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In the days before it became routine to knock out genes in mice, the identification of the genetic basis for rare
immunodeficiencies in humans was often critical to establishing the physiological significance of a gene product. A prime
example of the scientific utility of these immunodeficiences has been in the analysis of integrins, a family of αβ
heterodimeric cell surface receptors that mediate cell adhesion to other cells and to extracellular matrix components (1).
First reported in 1979, leukocyte adhesion deficiency–1 (LAD-1) is a rare autosomal-recessive immunodeficiency
characterized by recurring, life-threatening bacterial infections and persistent leukocytosis (2, 3). The genetic basis for
LAD-1 lies in germline mutations in the gene encoding the β2 integrin subunit (CD18), which impair cell-surface
expression of all three members of the β2 integrin subfamily: lymphocyte function associated antigen–1 (LFA-1), Mac-1,
and p150,95. Consequently, neutrophil function is dramatically impaired in LAD-1 patients, as neutrophils utilize β2
integrins to adhere to endothelium, migrate, and ingest C3bi-coated microorganisms. Lymphocytes and NK cells also
utilize β2 integrins, and in vitro studies of T cells and NK cells from LAD-1 patients revealed impaired functional
responses (4). However, LAD-1 patients generally do not suffer from severe viral infections, and delayed-type
hypersensitivity responses in vivo are not significantly altered. This suggests that other integrin subfamilies, such as the
β1 integrin subfamily, can […]
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In the days before it became routine to
knock out genes in mice, the identifi-
cation of the genetic basis for rare
immunodeficiencies in humans was
often critical to establishing the phys-
iological significance of a gene prod-
uct. A prime example of the scientific
utility of these immunodeficiences has
been in the analysis of integrins, a fam-
ily of αβ heterodimeric cell surface
receptors that mediate cell adhesion to
other cells and to extracellular matrix
components (1). First reported in
1979, leukocyte adhesion deficiency–1
(LAD-1) is a rare autosomal-recessive
immunodeficiency characterized by
recurring, life-threatening bacterial
infections and persistent leukocytosis
(2, 3). The genetic basis for LAD-1 lies
in germline mutations in the gene
encoding the β2 integrin subunit
(CD18), which impair cell-surface
expression of all three members of the
β2 integrin subfamily: lymphocyte
function associated antigen–1 (LFA-1),
Mac-1, and p150,95. Consequently,
neutrophil function is dramatically
impaired in LAD-1 patients, as neu-
trophils utilize β2 integrins to adhere
to endothelium, migrate, and ingest
C3bi-coated microorganisms. Lym-
phocytes and NK cells also utilize β2

integrins, and in vitro studies of T cells
and NK cells from LAD-1 patients
revealed impaired functional respons-
es (4). However, LAD-1 patients gener-
ally do not suffer from severe viral
infections, and delayed-type hypersen-
sitivity responses in vivo are not sig-
nificantly altered. This suggests that
other integrin subfamilies, such as the
β1 integrin subfamily, can compensate
for the loss of lymphocytic β2 integrin
expression in LAD-1 patients. Similar
studies of an equally rare bleeding dis-
order known as Glanzmann throm-
basthenia (GT) revealed various germ-
line mutations in the gene encoding
the β3 integrin subunit, which is
expressed at high levels on platelets
(2). As with LAD-1, these mutations
typically result in loss of expression of
the αIIbβ3 integrin on the platelet sur-
face. Thus, platelets from GT patients
fail to aggregate during the wound
response, since this adhesive response
requires binding of soluble fibrinogen
by the αIIbβ3 integrin.

While both LAD-1 and GT indicate
critical roles for β2 and β3 integrins in
the function of hematopoietic cells, in
vitro studies show that impairing cell-
surface expression is not the only way
to disable an integrin. The functional
activity of integrins expressed on cir-
culating hematopoietic cells is fairly
dormant. Upon exposure to an appro-
priate external stimulus, such as com-
ponents of a damaged vessel wall (for
platelets), chemokines expressed on an
endothelial surface (neutrophils and
lymphocytes), or antigen-specific sig-
nals from target cells (T lymphocytes),
the functional activity of integrins is
rapidly enhanced, resulting in in-
creased adhesion that does not require
changes in levels of integrin expression
on the cell surface. Such “inside-out”
signaling to integrins likely involves

both cytoskeletal-dependent reorgani-
zation of integrins on the cell surface
and activation-dependent increases in
integrin affinity caused by conforma-
tional changes (5–9).

In this issue of the JCI, McDowall et al.
describe a patient with characteristics of
both LAD-1 and GT (10). This patient
presented in the clinic with an abnormal
bleeding response, typical of GT, as well
as recurrent bacterial infections, typical
of LAD-1. Neutrophil as well as lym-
phocyte counts in the circulation were
elevated. In vitro studies of platelets,
neutrophils, and lymphocytes isolated
from this patient indicated defective
functional activity of β2 and β3, as well
as β1, integrins. Various inside-out sig-
nals failed to enhance platelet aggrega-
tion or binding of soluble fibrinogen,
neutrophil adhesion to fibrinogen, or T
cell adhesion to various β2 and β1 inte-
grin ligands. However, unlike in classical
LAD-1 or GT, integrin expression on
hematopoietic cells was normal. Fur-
thermore, agonists that directly stimu-
late integrin activity were able to induce
increased adhesion, suggesting that
hematopoietic cells from this patient
express structurally intact integrins. A
constitutively enhanced clustering of
the LFA-1 integrin on T cells from this
patient was also noted and is particular-
ly interesting in light of in vitro studies
suggesting a critical role for LFA-1 clus-
tering in T cell receptor–mediated acti-
vation of LFA-1 (6, 7, 11, 12).

Two other patients have also been
reported with a clinical presentation
strikingly similar to that of the patient
analyzed by McDowall et al. (10). Har-
ris et al. analyzed a patient suffering
from severe and frequent bacterial, as
well as viral, fungal, and protozoan,
infections (13). Neutrophils and
Epstein-Barr virus–transformed B cell
lines derived from this patient also had
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normal levels of β2 and β1 integrin
expression, but defective aggregation
and adhesion responses upon stimula-
tion. In addition, defective platelet
aggregation was noted, although β3
integrin expression on platelets was
not reported. An earlier report by Kui-
jpers et al. also identified a patient suf-
fering from bacterial infections and
leukocytosis (14). Similarly to what
occurred in the patient analyzed by
McDowall et al. (10), β2 integrins were
expressed on neutrophils and lympho-
cytes isolated from this patient, but
inside-out signaling responses were
impaired. A defect in platelet aggrega-
tion was also noted, although this was
not detected until a later follow-up
examination. However, unlike in the
patient in the study by McDowall et al.
(10), inside-out signaling to β1 inte-
grins was intact.

The analysis of these patients has
several major implications for our
understanding of integrin function.
First, the clinical severity manifested
by these patients provides compelling
evidence that inside-out signaling to
integrins is an essential effector
response in vivo for platelets, neu-
trophils, and lymphocytes. Second, the
recurrent viral infections suffered by
the patient analyzed by Harris et al.
(13) illustrate that β1 integrins are also
critical in mediating lymphocyte-
dependent responses. Third, these
studies suggest common features in
the pathway by which various activa-
tion signals regulate multiple integrins
expressed on different types of
hematopoietic cells. Since loss of β1
integrin function in mice results in
embryonic lethality (15), it is likely
that the intracellular factor responsi-
ble for the loss of integrin-activation
responses in some or all of these
patients is restricted in expression to
hematopoietic cells. What might this
factor be? Unfortunately, our current
understanding of inside-out signaling
to integrins does not lead to a clear
suspect. The dysregulated clustering of
LFA-1 in the patient analyzed by
McDowall et al. (10) suggests that it
may be important to focus on

cytoskeletal proteins or proteins that
regulate the cytoskeleton. However, T
cells from this patient expressed nor-
mal levels of several cytoskeletal pro-
teins, and 5 GTPases (Rac-1, Rac-2,
Rap-1, RhoA and Cdc42) that have
been implicated in regulating integrin
function (16–19). Studies with knock-
out mice have recently highlighted
functions for the Vav-1 guanine
nucleotide exchange factor and the
adhesion and degranulation-promot-
ing adapter protein (ADAP) in TCR-
mediated regulation of β2 and β1 inte-
grin-mediated adhesion and clustering
(11, 12, 20). However, expression of
both Vav-1 and ADAP was normal in T
cells from the patient presented in the
McDowall study. Furthermore, inte-
grins expressed on ADAP-deficient
platelets and neutrophils appear to
function normally, and both ADAP-
deficient and Vav-deficient T cells
exhibit enhanced adhesion in response
to phorbol ester stimulation. Since
phorbol esters induce cytoskeletal-
dependent changes in the membrane
distribution of the LFA-1 integrin (6,
21), the inability of cells from this
patient to enhance integrin activity in
response to phorbol esters may be a
critical clue to the ultimate identifica-
tion of the factor that is defective in
these patients. Although McDowell et
al. do report a 2.5-fold increase in
PKC-α expression in this patient’s T
cells when compared to controls, the
inability to activate integrins in
response to PKC-independent calcium
mobilizers suggests that this change in
PKC-α expression is not responsible
for the defect in integrin activation in
this patient. Although the precise
genetic lesion in these patients
remains a mystery for now, what we
know already suggests that novel, clin-
ically relevant mechanisms of regulat-
ing integrin activation in hematopoi-
etic cells remain to be uncovered.

1. Van der Flier, A., and Sonnenberg, A. 2001. Func-
tion and interactions of integrins. Cell Tissue Res.
305:285–298.

2. Hogg, N., and Bates, P.A. 2000. Genetic analysis of
integrin function in man: LAD-1 and other syn-
dromes. Matrix Biol. 19:211–222.

3. Bunting, M., Harris, E.S., McIntyre, T.M., Prescott,

S.M., and Zimmerman, G.A. 2002. Leukocyte
adhesion deficiency syndromes: adhesion and
tethering defects involving β2 integrins and
selectin ligands. Curr. Opin. Hematol. 9:30–35.

4. Krensky, A.M., et al. 1985. Heritable lymphocyte
function-associated antigen-1 deficiency: abnor-
malities of cytotoxicity and proliferation associat-
ed with abnormal expression of LFA-1. J. Immunol.
135:3102–3108.

5. Shattil, S.J., Kashiwagi, H., and Pampori, N. 1998.
Integrin signaling: the platelet paradigm. Blood.
91:2645–2657.

6. Stewart, M.P., Cabañas, C., and Hogg, N. 1996. T
cell adhesion to intercellular adhesion molecule-1
(ICAM-1) is controlled by cell spreading and the
activation of integrin LFA-1. J. Immunol.
156:1810–1817.

7. van Kooyk, Y., and Figdor, C.G. 2000. Avidity reg-
ulation of integrins: the driving force in leukocyte
adhesion. Curr. Opin. Cell Biol. 12:542–547.

8. Vinogradova, O., et al. 2002. A structural mecha-
nism of integrin αIIbβ3 “inside-out” activation as
regulated by its cytoplasmic face. Cell.
110:587–597.

9. Takagi, J., Petre, B.M., Walz, T., and Springer, T.A.
2002. Global conformational rearrangements in
integrin extracellular domains in outside-in and
inside-out signaling. Cell. 110:599–611.

10. McDowall, A., et al. 2003. A novel form of inte-
grin dysfunction involving β1, β2, and β3 inte-
grins. J. Clin. Invest. 111:51–60. doi:10.1172/
JCI200314076.

11. Peterson, E.J., et al. 2001. Coupling of the TCR to
integrin activation by SLAP-130/Fyb. Science.
293:2263–2265.

12. Griffiths, E.K., et al. 2001. Positive regulation of T
cell activation and integrin adhesion by the
adapter Fyb/Slap. Science. 293:2260–2263.

13. Harris, E.S., et al. 2001. A novel syndrome of vari-
ant leukocyte adhesion deficiency involving
defects in adhesion mediated by β1 and β2 inte-
grins. Blood. 97:767–776.

14. Kuijpers, T.W., et al. 1997. Leukocyte adhesion defi-
ciency type 1 (LAD-1)/variant — a novel immunod-
eficiency syndrome characterized by dysfunctional
β2 integrins. J. Clin. Invest. 100:1725–1733.

15. Fassler, R., and Meyer, M. 1995. Consequences of
lack of β1 integrin gene expression in mice. Genes
Dev. 9:1896–1908.

16. Bos, J.L., De Rooij, J., and Reedquist, K.A. 2001.
Rap1 signalling: adhering to new models. Nat. Rev.
Mol. Cell Biol. 2:369–377.

17. Corre, I., Gomez, M., Vielkind, S., and Cantrell,
D.A. 2001. Analysis of thymocyte development
reveals that the GTPase RhoA is a positive regula-
tor of T cell receptor responses in vivo. J. Exp. Med.
194:903–913.

18. Gomez, M., Kioussis, D., and Cantrell, D.A. 2001.
The GTPase Rac-1 controls cell fate in the thymus
by diverting thymocytes from positive to negative
selection. Immunity. 15:703–713.

19. Laudanna, C., Campbell, J.J., and Butcher, E.C.
1996. Role of Rho in chemoattractant-activated
leukocyte adhesion through integrins. Science.
271:981–983.

20. Krawczyk, C., et al. 2002. Vav1 controls integrin
clustering and MHC/peptide-specific cell adhesion
to antigen-presenting cells. Immunity. 16:331–343.

21. Kucik, D.F., Dustin, M.L., Miller, J.M., and Brown,
E.J. 1996. Adhesion-activating phorbol ester
increases the mobility of leukocyte integrin LFA-1
in cultured lymphocytes. J. Clin. Invest.
97:2139–2144.

24 The Journal of Clinical Investigation | January 2003 | Volume 111 | Number 1


