helices, these sequences are 
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