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Abstract

Leukocyte adhesion deficiencies are rare clinical syndromes of impaired host defense that provide
novel insights into regulation of immune and inflammatory responses (1,2). Leukocyte adhesion
deficiency (LAD)-I variant (LAD-Iv), also called LAD-III, is a unique disorder in which inside-
out signaling of B4, B, and B3 integrins on leukocytes and platelets is disrupted, leading to
impaired cellular adhesion, recurrent infections, and bleeding [1-3]. We originally reported the
second patient with this disorder to be identified and characterized the adhesive deficiencies and
functional phenotype of this subject's leukocytes [4]. Here we show that the molecular defect in
this index subject is a new mutation in FERMT3 (KINDLIN-3) which encodes KINDLIN-3, a
cytoskeletal protein that interacts with the cytoplasmic tails of B1, B2, and B3 integrins and is
required for inside-out and outside-in signaling of these heterodimers [5, 6]. We also report
clinical features and previously-unrecognized defects in cells from a new patient, a sibling of the
original subject that we described who carries the same FERMT3 mutation. Mutations in
FERMT3 have now been shown to be the basis for LAD-IV/LAD-III in each of the four original
patients or families that established this syndrome[4, 7-9], including the family that we describe.

LAD syndromes provide critical insights into molecular regulation of integrin- and selectin-
mediated leukocyte adhesion, and also reveal other key features of integrin and selectin
biology [1, 5, 6, 10]. LAD-I is caused by mutations in the B, subunit of the leukocyte
integrin heterodimer family (“B, integrins”), leading to absent or dramatically reduced levels
of B, integrins on the surfaces of myeloid leukocytes and lymphocytes; in contrast, LAD-II
is a rare disorder of selectin ligand fucosylation [1, 11]. LAD-I variant (LAD-Iv), also
termed LAD-I11 (abbreviated LAD-IV/LAD-III here), is also extremely rare with fewer than
two dozen patients reported in the world's literature. LAD-Iv/LAD-III results from
molecular defects in inside-out signaling of integrins with preserved surface expression of
integrin heterodimers [1-3]. Patients with LAD-1, LAD-II, and LAD-Iv/LAD-III have
recurrent, often life-threatening, local and systemic infections secondary to impaired
leukocyte adhesion, absent or dramatically reduced accumulation of polymorphonuclear
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leukocytes (PMNSs; neutrophils) at extravascular sites of microbial invasion (deficient pus
formation), and other defects in anti-microbial defensive functions [1-3, 11]. A striking
feature unique to LAD-Iv is bleeding due to impaired platelet adhesive functions. Defective
platelet adhesion in LAD-Iv is similar to that in Glanzmann Thrombasthenia, and can be
severe and life-threatening [1-3].

Original description of LAD-IV/LAD-III and early characterization of defects in adhesive
functions of leukocytes and platelets in this syndrome came from reports of four index
patients [4, 7-9]. Manifestations in these subjects defined a unique disease phenotype [1, 2],
with subsequent reports of additional rare patients establishing the natural history of the
disorder and its common and variable features [3]. The original index patient that we
identified yielded the first evidence for defective inside-out signaling of B4, as well as 8
and Bs, integrins[4]. This pattern, together with intact expression and structure of these
integrins on leukocytes and platelets, became a defining characteristic of the defective
adhesive phenotype in the new syndrome of LAD-Iv/LAD-III[1, 3].

The index subject (Patient 1), a boy, is the 3rd child of Hispanic parents who emigrated to
the U.S. from Mexico. He presented with recurrent infections, leukocytosis, absent pus
formation, mucosal bleeding, impaired platelet aggregation, and absent clot retraction at
three weeks of age and underwent bone marrow transplantation at 8 months. Analysis of
defective inside-out signaling of B; and B, integrins on his primary PMNs and EBV-
transformed lymphoblasts were reported in detail [4]. He has been free of complications of
immunodeficiency and bleeding since bone marrow transplantation. Two older sisters were
healthy at birth and had no manifestations of immunodeficiency or bleeding problems.
Additional information collected after the original report indicated no family history of
immunodeficiency but revealed that the grandfathers were cousins.

Subsequently, other investigators reported impaired activation of Rap-1 due to decreased
expression of the RAP guanine nucleotide exchange factor, CALDAG-GEF1, as a cause of
LAD-IV/LAD-III [12, 13]. Therefore, we examined EBV-transformed lymphoblasts from
Patient 1 for this defect. We found normal levels of CALDAG-GEF-1 and Rap-1 in these
cells, and no abnormalities when the sequence of CALDAG-GEFI1 was analyzed.
Furthermore, overexpression of CALDAG-GEF1 in transformed lymphoblasts from Patient
1 did not rescue defective integrin function (not shown). Expression of other candidate
factors that might alter integrin signaling if absent or deficient, including IAP (CD47),
UPAR (CD87), CD98, ICP-1, ILK, and RACK-1, was comparable to that in control cells
(not shown).

Patient 2, a male sibling born 5 years after Patient 1, was noted to have cutaneous bleeding
at sites of minor injury, ecchymoses, and petechiae shortly after uneventful term delivery.
He was treated for sepsis at 1 wk of age. LAD-Iv/LAD-III was immediately considered
because of the clinical presentation and family history; further evaluation revealed
leukocytosis and hepatosplenomegaly, consistent with LAD-Iv/LAD-I111 [3] [4]. LAD-I was
excluded by flow cytometric analysis, which demonstrated normal expression of 3,
integrins. Defects in inside-out signaling of leukocyte integrins (see below) confirmed the
diagnosis of LAD-IV/LAD-III. Patient 2 was treated for additional infections including oral
candidiasis, omphalitis, and two episodes of staphylococcal bacteremia before bone marrow
transplantation at 15 weeks of age. Like Patient 1, he remains well after transplantation, with
no further evidence of leukocyte dysfunction or thrombasthenia.

In vitro analysis of leukocytes from Patient 2, using approaches similar to those for
characterization of cellular defects in Patient 1 [4], demonstrated impaired stimulated
adhesion of isolated PMNs to purified fibrinogen and other ligands for B, integrins (Fig 1A
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and data not shown). In addition, there was a defect in stimulated adhesion of primary PMNs
to fibronectin, a ligand for B, integrins, whereas an activating anti-p; mAb, TS 2/16 [4],
induced sub-maximal adhesion (Figure 1B). Transformed lymphoblasts from Patient 2 also
failed to adhere to immobilized fibronectin when activated with phorbol myristate acetate
(PMA) (Figure 1C). In contrast, lymphoblast adhesion to fibronectin increased 4 to 8-fold in
response to exogenous Mn2*, which induces integrins to shift to the active allosteric
conformation and allows them to recognize and bind ligands without a requirement for
inside-out signaling [4, 8], or when they were incubated with the integrin activating antibody
(Figure 1C). These findings indicate that the basally-expressed surface integrins are
functional and that the phenotype of impaired adhesion is due to defective inside-out
signaling [3, 4]. Isolated PMNSs from the parents of Patients 1 and 2 adhered as expected
when stimulated with fMLP or PMA (not shown).

While PMNSs, lymphocytes, and transformed lymphoblasts from patients with LAD-Iv/LAD-
I11 have been examined intensively, there is a paucity of studies of monocytes. We found
that there was a dramatic decrease in adhesion of monocytes from Patient 2 (Figure 2). In
addition, the few residual cells failed to spread and differentiate in culture (Figure 2) under
conditions in which monocytes develop into macrophages [14], suggesting a defect in
outside-in signaling as well as inside-out activation of integrins [5], and that deficiencies in
monocyte adhesion and differentiation to macrophages may have accounted for some of the
features of the clinical phenotype of Patient 2. Nevertheless, neither Patient 2 nor Patient 1
had evidence for osteopetrosis, which has been reported in some patients with LAD-1v/
LAD-I1I [15-18] and has recently been ascribed to defective integrin signaling in monocyte-
derived osteoclasts [19]. We were not able to perform additional studies of monocytes from
Patient 2 because of semiemergent bone marrow transplantation.

Subsequently reports by other investigators indicated that kindlin-3 is required for activation
of B, integrins and ajpP3 on murine leukocytes and platelets [20, 21]. Kindlin-3-deficient
murine platelets and PMNs have adhesive defects that phenocopy those of cells from
subjects with LAD-IV/ILAD-III [20, 21]. In addition, mutations in FERMT3 (KINDLIN 3),
which encodes human KINDLIN-3, were identified in patients with LAD-Iv/LAD-III [15,
22-24]. KINDLIN-3 is largely restricted to hematopoietic cells and activates integrins by
directly interacting with the cytoplasmic tails of § subunits, as do other members of the
evolutionarily- considered Kindlin family [5, 6]. Therefore, we examined FERMT3 by
sequence analysis of RT-PCR products from transformed lymphoblasts from Patient 1 and
found a point mutation in codon 476 of exon 12, CAG— TAG (Supplemental Figure 1).
Sequence analysis of RT-PCR products from genomic DNA in samples from Patients 1 and
2 again revealed this mutation, whereas DNA from each parent demonstrated heterozygosity
for the CAG— TAG variation (Supplemental Figure 1). The mutation in Patients 1 and 2,
which has not been previously reported in LAD-Iv/LAD-III patients, is predicted to create a
premature stop codon in the sequence of FERMT3encoding the FERM F2 subdomain of
KINDLIN-3 [5]. Consistent with this, KINDLIN-3 was undetectable in lysates of
transformed lymphoblasts from Patient 1 by western analysis (Figure 3).

Mutations in FERMT3have now been identified in the four index LAD-Iv/LAD-III patients
[2-4, 7-9], each with similar clinical features, including subjects of Hispanic [4] (this report),
Turkish [7], Maltese [8], and Israeli Palestinian [9] descent. These mutations are in exon 12
[22], the splice acceptor site of exon 14 [24], and exon 2 [25] (A. Etzioni, personal
communication) of the FERMT3 gene, in addition to the new mutation in exon 12 that we
report here. Each leads to reduced levels or absence of KINDLIN3mMRNA and KINDLIN-3
protein in leukocytes and/or platelets [22, 24, 25] (Figure 3). Transfection of one subject's
EBV-transformed lymphoblasts with murine kindlin-3 complementary DNA rescued the
adhesion defect in these cells [24]. In addition to these four original subjects and, in two
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instances, siblings of these index patients [25] (this report), mutations in FERMT3 have
been found in all LAD-Iv/LAD-III patients identified to date, including subjects of Turkish
[15, 22, 24], Arabic [23], African-American [17, 18], and Gypsy [26] heritage. Thus, the
unifying molecular basis for LAD-IV/LAD-111 from currently available genotyping
information is mutation of FERMT3in one or more [17] regions that disrupts expression of
KINDLIN-3, alone or together with other sequence variations [22, 26]. Nevertheless, there
is also variability in severity, bony involvement, and natural history among LAD-Iv/LAD-III
patients [3, 22, 23], suggesting that there may be genetic or molecular alterations that are not
yet apparent [27, 28].

Cells and cellular assays

Isolation of primary PMNSs, preparation of EBV-transformed lymphoblasts, adhesion assays,
and antibodies and reagents were previously described in detail [4]. These studies were
approved by the University of Utah Institutional Review Board. Adhesion of monocytes and
their culture to monocyte-derived-macrophages were done as previously reported [14].

Sequence analysis of CALDAG-GEF1 and FERMT3

Messenger RNA (MRNA) was isolated as previously described [29]. We analyzed mRNA.-
derived cDNA from transformed lymphoblasts from Patient 1 (Supplementary Figure 1,
Panel A) and from control EBV-transformed lymphoblasts [4]. Genomic DNA isolated from
Patients 1 and 2 (buccal mucosal cells) and both parents (peripheral blood leukocytes)
(Supplementary Figure 1, Panel B) was also examined for sequence abnormalities in all
exons and intron-exon boundaries for FERMT3 using primer sequences provided by
Kuijpers and colleagues [22]. Sequencing was accomplished in the University of Utah
School of Medicine sequencing core facility using standard methods. Genomic DNA from
transformed lymphoblasts from Patient 1 and control EBV-transformed lymphoblasts was
also analyzed for sequence alterations in all exons and intron-exon boundaries of CALDAG-
GEF1 using sequences from GENBANK (not shown).

Western Analysis

EBV-transformed lymphoblasts (2x107/mL) were lysed in RIPA (50mM Tris-HCI [pH 7.5],
150mM NaCl, 0.1% SDS, 2mM EDTA, 1% Triton X-100) and mammalian protease
inhibitor cocktail (Sigma-Aldrich). Thirty five pg of cleared protein lysate were reduced in
Laemmli buffer and separated by 12% Tris-glycine SDS-polyacrylamide gel electrophoresis,
and transferred to Hybond ECL Nitrocellulose membranes (GE Healthcare). Blots were
probed with anti-KINDLIN3 polyclonal antibody (Sigma-Aldrich) or anti-ACTIN
monoclonal antibody (MP biomedicals) and goat anti-mouse 1gG conjugated to HRP as a
secondary antibody (Invitrogen) and detected using ECL western blot detection reagents
(GE Healthcare).

Supplementary On-Line Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Leukocytes from Patient 2 demonstrated the LAD-IV/LAD-III phenotype of impaired inside-
out signaling of B and B, integrins.

A. PMNs from Patient 2 did not adhere to B, integrin ligands when activated. PMNs from
Patient 2 or a healthy age-matched infant were incubated for 10 min at 37°C in wells coated
with bovine serum albumin (BSA), gelatin, or fibrinogen (FB) in the absence of an agonist
or with n-formyl-methionyl-phenylalanine (fMLP) (10~'M). Adhesion was quantitated as
described in Methods. This figure illustrates results from a single experiment (performed in
triplicate). The same pattern was demonstrated in two other experiments in which PMNs
from Patient 2 and control subjects were activated with fMLLP or PMA (10~/M) (data not
shown).

B. Activated PMNs from Patient 2 did not adhere to fibronectin. PMNs from Patient 2 or a
control subject were incubated on wells coated with fibronectin in the presence or absence
of PMA or fMLP as in panel A. In parallel, PMNs in some wells were treated with the 1
integrin activating antibody TS 2/16 (“act mAb”; 10g/ml). This figure indicates the pattern
of adhesion in a single experiment (performed in triplicate) and is representative of two
additional experiments examining primary PMNs from Patient 2.

C. Adhesion of EBV-transformed lymphoblasts from Patient 2 to immobilized ligands was
induced by extracellular Mn™ or mAb TS 2/16 (“activating mAb”; see legend to panel B).
Lymphoblasts from Patient 2 or a control subject were incubated for 15 min at 37°C in wells
coated with fibronectin with buffer alone, or with PMA (10~/M) (performed in triplicate). In
parallel wells lymphoblasts were treated with activating mAb, Mn** (1uM), or Mn**
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together with a blocking anti- §1 mAb (mAb p4C10, 10 pg/ml). A similar pattern was seen
in a second experiment. In additional experiments, extracellular Mn** induced adhesion of
lymphoblasts from Patient 2 to immobilized ICAM-1, a ligand for B, integrins; this was
inhibited by a blocking anti- p, mAb (mAb 60.3; 10pg/ml) (N=2, data not shown).

Am J Hematol. Author manuscript; available in PMC 2013 February 05.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Harris et al.

Page 9

Figure 2.
Monocytes from Patient 2 did not adhere or differentiate in culture. Mononuclear cells from

a healthy volunteer (A) or a Patient 2 (B) were incubated in culture wells for 45 min,
nonadherent cells were removed, and the adherent monocytes were washed, covered with
fresh medium, and incubated at 37°C in 5% CO, for an additional 48 hr. Representative
fields were then photographed. These figures illustrate the cellular morphology in one
experiment examining monocytes from this subject.
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Figure 3.

KINDLIN-3 is absent in EBV-transformed lymphoblasts from Patient 1. Lymphoblasts from
Patient 1 and two control subjects were lysed, subjected to electrophoresis, and
immunoblotted for KINDLIN-3 or actin as described in Methods.
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