
that membrane-iwund HLA-G m o l e c ~ ~ l e s  
are able to i n h ~ b i t  alloreactive NK cells 
n i t h  both  NK1 and S K 2  ipecificity. T h e  
basis for the  d~sc r imi~ la t ion  l~etn'een 
H L A - C  locus alleles is a ~ l i ~ n o r ~ h ~ s m  111- - - 
volving residues i i and 80 in the  a1 
d o ~ n a i ~ l  of the  molecule (1  6 ) ,  and recent 
~vork  has pinpointed the  llnportailce of 
amino acid resiJue 82 for the  jpecificity of 
thii  .. recogni t~on ( 2 7 ) .  T h e  coini~inat ion of 
A~~n"-Tl l r"  that  1s present ill HLA-G can  
l ~ e  t'o~lnd in soille HLA-Btv1 hut not  
H L A - C  locus allelei. T h e  fact that  
HLA-G hillcis to HLA-C-specific inhibi- 
tc>rv receptors ~vhereas HL.4-B locus al- 
leles do not  ind~ca tes  that other yolymor- 
phlsms illr~st 1nflue11ce HL.4 class I-SKIR 
in te rac t~ i~ns .  LYiithin this regio11, hlet76 
(Val7" ill C locus and Glu7" 111 B locui 
alleles) anL1 Gln7" (.4rg7" 111 B and C locus 
alleles) are unlclue to  HLA-G (Fig. l D ) .  It  
is possil>le that t h ~ s  unuiual coillblilat~oil 
of amiilo a c ~ d s  enables the  molecule to 
interact with both S K I -  anti SK7-specific 
receptors. HL.4-G 1s Inore polyinorph~c 
tllan origi~lally t h o ~ l e h t  (28 .  29 ) ,  b r ~ t  iloiie 
o t  the  reported amino acid chances in- 
volve the  aho~~e-descr ibed i egmei~ t  of the  
a 1  domaill, which perhaps inilicates the  
linportarrce of this reglon. 

T h e  data presentecl here prove that at a 
f~ l i~c t iona l  level HL.4-G 1s able to protect 
tareet cells f r o ~ n  destruction by NK1- a i d  
NK7-specific effector celli. LYihether 
HLA-G can also react n-ith the  p i0 -SKB1 
family of S K  cell receptors is ~111clear. Giv- 
en  that on alrerage 14% of the CL356- cells 
are NKB I - (2  1 ) and that the over\vhelrn- 
iilg inajority of these celli \\,ill alio express 
at leayt one HLA-C-ipecific inhibitory re- 
ceptor (23 ,  30 ) ,  this interaction inay not Pe 
neceiiary to protect trophoblast cells from 
NK cell-mediated l\-sis. If a surrogate mol- 
ecule replaciile classical clasi I M H C  mol- 
e c ~ ~ l e s  can interact ~ ~ i t h  one ~iiajor subclass 
of NK receptors, it ~vi l l  inactivate the  ina- 
jority of NK cells with n.hicl1 it c o ~ n e i  illto 
contact. Undoul~ted11-, the expression of 
HLA-G alone call f ~ ~ l f i l l  these require- 
menti ,  and thui molecule can funct ioi~ to 
protect cytotrophoi~last cells froill destruc- 
tioil h ~ -  inater~lal S K  cells. 
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Decreased Resistance to Bacterial Infection and 
Granulocyte Defects in IAP-Deficien t Mice 
Frederik P. Lindberg," Daniel C. Bullard, Tony E. Caver, 

Hattie D. Gresham, Arthur L. Beaudet, Eric J. Brown 

Granulocyte [polymorphonuclear leucocyte (PMN)] migration to sites of infection and 
subsequent activation is essential for host defense. Gene-targeted mice deficient for 
integrin-associated protein (IAP, also termed CD47) succumbed to Escherichia coli 
peritonitis at inoccula survived by heterozygous littermates. In vivo, they had an early 
defect in PMN accumulation at the site of infection. In vitro, IAP-'- PMNs were deficient 
in p, integrin-dependent ligand binding, activation of an oxidative burst, and Fc recep- 
tor-mediated phagocytosis. Thus, IAP plays a key role in host defense by participating 
both in PMN migration in response to bacterial infection and in PMN activation at 
extravascular sites. 

P ~ I N ~  are t e r ~ i ~ i ~ l a l l v  ciifferentiateil cell5 
esie~ltial  for host d e k n i e  aeainit infectioui 
diseasei. Genetic ab~lormalities in P M S  ef- 
fector functions prove that the\- are e,ssen- 
tial for ~ lo rmal  host Lletei~se (1 .  2 ) .  .4t the 
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USA. 
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Coumba, P J ; ~  6521 2 USA. 
H. D. Gresham Research Serlice. Harp, S. Truman Vet- 
erans Afairs Medical Center. Columb~a. MO E5201 
USA. 
A. L. Eeaudet. Depart~nent of Mslec~~lar and Human Ge- 
netcs and Hs'!!ard Hughes P~;edca Institute. Bailor Co -  
ece sf Pdedcine. Houstsn. TX 77030. USA. 

'To \;!horn corresnondence should be addressed 

iame time, the higlily Jes t r~~c t ive  potential 
of P h l S s  muit be strictly co~ltrolled to 
avoid i~onspecific tissue damage. S o t  iur- 
yr is i~~ely ,  a large array of regulatory ste17.i 
eovems the  emieration and activation of 
these cells, ensuring full activation iif anti- 
bacterial effector f ~ ~ i ~ c t i o n s  at a iite of in- 
fectioil. [vllile m a i ~ ~ t a i n i n g  a quiescent, in- 
actlve state in the hlood stream. P M S s  
come into contact [vith exti-acellular 11latris 
(EChl)  n-he11 they have extravasated hut 
not  \\,bile they are in the circulation. T h ~ l s ,  
EChl-billding iiltegrins are ideally suited to 
mediate PhlN activation signals specif~c to 
extravascular sites. 

I.4P ( C D 4 i )  is a11 i m m ~ ~ i ~ o g l o b ~ ~ l i n  (Ig) 
family rnemi~er with a multiply memPrane- 
spai~ning domaill anii a short cy top la~mic  
tail ( 3 .  4 ) .  It  ii pl~yiically and fr~ilctionally 
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associated with pg integrins and is ex- 
pressed on virtually all cells, including 
erythrocytes, which lack integrins (5, 6). 
Studies with human cells using antibodies 
to IAP (anti-IAP) suggest that a signaling 
complex between IAP and PMN pg integ- 
rins is required for activation of the oxi- 
dative burst and IgG Fc receptor-mediated 
phagocytosis by ECM proteins [such as 
vitronectin (5, 7, 8)], as well as by the 
model peptide ligand KGAGDVA (K, 
Lys; G, Gly; A, Ala; D, Asp; V, Val) (9). 
In addition, anti-IAP inhibits PMN mi- 
gration across endothelium and colonic 
epithelial cells at a step subsequent to firm 
adhesion (10, 11), suggesting that IAP 
functions in generation of an inflammato- 
ry response through effects not only on . 
PMN activation, but also on the extrava- 
sation of PMNs. 

We generated gene-targeted knockout 
mice deficient in IAP expression (IAP-I-) 
(Fig. 1) to more clearly define the role of 
IAP in host defense against infection in 
vivo. To ensure that no functional frag- 

ments of IAP would be expressed, we tar- 
geted exon 2 (Fig. 1, A and B), the exon 
encoding both the predicted signal peptide 
cleavage site and the entire Ig domain, 
which is the target of all inhibitory mono- 
clonal antibodies (mAbs) to IAP (3). 
Monoclonal antibodies recognizing the IAP 
Ig domain did not detect any IAP antigen 
on the surface of erythrocytes, bone marrow 
cells (Fig. 1C), or any other cells tested (1 2) 
from homozygote IAP-targeted mice. Like- 
wise, no antigen was detectable in erythro- 
cyte lysates of these mice with polyclonal 
antisera to IAP NH2- or COOH-termini 
(Fig. ID). 

Despite the broad expression of IAP, 
IAP-deficient mice developed normally 
and were indistinguishable from their lit- 
termates by appearance, weight, fertility, 
and organ histology. No gross neurological 
abnormalities or excess morbiditv or mor- 
tality were seen during 2 years of observa- 
tion in a specific pathogen-free animal 
facility. Apart from a reduction in the 
CD3+ fraction of peripheral lymphocytes, 

A H H S P P  S B 
- kb +/- -1- +I+ -1- +/- +/- 

1 kb Construct 

l i : 3  m - m @ 8 
SP H s P 
U D Pre NT CT EC 

129/Sv wr + - + - + - + -  
~ r o b e  l ~ x o n  2 allele 200 - r l  

SP H HSPP S P 
97.4 - 

- I Targeted 69 - 
I i  

allele 46 - 
c Erythrocytes Bone marrow 30- 

Fig. 1. Disruption of the mouse 
IAP gene. (A) IAP replacement 
construct and partial restriction 
map of the endogenous locus. 
Exon 2 encodes the signal pep- 
tide cleavage site and IgV do- 
main and is indicated as a solid 
box. H. Hind Ill; S. Sac I; P, Pst I: 

0.1 1 10 100 1 10 100 1000 tk, herpes simplex v i ~ s  (HSV) 
Fluorescence thymidine kinase gene: neo. 

neomycin phosphotransferase 
gene; probe, IAP-specific probe used in screening (22); WT, wild type. (6) Southern (DNA) blot confir- 
mation of the IAP mutation. The probe indicated in (A) was used to probe Sac I digests of tail DNA from 
mutant and nonmutant mice (genotype is indicated). This probe yields fragments of 8.5 and 13.5 kb, for 
the mutated and wild-type locus, respectively. (C) Flow cytometric assay of IAP surface expression on 
erythrocytes and bone marrow cells from IAP , IAP" . and IAP" ' mice. Each curve represents 
results from one mouse. (Left) Erythrocytes from homozygote gene-targeted mice showed staining with 
anti-IAP (thick solid line) indistinguishable from that with negative control mAb (24). (Right) Bone marrow 
cells from IAP-'- mice (thick solid line) show staining with anti-IAP similar to I A P  - or IAPQ- cells 
sta~ned with negative control monoclonal antibody (th~n solid line and thin dotted line, respectively). (D) 
Protein immunoblot of erythrocyte membrane lysates from wild-type (+) and homozygote gene-target- 
ed mice (-) were probed with preimmune rabbit serum (Pre), polyclonal antiserum to the NH,-terminus 
(NT), antiserum to the IAP-2 COOH-terminal cytoplasmic tail (CT), or mAb miap301 to the lg domain of 
IAP (EC) (25). IAP migrates at -46 kD (molecular sizes indicated to the left in kilodaltons). In addition, the 
CT-reactive antiserum detected a -21 -kD band in the wild-type lysate. This was probably a prateolytic 
fragment lacking the lg domain and is not seen in the lysate of IAP ' erythrocytes. 

blood counts were normal (13, 14). A 
gene dosage effect on IAP expression was 
observed, with protein on heterozygote 
cells reduced by -40% compared with the 
wild type (Fig. 1). PMN surface expression 
of integrin chains p2 (CD18), a, (CD51), 
P3 (CD61), and IgG Fc receptors (CD16 
and CD32) on IAP-I- PMNs were iden- 
tical to the heterozygote both before and 
after activation with phorbol 12-rnyristate 
13-acetate (PMA) (13). 

To assess the effect of IAP deficiency on 
host defense, we challenged mice with in- 
traperitoneal injection of virulent Eschench- 
ia coli (018:Kl:H7) (15, 16). The effect of 
IAP deficiency on survival in response to 
challenge with E. cob was marked. When 
challenged with 5 X lo4 organisms intra- 
peritoneally, all IAPdeficient mice died, 
whereas all their heterozygote littermates 

0 1  2 3 4 5 6 7  
Days 

Fig. 2. Survival after jntraperitoneal challenge with 
5 x lo4 E. coli in IAP-deficient (IAP-I-) and het- 
erozygote (IAP+/-) 8-week-old female mice (27). 
Survival was assayed daily after challenge (P = 
0.008, Fisher's exact test). 

IAP +I- * T 

80 

3? - 
ii40 
O20 

0  
4 hours 24 hours 

Fig. 3. Reduced cellular influx in IAP-deficient mice 
after intraperitoneal challenge with E. coli. B a c t d  
colony counts (A), total cell counts (B), and differ- 
ential counts (C) were determined for peritoneal 
lavages of IAP-deficient mice and liiermate hetero- 
zygote controls 4 and 24 hours after intraperitoneal 
challenge with E. coli (28). PMN counts (D) were 
calculated from cell count and differential count. 
Data are presented as mean +. SEM. Significance 
is shown as for P < 0.01, and (*) for P < 0.05, as 
determined by the Wilcoxon-Mann-Whiney test. 
CFU, colony-forming units; WBC, whiie blood 
ceHs. 
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survived the infection (Fig. 2). This differ- 
ence in survival was also evident when a 
10-fold higher inoculum was used, although 
at this dose, some of the IAPfl- mice also 
died (13). 

To determine how IAP deficiency im- 
pairs host defense, we examined the cellular 
infiltrate and bacterial colony counts 4 and 
24 hours after E. coli challenge (Fig. 3). At 4 
hours, the influx of both PMNs and other 
cells (mainly mononuclear leukocytes) was 
diminished in IAP-I- mice compared with 
IAP+I- littermates, demonstrating a defect 
in cell migration in the IAP-I- mice. At 24 
hours the cellular infiltrate consisted almost 
exclusively of PMNs and macrophages. Al- 
though similar numbers of PMNs were re- 
covered from both groups (Fig. 3D), lavages 
from IAP-1- mice contained significantly 
more macrophages (Fig. 3, B and C). Quan- 
titation of bacterial colony-forming units re- 
vealed that a defect in the control of bacte- 
rial growth in IAP-deficient mice was al- 
ready apparent 4 hours after challenge (Fig. 
3A). At 24 hours, more than 100-fold more 
E. coli were recovered from the peritoneal 
cavities [and spleens (13)] of IAP-I- mice 
than from heterozygote controls, suggesting 
that the PMN defect resulted in a decreased 
ability to control infection (Fig. 3A). At this 
time, all IAP-I- mice showed more signs of 
severe infection than their littermates 

(hunched, ruffled fur, hypothermia, im- 
paired ambulation, lethargy). Although the 
cellular infiltrate in the peritoneum of 
IAP-I- mice was not diminished at 24 
hours, the interpretation of this result is 
complicated by the 100-fold higher bacterial 
burden in IAP-I- mice compared with con- 
trol mice. Thus, PMN migration to an ex- 
travascular site of infection can occur in the 
absence of IAP, but migration is delayed and 
may never approach normal levels. 

A large number of adhesion molecules* 
have been identified that are involved in 
PMN migration from the blood stream 
into inflamed tissue. However, decreased 
PMN emigration is not always associated 
with a host defense defect as severe as IAP 
deficiency ( 17, 18). For example, al- 
though there is a trend toward an in- 
creased incidence of bacteremia after in- 
traperitoneal challenge with Psetldomonas 
aeruginosa, ICAM-1 deficiency had no ef- 
fect on survival after challenge with either 
this pathogen or E. coli (1 8). This suggests 
that IAP deficiency may affect other as- 
pects of PMN function. Monoclonal anti- 
bodies to IAP inhibit activation of PMNs 
by Arg-Gly-Aspcontaining matrix pro- 
teins and their ~ep t ide  analogs (7). Thus, 
we investigated the effect of IAP deficien- 
cy on PMN activation. 

PMNs were purified from bone marrow 

Fig. 4. In vitro phenotype of PMNs from A 
IAP-deficient and heterozygote mice. (A) 
Phagocytosis of IgG-opsonized sheep red 
blood cells (29): baseline phagocytosis 
(buffer) or phagocytosis in response to var- 
ious stimuli. Phagocytosis was stimulated 
with eight-KGAGDVA-valent peptide 
(AGD) (20 pg/ml) (9)- PDBu (30 ng/ml), or 
50 KM fMLP. Data are shown as mean 5 
SEM for five mlce of each genotype. Re- 
sults obtained with wild-type PMNs were 
very similar to those obtained with hetero- 
zygote cells in all assays. (B) Dose re- 
sponse of Fc receptor-mediated phagocy- 
tosis in response to stimulation with in- 
creasing concentrations of e~ght-KGAG- 
DVA-valent peptide (29). IAP-defic~ent 
(open circles) and wild-type (filled squares) 
PMNs were compared. (C) Oxidative burst 
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generated on a control sirface In the ab- Substrate IAP genotype 
sence (buffer) or presence of PMA (100 
ng/ml) or on surfaces coated with the model ligand eight-KGAGDVA- 
valent (AGD) or with the inactive eight-KGALEVA-valent (ALE) peptide x 300 

(L, Leu; E. Glu) (37). Data are mean t SEM for replicate wells of a f 250 

representative experiment. (D) Binding of KGAGDVA-coated latex - 200 

beads (a PMN a,& integrin model ligand) (32). Binding was done in the 150 

presence of polyclonal rabbit antiserum to human IAP (Anti-IAP), or to c, 100 

human placental Arg-Gly-Asp binding proteins (Anti-PRBP), which 2 50 

cross-react with murine IAP and PMN integrin, respectively, or control a o 
normal rabbit IgG (Rab-IgG) (7). No bind~ng was detected to control EC3bi rosettes 

beads coated with human serum albumin (HSA). Results are mean 2 

SEM for three mice of each genotype. (E) Binding of sheep erythrocytes coated with a&, (also termed 
C D l l  b and CD18) ligand C3bi (EC3bi) per 100 PMNs (attachment index) from wild-type (IAP' +) and 
IAP-deficient (IAP-' ) mice (33). Data are mean 5 SEM for three mice per genotype. 

of IAP-deficient mice and heterozygote or 
wild-type mice. Yields and cell morpholo- 
gy were similar. Control murine PMNs, 
like human PMNs, bound particles coated 
with the PMN P, ligand peptide KGAG- 
DVA (9), up-regulated IgG Fc receptor- 
.mediated phagocytosis in response to sol- 
uble peptide, and generated an oxidative 
burst in response to surface-bound peptide 
(Fig. 4) (8). In contrast, in IAP-deficient 
PMNs the P3 integrin failed to bind li- 
gand-coated beads efficiently (Fig. 4D), 
although expression of a, and P, integrins 
was identical to expression in control mice 
(1 3). In the absence of IAP, PMNs did not 
respond to KGAGDVA for either oxida- 
tive burst (Fig. 4C) or Fc receptor-medi- 
ated phagocytosis (Fig. 4A), whereas in all 
cases the effector response of IAP-I- 
PMNs to control stimuli phorbol dibu- 
tyrate (PDBu) and formyl-Met-Leu-Phe 
(fMLP) was normal (Fig. 4A). This defect 
in activation could not be overcome by 
increasing the concentration of the acti- 
vating peptide (Fig. 4B). High concentra- 
tions of KGAGDVA not only failed to 
activate but actually inhibited Fc recep- 
tor-mediated phagocytosis by IAP-I- 
PMNs (Fig. 4B). 

The importance of P, integrins to PMN 
activation is well established (19). Expres- 
sion of pz (13) and the binding of C3bi- 
opsonized particles by IAP-I- PMNs was 
normal (Fig. 4E). Pz-deficient PMNs fail to 
activate Fc receptor-mediated phagocytosis 
in response to PDBu and fMLP (20). The 
normal response of IAP-I- PMNs to these 
stimuli (Fig. 4A) shows that not only p2 
ligand binding but also p2 signaling is intact 
in the absence of IAP. Thus, IAP deficiency 
specifically affects the P3 integrin-gener- 
ated activation signal, without direct con- 
sequences on either the effector functions 
themselves or on PMN activation through 
other pathways. This PMN phenotype is 
similar to anti-IAP-treated human PMNs 
(7-9). 

In conclusion, IAP-deficient mice have 
a defect in host defense, probably secondary 
to both delayed PMN migration to the site 
of infection and to defective activation at 
that site. Because IAP both acts as a com- 
ponent of p, integrin signaling (8) and as a 
receptor for the ECM protein throm- 
bospondin (2 1 ), IAP would be ideally suited 
to integrate signals from several matrix pro- 
teins to inform the PMNs that it is in tissue, 
rather than in the blood stream. Regulation 
of early, adhesive steps in the transendothe- 
lial migration process limits PMN extrava- 
sation to sites overlying inflammation. The 
role for IAP may be to regulate the final 
commitment to emigration from the vascu- 
lature and activation to full antibacterial 
activity. This suggests a more important 
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Hyperresponsive B Ceils in GDS2-Deficient Mice 
Theresa L. BqKeefe, Gareth T. Williams, Sarah L. Davies, 

Michael S. Neuberger* 

CD22 is a surface glycoproteln of B lymphocytes that is rapidly phosphorylated on 
cytoplasmic tyrosines after antigen receptor cross-link~ng. Splenic B cells from mice 
with a d~srupted CD22 gene were found to be hyperrespons~ve to receptor signaling: 
Heightened ca lc~c~m fluxes and cell proliferation were obtalned at lower l~gand con- 
centrations. The mice gave an augmented immune response, had an expanded peri- 
toneal B - l  cell populat~on, and contained ~ncreased serum titers of autoant~body. 
Thus. CD22 is a negative regulator of antlgen receptor signaling whose onset of 
expression at the mature B cell stage may serve to ralse the antigen concentration 
threshold required for B cell triggering. 

I> a cell-retr~cri 'd e l y c ~ y ~ ~ l r i ' i n  ~ v i t h  ; r i~  

extraiellu1;ir Jomai11 that l-inilq g l \ , i o c o n j ~ ~ -  

qntec C O I I ~ ~ I I I I I I ~ ~  u 2,6-llnl\eii \lalie , i c ~ ~ i  

( 2 ) .  It :aisi)clL1tej \~1t11 BCR <IIIL~, attcr BCR 
c1-~~5~-llll!,l11q$ l~cci>lllc,~ ~ ~ l l i ~ ~ l ~ l l ~ l l - ~ l ~ l t e L l  L>Il 

C \ . ~ ~ ) J ~ ~ , I ~ I I I I ~  t\-r~>sini..;, \\.hizll iea~i i  t ~ i  the 

I -C~I .UL~I I I I ' I I~  &>t'  the I~ ,~em;~ro~-o le t l c  p11i1,- 

l ~ l ~ ~ ~ t c ~ s e  SHP-1 (-3-5). 
71. C~LILI \  rhc role of CD!! In BCR- 

I I I J L I ~ ~ ~ I  ~ I C I I ~ I I ~ I I ~ ,  \ye ce~~cr ; a t c J  1111ce \\.ltll ;I 




