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Cord Blood Bank (Hiroshima, Japan). Mononuclear cells
(MNCs) from CB samples were isolated using Lymphoprep
(Axis-Shield PoC AS, Oslo, Norway) density gradient cen-
trifugation and washed three times in phosphate-buffered
saline (PBS). MNCs were then enriched for CD34* cells
using the CD34 Progenitor Cell Selection System (Dynal,
Oslo, Norway) according to the manufacturer’s instructions.
The purity of CD34" cells (>90%) was determined by flow
cytometry.

Cell cultures

Enriched CD34* cell populations were divided into three
aliquots. They were’ cultured with “or without AMD3100
(10' mM; Sigma Chemicals) for 2 h'in' RPMI-1640 (Sigma
Chemicals, St. Louis, MO) without serum at 1 X'10° cells/ml
(10° to 2 X 10° cells per well) in 96-well round bottom micro-
titer plates (Costar; Corning, Inc., Corning, NY). All cultures
were petrformed at 37°C under a humidified atmosphere of
5% CO,. A third aliquot was neither treated nor cultured and
used immediately for all experiments without preservation.

Flow cytometric analysis

The presence of cell surface antigens was determined with
a FACSCalibur (BD Biosciences, San Jose, CA) using the fol-
lowing fluorescein-conjugated monoclonal antibodies (mAbs):
FITC-labeled anti-CD45 (2D1; BD Biosciences), PE-labeled anti-
CD34 (AC136; Miltenyi Biotec, Bergisch-Gladbach, Germany),
APC-labeled anti-CXCR4 (12G5; BD Biosciences), PE-labeled
anti-CD26 (M-A261; BD Biosciences), APC-labeled anti-CD38
(HIT2; BD Biosciences); PE-labeled anti-CD33 (WM53; BD
Biosciences), PE-labeled anti-CD19 (5§]25C1; BD Biosciences),
and. PE-labeled anti-CD3 (UCHT1; BD Bioscierices). To iden-
tify and disregard dead cells from our analyses, cell cultures
were stained with propidium iodide (PI; Sigma Chemicals, St.
Louis; MO) at a concentration of 1 pg/mL.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

RT-PCR was used: to determine CXCR4 mRNA expres-
sion in cultured versus noncultured cells. Total RNA from
cultured CD34' cells was extracted using the acid—phenol
technique. RT-PCR was performed according to the manu-
facturer’s protocol (Takara Bio, Inc., Shiga, Japan). The fol-
lowing specific primers were used to amplify CXCR4: sense,
5-gge cct caa gac cac agt ca-3'; antisense, 5'-tta gct gga gig
aaa act tga ag-3’ [12]. As an internal control, we also exam-
ined the expression of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) in all samples. Amplified DNA fragments
were then electrophoresed on an agarose gel and visualized
by ethidium bromide staining.

Migration assay

Cells were incubated for 30 min at 37°C in 5% CO, in
the upper chambers of a 96-well transwell apparatus (1 X
102 cells per well; QCM™ Chemotaxis 5 pm 96-Well Cell
Migration Assay; Chemicon, Temecula, CA) containing
RPMI-1640 medium supplemented with 10% fetal calf serum
(FCS; StemCell Technologies, Vancouver, BC, Canada) and
then allowed to migrate to the lower chamber containing 125
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ng/ml SDF-1a (Sigma Chemicals). The number of cells that
migrated to the lower chamber was scored visually with a
light microscope.

Transplantation into mice

NOD/Shi-scid jic mice obtained from CLEA (Kawasaki,
Japan) were bred and maintained under: controlled condi-
tions in individually ventilated (high-efficiency particle-
arresting filtered air), sterile microisolator cages: at: the
Hiroshima University Animal Institute. Before transplan-
tation, 6- to 8-week-old mice were subjected to a sublethal
dose of 300 cGy total-body irradiation. Then, 1 X 10° cul-
tured or noncultured CD34* cells were injected into the tail
veins of irradiated mice.

Homing assay

Sixteen hours after tail vein injection, the mice were
killed and PBS was used to flush bone marrow cells from
femurs and tibias. The cells obtained in this manner were
analyzed by flow cytometry for the presence of human cells
using human-specific anti-CD45-FITC and anti-CD34-PE.
Atleast 1 X 10°cells were analyzed.

Engraftment analysis

To assess the engraftment of human cells into murine
bone marrow, cell  populations obtained from the murine
marrows were incubated with antihuman; fluorescein-con-
jugated mAbs against CD45, €D34, CD33, CD19, and €D3
and thenanalyzed via flow cytometry. Engraftment analysis
was performed 8 weeks after transplantatiorn.

Secondary transplantation

Bone marrow cells were harvested from NOD/SCID mice
in which CB CD34* cells had previously engrafted. Three
mice were injected with 1 X 107 MNCs after sublethal irra-
diation at 300 cGy. Eight weeks after secondary transplanta-
tion; human cells in murine bone marrow were labeled with
the same antihuman mAbs used in the primary engraftment
analysis and subjected to flow cytometry:

Statistics

All data are expressed as the mean: % standard devia-
tion (SD). Statistically significant differences within the data
set'were detected using the Student’s t-test and Wilcoxon's
signed-ranks test. All analyses were performed using the
StatView software (version 5.0; SAS Institute, Cary, NC).

Results

Flow:cytometric analysis of CXCR4 expression on
CD34+ cells from umbilical cord blood

Consistent with previous studies, a subpopulation of
CD34° cells from umbilical CB constantly expressed CXCR4
on the cell surface (7.7 = 3.6%). The cell surface expression
of CXCR4 increased after culturing CD34" cells for2h (19.8
+ 87 Fig. 1, P < 0.05). It increased to >30% after 6 h in
culture, but PI staining showed that the nonviable cells at
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FIG. 1. Effect of short-term ‘culture "with or without
AMD3100 treatment on CXCR4 expression on CD34* cells.
Representative flow cytometry. profiles for CXCR4 expres:
sion in cultured cells with or without AMD3100 treatment
(A). CXCR4 expression on CD34* cells during short-term
incubation with AMD3100 (u) or without AMD3100 (®) (B):
Data represent the mean *+ SD of six independent experi-
ments. CXCR4 expression increased significantly on the sur-
face of CD34" cells (*P < 0.05, *P < 0.01).
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FIG. 2. Effect of short-term incubation on CXCR4 mRNA
expression in CD34° cells. Total RNA was extracted from
cells after the cells were incubated under the indicated cul-
ture conditions, RT-PCR was performed. GAPDH was used
as an internal control. Short-term culture had no effect on
CXCR4 mRNA expression in €D34" cells.
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Taste 1. PerceNTAGE OoF CorD BLoop CD34* CELLS THAT
Are CXCR4*, CD26*%, anp CD38~
Incubation
(=) (+)

Sutface AMD3100
markers (=) (+)
CXCR4* 8.0 5.0 19.8 + 8.7* 52+ 34
CD26* 77 £35 7.7 =47 7.6 £3.6
CD38* 43+20 5532 53 %28

Data represent the mean =+ SD of six independent experiments.
CD34" cells from Cord Blood were incubated with or without 10
mM AMD3100 for 2 h. *P < 0.05, compared to noncultured and
AMD3100-treated cells.

6 h were >30% relative to <10% at 2 h. Viability of the cul-
tured cells at for 2 h was not different from that of the non-
cultured cells. Cultiring for 6 h, therefore, was not done
after this first experiment. The increase in the CXCR4 level
was not exhibited in the presence of AMD3100, a CXCR4
antagonist. Next, we cultured CD34+ cells in the presence
or absence of AMD3100 and examined the expression of
CD26, CD38, and CXCR4. As shown in Table 1, a 2-h incu-
bation with AMD3100 did not affect the expression of CD26
or CD38.

RT-PCR analysis: of CXCR4 expression

The expression of CXCR4 mRNA during short-term incu-
bation was examined via RT-PCR. As shown in Figure 2,
the addition of AMD3100 had no affect on CXCR4 mRNA
expression after a-2-h incubation. A quantitative real-time
RT-PCR analysis using the same samples showed no differ-
ence in CXCR4 expression after a 2-h incubation (data not
shown). Thus; the observed increase in cell surface expres-
sion was not the result of increased mRNA expression.

Migration and homing activity of cultured cells

Because 2-h incubation increased €XCR4 expression on
the surface of CD34* cells, we examined the in vitro migra-
tion of these cells toward the CXCR4 ligand, SDE-1. As
shown in Figure 3, over 25% of CD34* cells cultured for 2
h showed transmigration in response to SDF-1. However;
transmigrational activity was significantly lower in non-
cultured cells and in cells which had been cultured in the
presence of AMD3100 (P < 0.05). Furthermore, the effect of
increased CXCR4 expression on homing activity was deter-
mined by evaluating the presence of human CD45+/CD34+
cells in mouse bone marrow 16 h after tail vein injection.
As shown in Figure 4A, a cluster of CD45+/CD34+ cells (R1)
was detected in the bone marrow: of mice injected with cul-
tured CD34+ cells. Homing activity was compared among
cells cultured in the presence and absence of AMD3100
and noncultured cells. Cultured CD34+ cells demonstrated
significantly greater homing activity compared to noncul-
tured cells and to cells cultured in the presence of AMD3100
(P < 0.05 in each case):
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FIG.3. Effect of short-term incubation and AMD3100 treat-
ment on transmigrational activity in CD34% cells. CD34*
cells were loaded into the upper wells of a transwell appara-
tus and incubated for 2 h. Migration was assessed according
to the percentage of cells migrated to lower wells containing
SDF-1. The data represent the mean * SD of six indepen-
dent experiments. *P < 0.05, significant increase compared
to noncultured and AMD3100-treated cells:

Engraftment of cultured CD34* cells
into NOD/SCID mice

Figure 5 shows a representative FACS analysis of human
marrow cells in bone marrow. from identical NOD/SCID
mice after CD34* cell transplantation. The presence 'of
human cells was detected by the cell surface expression: of
CD45, CD34, CD33, CD19, and CD3. The recipients exhibited
CD45+/CD19* B-lymphoid cells, CD45*/CD33* granulomo-
nopoietic cells, and CD457/CD34* immature cells, but not
CD3* T cells. The percentage of CD34*/CD19* positive cells
in the CD457 cells was 6-12%, consistent with the report of
Kobari et al. [13]. Next, at 8 weeks, we performed a secondary
transplant of engrafted cells from previously transplanted
mice to determine if long-term engraftment of self-renew-
ing cultured CB cells had occurred. Successful secondary
engraftment occurred as shown by the presence of CD45%/
CD19* cells and possibly CD457/CD34* cells (Fig. 5B).

To assess the effect of short-term culture and AMD3100
interference on engraftment, CD34" cells were cultured with
or without AMD3100 as indicated and injected into NOD/
SCID mice viathe tail vein. Eight weeks after transplantation,
engraftment was assessed based on the expression of the

human CD45 antigen. As shownin Figure 6, cultured CD34"
cells showed increased engraftment into murine bone mar-
row compared to noncultured CD34* cells (32.0 + 214% vs.
171 = 157%), P. < 001, or to CD34* cells from AMD3100-
freated cultures (12.9 = 11.1%), P < 0.01, as determined by
Wilcoxon's signed-ranks test.

Discussion

Umbilical - CB ‘contains. hematopoietic: cells - capable of
engrafting into NOD/SCID mice in. vivo. Qur results dem-
onstrate that short-term culture in the absence of serum and/
or cytokines induced the expression of CXCR4 on umbilical
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FIG.4. Homingactivity of CD34* cells in NOD/SCID mice.
CD34* cells were cultured as indicated and then injected into
the tail veins of NOD/SCID mice. After 16 h; the mice were
killed and human-derived cells in the bone marrow were
quantified based on the presence of a CD45*/CD34" clus-
ter (R1) in flow cytometry (A). The fold-increase compared
to noninjected mice was calculated: (B). The data represent
the mean * SD of six independent experiments..*P < 0.05,
significant increase compared tononcultured and AMD3100-
treated cells.

CB-derived CD34* cells, resulting in enhanced homing activ-
ity and subsequently improved engraftment into NOD/SCID
mice. Theenhanced homing and engraftmentof short-termcul-
tured €D34+ cells was abolished by the addition of AMD3100
to the cultures, suggesting that improved engraftment was
dependent tipon increased CXCR4 expression.

Lataillade et al. [14] reported that cell surface expression
of CXCR4 increased significantly when purified progenitor
cells were incubated overnight in serum. Peled etal. [9] dem-
onstrated that human CD34" cells incubated with stem cell
factor and IL-6 for 48 h showed increased CXCR4 expres-
sion, resulting in enhanced in vitro migration toward an
SDF-1 gradient and increased homing and repopulating
potential in. NOD/SCID and NOD/SCID/beta2-microglob-
ulin null mice. In contrast, the long-term culture of CD34*
cellsin a cytokine cocktail decreased CXCR4 expression and
led to reduced repopulating potential in immunodeficient
mice [15]. The mechanism underlying CXCR4 up-regulation
during incubation remains. unclear, although various fac-
tors, including cell' surface ‘adhesion molecules,  cell-cell
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FIG.5. Representative flow cytometry profiles of human CD45%, CD347, CD33*, and CD19" cells obtained at 8 weeks after
transplantation. The following fluors were coupled to each antibody: CD45-FITC, CD34-PE, CD33-PE, and CD19-PE. Similar
results were obtained in 12 additional experiments (A). Secondary transplantation of bone marrow cells obtained from
previously transplanted mice (B). Marrow cells obtained at 8 weeks.
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FIG.6. Engrafimentof CD34" cellswithorwithoutthepres-
ence of AMD3100 into NOD/SCID mice: CD34! cells were
cultured as indicated and then injected into the tail veins of
NOD/SCID mice. Eight weeks after transplantation, the mice
were killed and percentage of human CD45" cells was deter-
mined. The data represent the percentage of human CD45*

cells in 13 independent experiments, Statistically significant

differences among cultured, noncultured, and AMD3100-

treated cells were analyzed using Wilcoxon's signed-ranks

test. *P < 0.01, significant inicrease compared to noncultured
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contact between CD34* and low-density MNCs, growth fac-
tor production, and adhesion molecule interactions, may be
involved [4,5,16]. Our RT-PCR results showed that cell sur-
face CXCR4 expression increased in cultured. CD34* cells
without concomitant increases in mRNA expression.

CXCR4 is thought to play a crucial role in the homing and
retention of HSCs in murine bone marrow [9] and is required
for the retention of B-lineage and myeloid precursors in the
bone marrow [16}]. Recently, Kahn et al. [11] reported that the
overexpression of CXCR4'in human CD34" cells via gene
transfer increased proliferation, migration, and NOD/SCID
repopulation. Similarly, we confirmed the importance of
CXCR4 expression in CD34* cellin NOD/SCID marrow hom-
ing through the inhibitory effect of AMD3100. AMD3100, a
small bicyclam molecule, reversibly inhibits SDF-1-CXCR4
binding [17].

Conclusion

In conclusion; we demonstrated that short-term culture
of CB-derived CD34" cells increased CXCR4 expression on
these cells, resulting: in increases in in vivo homing and
engraftment into NOD/SCID miice. Thus, short-term culture
of hematopoietic stem/progenitor cells in the absence of sera
and cytokines may serve as a simple but effective way to
enthance their repopulating activity.
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Macrophages: act to protect the body against inflammation
and infection by engaging in chemotaxis and phagocytosis. In
chemotaxis, macrophages use an actin-based membrane struc-
ture, the podosome, to migrate to inflamed tissues. In phagocy-
tosis, macrophages form another type of actin-based membrane
structure, the phagocytic cup, to ingest foreign materialssuch as
bacteria. The formation of these membrane structures is
severely affected in macrophages from patients with Wiskott-
Aldrich syndrome (WAS), an X chromosome:-linked immunod-
eficiency disorder. WAS patients lack WAS protein (WASP),
suggesting that WASP is required for the formation of podo-
somes and phagocytic cups. Here we have demonstrated that
formin-binding protein 17 (FBP17) recruits. WASP, WASP-in-
teracting protein (WIP), and dynamin-2 to the plasma mem-
brane and that this recruitment is necessary for the formation
of podosomes and phagocytic: cups. The N-terminal EFC
(extended FER-CIP4 homology)/E-BAR (FER-CIP4 homology
and Bin-amphiphysin-Rvs) domain of FBP17 was previously
shown to have membrane binding and deformation activities.
Our results suggest that EBP17 facilitates membrane deforma-
tion and actin polymerization to occur simultaneously at the
same membrane sites, which mediates a common molecular
step in the formation of podosomes and phagocytic cups. These
results provide a potential mechanism underlying the recurrent
infections in WAS patients.

Podosomes (see Fig. 14) are micron-scale, dynamic, actin-
based protrusions observed in motile cells such as macro-
phages, dendritic cells, osteoclasts, certain transformed fibro-
blasts, and carcinoma cells (1). Podosomes play an important
role in macrophage chemotactic migration, which is critical for

* This work was supported, inwhole or in part; by National Institutes of Health
Grant ROTHD042752 (to S. T.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in‘accordance with.18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

ElThe on-line version of this article (available at http://www.jbc.org) contains
six supplemental figures.

'To whom correspondence should be addressed: Dept: of Biochemistry,
Oyokyo Kidney Research Institute, 90 Yamazaki, Kozawa; Hirosaki 036-
8243, Japan. Tel.: 81-172-87-1221; Fax: 81-172-87-1228; E-mail: tsuboi@
oyokyo.jp.

8548 JOURNAL OF BIOLOGICAL CHEMISTRY

recruitment of leukocytes to inflamed tissues. Podosomes are
both adhesion structures and the sites of extracellular matrix
degradation (2)."Adhesion to and degradation of the extracel-
lular matrix are essential processes for the successful migration
of macrophages in tissues. Podosomes occur in most macro-
phages and can be observed by differentiating human primary
monocytes into macrophages with macrophage-colony stimu-
lating factor-1 (M-CSF-1)? and staining the F-actin using phal-
loidin (3, 4). Podosomes labeled in this way appear as F-actin-
rich dots (see Fig: 1C). Podosome formation has recently been
directly observed: in vitro and in vivo in leukocyte migration
through the endothelium; diapedesis (5):

Phagocytosis of bacterial pathogens is one of the mostimpor-
tant primary host defense mechanisms against infections. The
phagocytic cup (see Fig. 1B) is an actin-based membrane struc-
ture formed at the plasma membrane of phagocytes, including
macrophages, upon stimulation with foreign materials such as
bacteria.. The phagocytic cup. captures and ingests foreign
materials, and its formation is an essential first step in phago-
cytosis leading to the digestion of foreign materials (6,7). When
macrophages are stimulated by foreign materials, podosomes
disappear, and phagocytic cups, which are also rich in F-actin,
are formed to ingest the foreign materials (see Fig. 1D).

Wiskott-Aldrich syndrome (WAS) is an X chromosome-
linked immunodeficiency disorder. Patients with WAS suffer
from: severe bleeding, eczema, recurrent infection, autoim-
mune diseases, and an increased risk of lymphoreticular malig-
nancy (8-=10). The causative gene underlying WAS encodes
Wiskott-Aldrich syndrome protein (WASP) (11). WASP defi-
ciency due to the mutation or deletion causes defects in adhe-
sion, chemotaxis, phagocytosis, and the development of hema-
topoietic cells in WAS patients (10).

2The abbreviations used are: M-CSE-1, macrophage-colony stimulating fac-
tor-1; FBP17, formin-binding protein 17; WAS, Wiskott-Aldrich syndrome;
WASP, Wiskott-Aldrich syndrome protein; N-WASP, neuronal WASP; WIP,
WASP interacting-protein; EFC domain, extended FER-CIP4 homology
domain; F-BAR domain, FER-CIP4 homology and Bin-amphiphysin-Rvs
domain; PMA, phorbol 12-myristate 13-acetate; GFP, green fluorescence
protein; siRNA, short interfering RNA; FITC, fluorescéin isothiocyanate;
PDZ-GEF, PDZ-guanine nucleotide exchange factor; HEK293 cells, human
embryonickidney 293 cells; HA, hemagglutinin; SH3, src homology 3 domain;
dSH3, SH3 domain deletion; GST, glutathione S-transferase;, Pl{4,5)P, phos-
phatidylinositol 4,5-bisphosphate; siFBP, siRNA for FBP17; siC, scrambled
control siRNA.
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Role of FBP17 in the Podosome and Phagocytic Cup Formation

The formation of podosomes and phagocytic cups is severely
affected in macrophages from WAS patients (3, 12, 42), sug-
gesting that WASP is involved in the formation of these struc-
tures. However, the detailed molecular mechanisms: of their
formation remain unknown. WASP is complexed with a cellu-
lar. WASP-interacting partner, WASP-interacting . protein
(WIP) (13, 14). Recently, two groups (including us) have dem-
onstrated that WASP and WIP form a complex and that the
WASP-WIP complex is required for the formation of podo-
sommes. (4;.15):and phagocytic: cups. (16). Here; we identified
formin-binding protein 17 (FBP17) as a protein interacting with
the WASP-WIP complex and examiried the role of FBP17 in the
formation of podosomes and phagocytic cups.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human macroph-
age-colony stimulating  factor-1: (M-CSE-1) was: purchased
from R&D Systems (Minneapolis, MN). Phenylmethylsulfonyl
fluoride, leupeptin;: pepstain A, aprotinin, IGEPAL CA-630,
paraformaldehyde, saponin, bovine serum albumin, 3-methy-
ladenine, latex beads (3 pm in'diameter); phorbol:12-myristate
13-acetate (PMA), human IgG; glycerol, Triton X-100, anti-
FLAG monoclonal antibady (M2), and anti-B-actin antibody
were purchased from Sigma-Aldrich. The anti-WASP mono-
clonal antibody; anti=WIP.polyclonal antibody, and anti-Myc
monoclonal antibody (9E10) were obtained from Santa Cruz
Biotechnology In¢. {Santa Cruz, CA). The anti-dynamin-2 anti-
body was purchased from BD Biosciences. The rat anti-hemag-
glutinin (HA) monoclonal antibody (3F10) was purchased from
Boehringer [ngelheim (Ridgefield, CT). The Cy2-labeled anti-
rat IgG was obtained from Jackson ImmunoResearch Labora-
tories (West Grove, PA).

Yeast Two-hybrid Screening—We screened a human lym-
phocyte cDNA library (Origene Technology Inc.,; Rockville;
MD) using a full-length WIP as bait. A ¢cDNA encoding full-
length WIP was cloned into pGilda (BD Biosciences Clontech).
The EGYA48 yeast strain was transformed with pGilda-WIP, the
human lymphocyte ¢cDNA library, and pSH18--34, a reporter
plasmid for the B-galactosidase assay. Transformants were
assayed for Leu prototrophy, and a filter assay was performed
for B-galactosidase measurement (17).

Cells and Transfection—THP-1 and human embryonic kid-
ney. (HEK) 293 cells were purchased from the American Type
Culture Collection (Manassas, VA) and cultured in RPMI1640
and Dulbecco’s modified Eagle’s high glucose medium (Invitro-
gen), respectively, both supplemented with 10% fetal bovine
serum. For human primary monocyte isolation, 10-30 ml of
peripheral blood was drawn from healthy volunteers and WAS
patients after informed consent was obtained. Monocytes were
prepared from peripheral blood samples (10--30 ml) using a
monocyte isolation kit II (Miltenyi Biotech Inc., Auburn, CA).
Transfection of THP-1 cells and monocytes was performed
with a‘Nucleofector device using a cell line Nucleofector kit 'V
and a human monocyte Nucleofector kit, respectively, accord-
ing to the manufacturer’s instructions (Amaxa Biosystems,
Gaithersburg, MD). Transfection of HEK293 cells was per-
formed using SuperFect transfection reagent (Qiagen, Valen-
cia, CA). THP-1 cells and monocytes were co-transfected with
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the FBP17 constructs and a GFP-expressing plasmid, pmaxGFP
(Amaxa Biosystems Inc.), as a transfection marker, The trans-
fection efficiency measured using pmaxGFP was 40-50% for
THP-1 cells and 10-20% for monocytes.

RNA Interference—A short interfering RNA (siRNA) for
FBP17 and its scrambled- control siRNA was. synthesized by
Dharmacon (Lafayette, CO). The targeting sequence was 5'-
CCCACTTCATATGTCGAAGTCTGTT-3' (18).. THP-1
cells and monocyteswere transfected with siRNA usinga cell
line Nucleofector kit V. anid a human monocyte Nucleofector
kit, respectively, and:a Nucleofector: device.: Cells were co-
transfected: with an. fluorescein isothiocyanate. (FITC)-conju-
gated control siRNA, BLOCK-IT (Invitrogen), as a transfection
marker. The transfection efficiency measured using BLOCK-IT
was 40-50% for THP-1 cells and 10-20% for monocytes.

Immunoprecipitation—For immunoprecipitation of WASP
from THP-1 cells; 2 X107 cells were lysed in buffer A (50 mm
Tris-HCL,:pH 7.5, 75 mim NaCl,. 1% Triton X-100;.1 mM phen-
ylmethylsulfonyl fluoride; 1 ug/mlleupeptin, 1 pug/ml pepstatin
A; 1 ug/mlaprotinin). Lysates were centrifuged at 10,000 X gat
4.°C for 15 min. The supernatant was incubated with 2 ug/ml
anti-WASP monoclonal antibody (Santa Cruz Biotechnology)
at 4 °C for 2. h and then incubated with anti-mouse IgG agarose
(Sigma). The resin binding the immune complex was washed
three times with 0.5 ml of buffer B (50:mm Tris-HCI, pH 7.5,
10% glycerol, 0.1% Triton X-100), and the complex was eluted
with 1X Laemmli's SDS-PAGE sample buffer, Eluted proteins
were subjected to SDS-PAGE and analyzed by immunoblotting
for WASP, WIP, and EBP17.

GST Pull-down Assay—Glutathione S-transferase (GST) and
a fusion protein of GST and the src homology 3 (SH3) domain
of EBP17 (548~ 609 amino acids) (GST-ESH3) were purified
from  Escherichia: coli (XL-1B) extracts using glutathione-
Sepharose-4B. HEK293 cells were transfected with the cDNAs
of Myc- or FLAG-tagged protein and lysed in buffer A. Lysates
from the transfected cells were incubated with the affinity mat-
rices of GST alone or GST-FSH3 at 4°C for 1 h. After a 1-h
incubation, the matrices were washed five times with buffer A,
and pull-down samples were analyzed by immunoblotting
using anti-Myc or anti-FLAG antibody.

Immunofluorescence Microscopy—THP:1 cells and mono-
cytes grown on coverslips were differentiated into macro-
phages by incubation with 12.5 ng/ml PMA (Sigma) and 20
ng/ml M-CSF-1 (R&D Systems), respectively, for72 h. HEK293
cells were transfected with various ¢cDNA constructs and then
cultured on coverslips for 48 h. Cells were fixed with 4% (w/v)
paraformaldehyde, permeabilized with 0.1% (w/v) saponin, and
blocked with 1% (w/v) bovine serum albumin. Cells were
stained with primary antibodies and Alexa Fluor 488- or Alexa
Fluor 564-labeled secondary antibodies (Invitrogen). Cells were
also stained with Alexa Fluor 568-labeled phalloidin (Invitro-
gen), Cell staining was examined under a fluorescence micro-
scope (Zeiss Axioplan AR) or an MRC 1024 SP laser point scan-
ning confocal microscope (Bio-Rad).

Assays for the Formation of Podosomies and Phagocytic Cups—
The formation of podosomes and phagocytic cups was assayed
by visualizing these actin-based membrane struictures by F-ac-
tin staining as described previously (4, 16). Briefly, podosomes
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in differentiated THP-1 cells or macrophages were visualized
by F-actin staining with Alexa Fluor 568-phalloidin: To form
phagocytic cups in differentiated THP-1 cells or-macrophages,
latex beads (3 wm, Sigma) were opsonized with 0.5 mg/ml
human IgG (Sigma), and cells grown on coverslips were incu-
bated with the IgG-opsonized latex beads at 37 °C for 10 min in
the presence of 10 mm 3-methyladenine (Sigma) to stabilize the
phagocytic cups (16). The phagocytic cups were then also visu-
alized: with Alexa Fluor'568-phalloidin: Cells weére examined
under a fluorescence microscope (Zeiss Axioplan’AR).

Assays for Macrophage Migration and Phagocytosis=—For the
macrophage migration ‘assay, human macrophages (2% 10°
cells) were plated onto’ chemotaxis membranes with 5-pm
pores (Corning, Acton, MA) coated with 0:15% gelatin/phos-
phate-buffered saline placed within Boyden chamber inserts.
M-CSF-1 was used asa chemoattractant and diluted in serum-
containing RPMI'1640: medium in lower chambers. After a 4-h
incubation, non-migrating cells were removed by gently wiping
the upper surface of the filter. The filter was removed from the
inserts using a razor blade-and mounted onto glass plates, and
the number of migrating cells was'counted undera fluorescence
microscope. For the phagocytosis assay, human macrophages
(1 % 10° cells) were seeded on coverslips and incubated with 0.5
ml of RPMI 1640 medium  containing IgG-opsonized latex
beads (3 um)‘at4 °C for 10 min, allowing the beads to attach to
cells.. Phagocytosis was initiated by adding 1.5 ml of preheated
RPMI' 1640 medium, and the cells were incubated with the
beads at 37 °Cfor 30 min. Control plates were incubated at 4 °C
to estimate nonspecific binding of latex beads to the cells. After
incubation, the cells were vigorously washed with phosphate-
buffered saline, and the number of intracellular latex beads was
determined by counting beads within cells under a fluorescence
microscope. The percentage of phagocytosis was calculated as
the total number of cells with at least one bead as a percentage
of the total number of cells counted. At least 100 cells were
examined.

Cell Fractionation—To prepare the cytoplasmic and mem-
brane fractions, macrophages {1 X 10° cells) were washed with
ice-cold phosphate-buffered saline and suspended in 50 mm
Tris-HCl buffer, pH 7.5, containing 1 mM EDTA and proteinase
inhibitors as described above. The cell suspensions were soni-
cated four times on ice for 5 s each using a bath-type sonicator
followed by ultracentrifugation at 265,000 X gat 4°C for 2 h.
The supernatant was used as the cytosolic fraction, and the
pellet was resuspended in 50 mm Tris-HCI, pH 7.5, containing 1
m» EDTA and used as the membrane fraction. Anti-Caspase-3
(Santa Cruz Biotechnology) and anti-sodium potassium
ATPase antibodies (AbCam, Inc.; Cambridge, MA) were used
to determine the purity of the cytosolic and membrane frac-
tions, respectively.

Statistics—Statistically significant differences were deter-
mined using the Student’s ¢ test. Differences were considered
significant if p < 0.05.

RESULTS
EBPI17 Binds to the WASP-WIP Complex and Dynamin-2 in

Macrophages—To explore the detailed molecular mechanisms
of the formation of podosomes and phagocytic cups, we
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searched for a protein interacting with the WASP-WIP com-
plex. We identified FBP17 as a WIP-binding protein in a yeast
two-hybrid screen using the full-length WIP as bait. FBP17 was
originally identified as a protein binding to formin, a protein
that regulates the actin cytoskeleton (19). FBP17 is a member of
the Schizosaccharomyces pombe Cdcl5 homology (PCH) pro-
teini family (20) and contains an N-terminal extended FER-
CIP4 homology (EFC) domain (also known as the FER-CIP4
homology and Bin-amphiphysin-Rvs (F-BAR) domain), protein
kinase C-related kinase homology region 1 (HR1), and-an SH3
domain (Fig.' 1E). The EFC/F-BAR domain has membrane
binding and deformation activities, and FBP17 is involved-in
endocytosis in transfected COS-7 cells (18; 21, 22).

To confirm that FBP17 directly interacts with WIP or WASP,
we performed GST pull-down assays using a fusion protein of
GST and the SH3 domain of FBP17 (GST-FBPSH3). Purified
GST and the GST-FSH3 fusion protein were subjected to SDS-
PAGE (Fig. 1F, lanes 1 and 2). The HEK293 transfected cells
express the Myec- and FLAG-tagged proteins (Fig. 1F, lanes
3=6). The results from the GST pull-down assays were shown
(Eig. LF, lanes 7~14). Both WASPand WIPwere pulled down by
GST-FSH3 (Fig: 1, lanes 10 and 14), indicating that the SH3
domain of FBP17 directly interacts with both proteins:

It has previously been shown that FBP17 binds to N-WASP
and dynamin in transfected cells (18, 21). We examined
whether FBP17 binds to " WASP, WIP; and dynamin-2 in mac-
rophages: THP-1 (human: monocyte cell line) cells closely
resemble monocyte-derived macrophages when differentiated
by stimulation with PMA (23) and form podosomes and phag-
ocytic cups that are morphologically and functionally indistin-
guishable from those in primary macrophages (supplemental
Fig. 1) (4,:16; 23). WASP was: immunoprecipitated from the
lysates of PMA-differentiated THP-1 cells with an anti-WASP
monoclonal antibody (Fig. 1G, lanes 2, 5, and 8) followed by
immunoblotting using antibodies to FBP17 (21), WASP, and
WIP. Both WIP and EBP17 co-immunoprecipitated with
WASP (Fig. 1G, lanes 5 and 8). FBP17 also co-immunoprecipi-
tated with dynamin-2 (Fig. 1G, lanes 14). These results, taken
together with the results in Fig. 1F, suggest that FBP17 binds to
the WASP-WIP complex and dynamin-2 in macrophages.

We next used immunofluorescence to examine whether
EBP17 Jocalizes at podosomes and phagocytic cups because the
WASP-WIP complex is an essential component of podosomes
(4, 15) and phagocytic cups (16). THP-1 cells transfected with
FLAG-tagged FBP17 (FLAG-EBP17) and differentiated by
stimulation with PMA were stained with an anti-FLAG mono-
clonal antibody to visualize EBP17 and with phalloidin to visu-
alize the F-actin in podosomes and phagocytic cups (Fig: 1, H
and/, leftand middle panels). Merged images revealed that both
F-actin and FBP17 are present in podosomes and phagocytic
cups (Fig. 1, H and I, right panels), indicating that FBP17 local-
izes at podosomes and phagocytic cups.

Importance of EBP17 in the Formation of Podosomes and
Phagocytic Cups—To determine the importance of FBP17 in
the formation of podosomes and phagocytic cups, we knocked
down FBP17 in THP-1 cells with siRNAs. To confirm that the
expression of FBP17 was knocked down in cells, we transfected
THP-1 cells with siRNAs, prepared lysates from the total
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FIGURE 1. FBP17 is a component of podosomes and phagocytic cups. A and B, schematic drawings of podosomes (A) and a phagocytic cup (8) in macrophages.
C, podosomes in macrophages were visualized by F-actin staining using Alexa Fluor 568-phalloidin. D, macrophages incubated with lgG-opsonized latex beads
formed phagocytic cups to ingest the beads. A phase contrast image of a macrophage forming phagocytic cups (feft panel). Black arrows indicate the latex beads
ingested by the macrophage. Phagocytic cups were visualized by F-actin staining using Alexa Fluor 568-phalloidin (right panel). White arrows indicate the phagocytic
cups.The baris 10 um. £, the domain organization of FBP17. HR1, protein kinase C-related kinase homology region 1. £, FBP17 interacts directly with WASP and WIP via
its SH3 domain. GST and the GST-FBP17 SH3 domain fusion protein (GST-FSH3) were purified from bacteria extracts. Purified proteins were subjected to SDS-PAGEand
stained with Coomassie Brilliant Blue (Janes 1 and 2). HEK293 cells were transfected with the cDNAs of Myc-tagged control protein (Myc-PDZ-GEF), Myc-WASP,
FLAG-PDZ-GEF, or FLAG-WIP, and the expression of those proteins were analyzed by immunoblotting {fanes 3-6). Lysates from the HEK293 transfected cells were
incubated with the affinity matrices of GST alone or GST-FSH3. Pull-down samples were analyzed by immunoblotting using anti-Myc antibody (fanes 7-10) and
anti-FLAG antibody (lanes 11-14). G, FBP17 binds WASP, WIP, and dynamin-2. WASP was immunoprecipitated (/P) from the lysates of PMA-differentiated THP-1 cells
with anti-WASP or a control IgG (feft panel, lanes 1-9). The WASP immunoprecipitates and total lysates were analyzed by immunoblotting (WB)forWASP (lanes 1-3),
WIP (lanes 4-6), and FBP17 (lanes 7-9). Dynamin was aiso immunoprecipitated from the THP-1 cell lysates with an anti-dynamin polyclonal antibody. The dynamin
immunoprecipitates and total lysates were analyzed by immunoblotting for dynamin-2 (lanes 10-12) and FBP17 (lanes 13-15). H and /, confocal laser scanning
micrographs of PMA-differentiated THP-1 cells. H, THP-1 cells transfected with FLAG-tagged FBP17 cDNA (FBP17) were double-stained with an anti-FLAG monoclonal
antibody (feft panel) and phalloidin (center panel) to visualize the F-actin in podosomes. Yellow indicates co-localization of FBP17 (green) and F-actin, podosomes (red)
{right panel). I, THP-1 cells transfected with FLAG-FBP17 cDNA were incubated with IgG-opsonized latex beads and double-stained with anti-FLAG antibody and
phalloidin. Phagocytic cups were visualized by F-actin staining (center panel). Yellow indicates co-localization of FBP17 (green) and F-actin, phagocytic cups (red) (right
panel). The baris 10 pum,

siRNAs-transfected cells, and analyzed the expression level of fected with a scrambled control siRNA based on the immuno-

FBP17 by immunoblotting. THP-1 cells transfected with the blots (Fig. 2A, lanes 1 and 2) but expressed the same level of
siRNA for FBP17 expressed ~40% less FBP17 than cells trans-  B-actin (Fig. 24, lanes 3 and 4). The transfection efficiency of
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FIGURE 2. The importance of FBP17 in the formation of podosomes and phagocytic cups. A, expression of FBP17 was reduced by transfection of siRNA.
THP-1 cells were transfected with siRNA for FBP17.(siFBP; lanes 2 and 4} or its scrambled control siRNA (siC; /anes 1. and 3). Lysates prepared from total
transfected cells were analyzed by immunoblotting for FBP17.(lanes 1 and 2) and B-actin (lanes 3 and 4). B'and C, effects of FBP17 siRNA on the formation of
podosomes and phagocytic cups in' macrophages. Human primary monocytes were co-transfected with siFBP (closed bars) or siC (open bars) and an FITC-
conjugated control siRNA and then differentiated into macrophages with M-CSF-1. FITC-positive transfected cells were examined for the formation of podo-
somes (B) or phagocytic cups (€}, and the percentage of cells with podosomes or phagocytic cups was scored. D and E; effects of FBP17 siRNA on the functions
of podosomes and phagocytic cups. Macrophages co-transfected with siFBP (closed bars) or siC (open: bars) and the FITC-conjugated control siRNA were
assayed for macrophage migration (D) or phagocytosis of igG-opsonized latex beads (E). Data represent the mean * S.D. of triplicate experiments. F-/, immu-
nofluorescence micrographs of a representative cell from each experiment. Cells transfected with siC {F) and siFBP (G} were stained with Alexa Fluor 568-
phalioidin. Cells transfected with siC (H) or siFBP (/) were incubated with igG-opsonized latex beads and then stained with phalloidin: The left and right panels

are phase contrast and immunofluorescence micrographs, respectively. The baris 10 um:

THP-1 cells was estimated to be 40 -50% from the expression of
green fluorescent protein (GFP) used as a transfection con-
trol.- Therefore, the decrease in FBP17 expression indicates
that FBP17 was efficiently knocked down in most transfected
cells:

Human: primary monocytes were co-transfected with the
FBP17 siRNAs and a FITC conjugated control siRNA ‘as a
transfection marker. After differentiation of the monocytes
into- macrophages with M-CSE-1, FITC-positive cells were
examined for the formation of podosomes and phagocytic cups.
To quantify their formation, we scored the percentage of cells
with podosomes or phagocytic cups among FITC-positive cells.
When the expression of FBP17 was knocked down, the forma-
tion of both podosomes and phagocytic cups in macrophages
was significantly reduced (p < 0.01; Fig. 2, B and C). These
results suggest that FBP17 is necessary for the formation of
podosomes and phagocytic cups. A representative cell from
each experiment is shown in Fig. 2, Fand G, for podosomes and

FBPI7 Recruits the WASP-WIP: Complex to the Plasma
Membrane—Recent biochemical analyses revealed that FBP17
binds to a membrane phospholipid, phosphatidylinositol 4,5-
bisphosphate (PI{4,5)P,), through its EFC/E-BAR domain and
to N-WASP and dynamin via its SH3 domain (18,21, 24). We
have shown that although WASP and WIP are cytosolic pro-
teins, the WASP-WIP complex localizes at podosomes and
phagocytic cups (4, 16). We then examined whether FBP17
recruits the WASP-WIP complex to the plasma membrane in
macrophages. We focused on the roles of the EFC and SH3
domains of FBP17 and constructed three FBP17 mutants for
the recruitment experiments: a Lys-33 to Glu (K33E) substitu-
tion, a Lys-166 to Ala (K166A) substitution, and an SH3 domain
deletion (dSH3). Both substitution mutations in the EFC
domain (K33E and K166A) significantly reduce membrane
binding and deformation (22), and the dSH3 mutant does not
bind to WASP and WIP because the SH3 domain is the binding
site of WASP and WIP (Fig. 1F). We co-transfected HEK293

in Fig. 2, H and [, for phagocytic cups. We then assayed macro-
phage migration as a podosome function and phagocytosis as a
phagocytic cup function. When expression of FBP17 was
knocked down, macrophage migration through a gelatin filter
toward a chemoattractant was significantly reduced in cells

cells with the FLAG-tagged FBP17 constructs, WASP, and
WIP. A C-terminal fragment (1146 -1429 amino acids) of PDZ-
GDP exchange factor (PDZ-GEF) was used as a negative control
for FBP17 because this fragment is stable in the eytosol and
does not interact with any WASP-related proteins (4, 16, 25).

transfected with FBP17 siRNA (p < 0.02; Fig. 2D). Phagocytosis
of IgG-opsonized latex beads was also reduced (Fig. 2E). These
results suggest that FBP17 is essential for chemotaxis and phag-
ocytosis because of its role in forming podosomes and phago-
cytic cups, respectively.
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We confirmed the expression of FBP17 and its mutants in cells
by immunoblotting (supplemental Fig. 2) and immunoprecipi-
tated FLAG-tagged proteins from lysates of the transfected
cells with anti-FLAG antibody (Fig. 34, lanes 1-5). WASP and
WIP were detected in the immunoprecipitates from cells
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FIGURE 3. FBP17 recruits WASP, WIP, and dynamin-2 to the plasma mem-
brane. A, HEK293 cells were co-transfected with cDNAs of the indicated
FLAG-tagged proteins, Myc-tagged WASP, and HA-tagged WIP. The FLAG-
tagged proteins were immunoprecipitated (IP)fromlysatesofthetransfected
cells with an anti-FLAG antibody followed by immunoblotting (WB) using
antibodies to FLAG {[anes 1-5), WASP {lanes 610}, and WIP. (lanes 11-15).
B-F, transfected HEK293 cells expressing FLAG-tagged proteins, Myc-WASP,
and HA-WIP were double-stained with an anti-FLAG antibody and anti-WASP
antibody. B-F, cells expressing FLAG-PDZ-GEF (B}, FLAG-FBP17 (), the FLAG-
tagged FBP17 mutant with the K33E missense mutation (D), K166A (E), and
the SH3-deleted FBP17. mutant dSH3 (F). The bar is 10 um.

expressing the FLAG-tagged FBP17, K33E, and K166A: con-
structs (Fig. 34, lanes 7-9 and 12-14) but not the FLAG-tagged
PDZ-GEF and dSH3 constructs (Fig. 34, lanes 6, 10, 11, and 15},
indicating that FBP17 and its mutants K33E and K166A form a
complex with WASP and WIP but that dSH3 not.

Next, cells expressing the FLAG-tagged proteins, WASP, and
WIP were examined under the immunofluorescence micro-
scope for the localization of the FLAG-tagged proteins and
WASP. WASP and WIP were localized in the cytosol in cells
transfected with only the WASP ¢DNA and only the WIP
¢DNA, respectively, as well as in cells expressing both WASP
and WIP (supplemental Fig. 3). In cells co-expressing FLAG-
PDZ-GEE (control) with WASP and WIP, both FLAG-PDZ-
GEF and WASP were cytosolic (Fig. 3B). In cells co-expressing
FLAG-FBP17 with WASP and WIP, FLAG-FBP17 localized at
the plasma membrane because its EFC domain binds to the
plasma membrane (Fig. 3C, left panel). In those cells, WASP
also localized at the plasma membrane (Fig. 3C, right panel),
indicating that FBP17 shifted the localization of WASP from
the eytosol to the plasma membrane (Fig. 3, B and C). To con-
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firm that the WASP-WIP complex was recruited to the plasma
membrane, cells co-expressing FLAG-FBP17 with WASP and
HA-tagged WIP were stained with an anti-FLAG monoclonal
antibody and an anti-WASP polyclonal antibody or an anti-HA
rat monoclonal antibody. Double staining revealed that both
WASP and WIP co-localized with FLAG-FBP17 at the plasma
membrane (supplemental Fig. 4, A and B). To further confirm
the localization of the FBP17 mutants, cells.co-expressing the
FLAG-tagged FBP mutants, WASP, and WIP were stained with
anti-FLAG 'monoclonal antibody. The K33E and KI166A
mutants-were- cytosolic and the SH3-deleted FBP17 mutant
localized at the plasma membrane (supplemental Fig, 4C).

To determine the roles of the EFC and SH3 domains of
FBP17 in this recruitment, we examined the localization of the
FBP17 mutants and WASP in"cells co-expressing the FBP
mutants with WASP and WIP. Membrane tubulation’in cells
transfected with an FBP17 cDNA is anindicator of the mem-
brane binding and deformation activities of FBP17 (18, 22).
We detected in vivo membrane tubulation in cells expressing
FBP17 and dSH3 but not in cells expressing K33E and K166A
(supplemental Fig. 5). In ‘cells co-expressing either FBP17
mutant (K33E or K166A) with WASP and. WIP, both K33E and
K166A were cytosolic (Fig. 3, D and E, left panels), and WASP
was also cytosolic (Fig. 3, D and E, right panels). These results
indicate that K33E and K166A are unable to recruit WASP to
the plasma membrane, consistent with the inability of K33E
and K166A to bind and deform the plasma membrane (supple-
mental Fig. 5).

The SH3-deleted FBP17 mutant, dSH3, localized at: the
plasma membrane (Fig. 3F, left panel) because its EFC domain
is intact. However, WASP was cytosolic in cells co-expressing
dSH3 with WASP and WIP (Fig: 3F, right panely, consistent
with the inability of the dSH3 mutant to bind to WASP and
WIP (Fig. 34, lanes 5, 10, and 15).

To quantify the recruitment, we scored the percentage of
cells in which WASP and WIP were localized at the plasma
membrane.. Cells: expressing the FBP17 mutants (K33E,

K166A; or dSH3) exhibited significantly lower plasma mem-

brane localization of WASP and WIP than cells expressing
FBP17 (p < 0.05; supplemental Fig: 6, A and B): FBP17 also
recraited dynamin-2 to the plasma menibrane, and both EFC
and SH3 domains are necessary for this recruitment (supple-
mental Fig. 6C), as reported previously (18, 21). To confirm the
localization of FBP17 and its mutants in cells co-expressing
EBP17 with WASP, WIP, and dynamin-2, the transfected cells
were stained with anti-FLAG monoclonal antibody. The wild-
type FBP17 and dSH3 localized at the plasma membrane and
the FLAG-PDZ-GEEF (control) and the EBP mutants (K33E and
K166A) were cytosolic (supplemental Fig. 6D).

Subcellular Localization of FBP17, WASP, WIP, and Dy-
namin-2 - in Macrophages—To determine whether WASP,
WIP, and dynamin-2 are recruited to the plasma membrane in
macrophages when podosomes and phagocytic cups are
formed, we examined the subcellular localization of FBP17,
WASP, WIP, and dynamin-2 in macrophages forming podo-
somes or phagocytic cups. The cytosolic and membrane frac-
tions were prepared from macrophages and analyzed by immu-
noblotting.. Caspase-3 'is -a cytosolic marker, and sodium
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potassium ATPase is a plasma membrane marker (26). FBP17
was detected in the membrane fraction from macrophages
forming podosomes (Fig. 44, lane 9). WASP, WIP, and

A B

TCM TCM
Caspase-3—P| mmem il b

1+ 23 12003

Na-K Aase—p

16 17 18 16 17 18

FIGURE 4. Subcellular localization of FBP17, WASP, WIP, and dynamin-2
in macrophages. A, macrophages forming podosomes. B, macrophages
forming phagocytic cups. Total lysates (7), the cytosolic fraction (C}, and the
membrane fraction (M) prepared from macrophages forming podosomes (A)
or phagocytic cups (B) were analyzed by immunoblotting for caspase-3 (lanes
1-3); sodium:potassium ATPase (Na-K Aase; lanes 4-6), EBP17 (lanes 7-9),
WASP. (lanes. 10-12), WIP. (lanes. 13=15),  and: dynamin-2 (lanes 16-18).
Caspase-3 and sodium potassium ATPase (Na-K ATPase) are markers for. the
cytosol and plasma membrane, respectively.

A
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dynamin-2. were .also. detected in the membrane fraction,
although they are cytosolic proteins (Fig. 4A, lanes 12, 15, and
18). FBP17 was detected in the membrane fraction from mac-
rophages forming phagocytic cups (Fig. 4B, lane 9). WASP,
WIP, and dynamin-2 were also detected in the membrane frac-
tions from macrophages forming phagocytic cups. (Fig. 4B,
lanes 12, 15, and 18). These results, taken together with Fig. 3,
suggest that FBP17 recruits the WASP-WIP complex and
dynamin-2 to the plasma membrane in macrophages and that
both the EFC and the SH3 domains are necessary for this
recruitment.
The Role of Eacli Domain of FBP17 in the Formation of Podo-
somes and Phagocytic Cups—7To determine the roles of the EFC
and SH3 domains in the formation of podosomes and phago-
cytic cups, we examined whether overexpression of the EBP17
mutants affects the formation of these structures. We trans-
fected THP-1 cells with the FBP17 constructs and confirmed
the expression of FBP17 or the FBP17 mutants in transfected
THP-1 cells by immunoblotting (Fig. 54). When THP-1 cells
were differentiated to obtain macrophage phenotypes with
PMA, podosome formation was significantly reduced in cells
overexpressing the K33E, K166A, and dSH3 EBP17 mutants
when compared with the FBP17 wild type (p < 0.01; Fig. 5B).
Phagocytic cup formation was also reduced in cells overex-
pressing the FBP17 mutants (Fig. 5C). These results indicate
that the EFC domain and SH3 domain are essential for the
formation of podosomes and phagocytic cups in macrophages.
Defects in Macrophages from WAS. Patients—Our results
suggest that the complex formation of FBP17 with. WASP, WIP,
and dynamin-2 at the plasma membrane is a critical step in the
formation of podosomes and phagocytic cups (Figs. 1G, 3, and
4). In macrophages from WASP-deficient WAS patients, the
complex ‘does not form properly due to a lack of WASP
expression. We examined macrophages from WASDP-defi-
cient WAS patients for the formation of podosomes and
phagocytic cups. Two genetically independent WAS patients
(WASL,  211delT;  and WAS2,
41=45delG) (27, 28) were assayed
for the formation of those struc-
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control FBPRIY KIIE - K186A dSHI
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tures. Podosomes were completely
absent (Fig. 6, A-C), and phagocytic
cup formation was Sseverely im-
paired (Fig. 6, D-F) in macrophages
from both WAS patients, although
FBP17, WIP, and dynamin-2 were
expressed at the same level in
patients as in normal individuals
(Fig. 6G). In fact; the formation of
podosomes and phagocytic cups
was impaired in macrophages when
the expression of WASP was re-
duced by siRNA transfection (4, 16).

control FBPI7. - K3JE  KI66A  dSHx

FLAG-protein

FIGURE 5. The role of the EFC and SH3 domains of FBP17 in the formation of podosomes and phagocytic

cups. A, expressionof F

LAG-tagged proteinsin transfected THP-1 cells. Total lysates prepared from transfected

THP-1 celis were analyzed by immunoblotting (WB) using an anti-FLAG antibody. All of the FLAG-tagged
proteins, FLAG-PDZ-GEF (control, lane 1), FLAG-FBP17 (lane 2), and the FBP17 mutants, K33E, K166A, and dSH3
(lanes 3-5) were expressed in THP-1 cells at similar levels. Band C, THP-1 cells co-transfected with cDNAs for the

FLAG-tagged proteins

and pmaxGFP were differentiated with PMA and then assayed for the formation of

podosomes(B)and phagocytic cups (C). The percentage of cells with podosomes or phagocytic cups among all
GFP-positive cells was scored. Data represent the mean £ S.D. of triplicate experiments.
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This is the first result showing that
both podosome and phagocytic cup
formations are defective in macro-
phages from WASP-deficient pa-
tients. These results are consistent
with the previous observations (3, 12).
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A Norimal C was2

B was1

D Normal G

1314 15

FIGURE 6. Defective formation of podosomes and phagocytic cups in
macrophages from WAS patients. A-F, macrophages from a normal con-
trol and two genetically independent WAS patients (WAS1 and WAS2)
were: examined for the formation: of podosomes (A-C) and phagocytic
cups (D-F). The patients, WAS1 and WAS2; have the deletion mutations
211delTand 41=-45delG, respectively, in their genomic DNAs. The bars are 10
um: G, expression levels of WASP, WIP, FBP17, dynamin-2, and B-actin in WAS
patients, Lysates prepared from macrophages from a normal control and two
WAS patients (WAS1 and WAS2) were subjected to immunoblotting. WASP
was not detected in the lysates from these WAS patients (lanes 2 and 3). Podo-
somes were completely absent (A-C} and phagocytic cup formation was
severely impaired (D=F) in. macrophages from both WAS patients, although
FBP17, WIP, and dynamin-2 were expressed at the same levelin patients asin
normal individuals (G) (lanes 4-12).

These results give us a natural example that supports the impor-
tance of the complex formation of FBP17 with WASP, WIP, and
dynamin-2 for the formation of podosomes and phagocytic cups:

DISCUSSION

Cell biological and structural analyses of the EFC domain of
EBP17 have shown that the EFC domain binds to and deforms
the plasma membrane (18, 22). It has previously been shown
that the SH3 domain of FBP17 binds to N-WASP and dynamin
in transfected cells (18, 21). However, physiologically impor-
tant processes to which those activities of FBP17 contribute
were unknown. Here, we have demonstrated that FBP17
recruits the WASP-WIP complex from the cytosol to the
plasima membrane and that this recruitment s necessary for the
formation of podosomes and phagocytic cups in macrophages.
Our results suggest that FBP17 facilitates membrane deforma-
tion and actin polymerization induced by the WASP-WIP com-
plex to occur simultaneously at the same membrane sites and
that both are required for:the formation of podosomes and
phagocytic cups. This is supported by the observations that

MARCH 27, 2009-VOLUME 284:NUMBER 13

regulated actin polymerization is an essential process for the
formation of podosomes (3) and phagocytic cups (29). Thus,
FBP17 mediates a common molecular step in the formation of
podosomes and phagocytic cups.

Macrophages have the ability to form both podosomes and
phagocytic cups. (Fig. 1, A-D). When macrophages having
podosomes are stimulated with IgG-opsonized latex beads, the
podosomes immediately disappear, and the phagocytic cups are
formed at the site that the IgG beads attach. This observation
indicates that the transition of the membrane structures occurs
from podosomes to phagocytic cups. Macrophages migrate to
sites: of . inflammation where: they . phagocytose. pathogenic
microbes: and damaged tissue: compounds and mediate.local
effector functions. Once macrophages encounter those materi-
als at the site of inflammation; they stop migrating and phago-
cytose those materials. The transition of the macrophage func-
tions occur from migration to phagocytosis: Podosomes and
phagocytic cups are the essential membrane structures for
migration and phagocytosis; respectively: Thus; the transi-
tion of the membrane structures from podosomes to phago-
cytic cupsisessential and significant for the transition of the
macrophage functions. Recently, two reports suggest that
macrophage migration and phagocytosis include a common
molecular mechanism toregulate actin cytoskeleton (40, 41).
In this study, we identified a critical common molecular step
mediated by FBP17 for the formation of podosomes and
phagocytic cups, which are essential for migration and phag-
ocytosis, respectively. In the future; elucidation of the
molecular mechanisms underlying the transition would be
intriguing.

It has been reported that dynamin-2 is also required for the
formation of podosomes in' transformed cells and osteoclasts
(30=32) and phagocytic cups in a mouse macrophage cell line
(33, 34) and that the FBP17-dynamin complex regulates the
plasma membrane invagination (35). Our results suggest that
FBP17 recruits dynamin-2 to the same site as membrane defor-
mation and that this recruitment is also necessary for the for-
mation of these structures (Figs. 3—5 and supplemental Fig. 6C).
The formation of podosomes and phagocytic cups involves the
process of the membrane protrusion (Fig. 1, A-D). The mem-
brane protrusion requires the delivery of new membrane mate-
rial (2). Our results, taken together with the above observations,
suggest that dynamin-2 recruited by FBP17 to the plasma mem-
brane probably plays an essential role in the formation of podo-
somes and phagocytic cups by regulating the recruitment of
vesicles to the plasma membrane as new membrane material in
macrophages.

Recently, the EEC domain of FBP17 was shown to bind
strongly to the PI(4,5)P, (18, 22). On the other hand, it has been
shown that PI(4,5)P, localizes at the podosomes in osteoclasts
{36) and phagocytic cups (37, 38). These observations suggest
that PI(4,5)P, is synthesized upon stimulation at the plasma
membrane and plays an important role in the recruitment of
EBP17 to the plasma membrane. Presumably, the PI(4,5)P,
binding activity of the EFC domain is necessary for the localiza-
tion of FBP17, and therefore, of the WASP-WIP complex and
dynamin-2, at the sites where podosomes and phagocytic cups
will form.
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Role of FBP17 in the Podosome and Phagocytic Cup Formation

We suggest that the complex formation of FBP17 with
WASP, WIP, and dynamin-2 at the plasma membrane is crit-
ical for the formation of podosomes-and phagocytic: cups
(Figs. 1G and 3-5). In macrophages from WASP-deficient
WAS patients, defects in the complex formation of FBP17 with
WASP, WIP, and dynamin-2 impair the formation of podo-
somes and’ phagocytic cups: (WASL: 211delT (27); WAS2:
4]-45delG(28).in: Fig. 6), thereby reducing chemotaxis and
phagoeytosis by ‘macrophages, which:in’ turn would decrease
the ability: of host defénse. The severity of WAS-associated
symptoms was estimated and expressed as a score of 1-5:'A
score of 1'was assigned to patients with only thrombocytopenia
and small platelets, and ‘& score of 2 was assigned to patients
withadditional findings of mild, transient eczema or minor
infections; Those with treatment-resistant eczema and recur-
rent infections despite optimal treatment received a score of 3
(mild WAS) or 4 (severe WAS). Regardless of the original score,
if any patients then had autoimmune disease or malignancy, the
score was changed to 5. The patients, WAS1 and WAS2, receive
scores of 5 and 4; respectively. Both patients have the recurrent
infections. We suggest that defective formation of podosomes
and phagocytic cups in their macrophages (Fig. 6, A-F) reduces
chemotaxis and phagocytosis, which are the critical processes
to protect the body against infection, resulting in the recurrent
infections. In addition; defective phagocytosis- rediices the
clearance of self-antigens such as apoptotic cells. This may
cause the autoimmune diseases seent in WAS patients. In fact,
Cohen et al. (39) recently reported that reduced clearance of
apoptotic cells resulted in development of autoimmunity. Our
findings therefore provide a potential mechanism for the recur:
rentinfectionsand autoimmune diseases seen in WAS patients.
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More than: 50 years:after Ogdeon Bruten’s discovery of
congenital agammaglobulinemia; human primary
immunodeficiencies. (PIDs) continue to unravel novel molecular
and cellular mechanisms that govern development and function
of the human immune system. This report provides the updated
classification of PIDs that has been compiled by the
International Union of Immunolegical Societies Expert
Committee on Primary Immunodeficiencies after its biannual
meeting in Dublin; Ireland, in June 2009. Since the appearance
of the last classification in 2007, novel forms of PID have been
discovered, and additional pathophysiology mechanisms that
account for PID in human beings have been unraveled. Careful
analysis and prompt recognition of these disorders is essential to
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prompt effective forms of treatment and thus to improve
survival and quality of life in patients affected with PIDs.
(J Allergy Clin Immunol 2009;124:1161-78.)

Key words: Primary immunodeficiencies; T ‘cells, B cells, severe
combined immunodeficiency; predominantly antibody deficiencies,
DNA repair defects, phagocytes; complement, immune dysregulation
syndromes; innate immunity, autoinflammatory disorders

Since 1970, a committee of experts.in the field of primary
immunodeficiencies (PIDs) has met every 2 years with the goal of
classifying and defining these disorders. The most recent meeting,
organized by the Experts Committee on Primary Immunodefi-
ciencies of the International Union of Immunological Societies,
with support from the Jeffrey Modell Foundation and the National
Institute of ‘Allergy and Infectious:Diseases of the: National
Institutes of Health, took place in Dublin, Ireland, in June 2009. In
addition to members of the expert commiftee, the meeting
gathered more than 30 speakers and more than 200 participants
from 6 continents. Recent discoveries on the molecular and
cellular bases of PID and advances in the diagnosis and treatment
of these disorders were discussed. At the end of the meeting, the
International Union of Immunological Societies Expert Commit-
tee on Primary Immunodeficiencies met to update the classifica-
tion of PIDs, presented in Tables I to VHI.

The general outline of the classification has remained substan-
tially unchanged. Novel PIDs, whose molecular basis has been
identified and reported in the last 2 years, have been added to the
list. In Table I (Combined T and B-—cell immunodeficiencies); co-
ronin-1A deficiency (resulting in impaired thymic egress) has
been added to the genetic defects causing T B severe combined
immunodeficiency (SCID). The first case of DNA-activated Pro-
tein Kinase catalytic subunit (DNA-PKcs): deficiency has also
been reported and adds to the list of defects of nonhomologous
end-joining resulting in T B SCID. Among calcium flux defects,
defects of Stromal Interaction Molecule 1 (STIM-1), a Cat sen-
sor, have been reported in children with immunodeficiency, my-
opathy; and autoimmunity. Mutations of the gene encoding the
dedicator of cytokinesis 8 protein have been shown to cause an au-
tosomal-recessive combined immunodeficiency with hyper-IgE,
also characterized by extensive cutaneous viral infections, severe
atopy; and increased risk of cancer. Also in Table I, mutations of
the adenylate kinase 2 gerie have been shown to cause reticular
dysgenesis, and mutations in DNA ligase IV (LIG4), adenosine
deaminase (ADA), and yc have been added to the list of genetic
defects that may cause Omenn syndrome.

In Table II (Predominantly antibody deficiencies), mutations in
Transmembrane Activator and CAML Interactor (TACI) and in B
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Abbreviations used
ADA: Adenosine deaminase
PID: Primary immunodeficiency
SCID: Severe combined immunodeficiency

cell activating factor (BAFF)-receptor have been added to the list
of gene defects that may cause hypogammaglobulinemia. How-
ever, it should be noted that only few TACI mutations appear to be
disease-causing. Furthermore, variability of clinical expression
has been associated with the rare BAFF-receptor deficiency. Table
111 lists other well defined immunodeficiency syndromes. Post-
Meiotic Segregation 2 (PMS2) deficiency and immunodeficiency
with centromeric instability and facial anomalies syndrome have
been: added to the list-of DNA: repair defects, whereas: Comel-
Netherton syndrome is'now included among the immune-osseous
dysplasias; and hyper-IgE syndrome caused by dedicator of cyto-
kinesis 8 (DOCKS) mutation has also been added. Interleukin:-2
Inducible T cell Kinase (ITK) deficiency has been included
among the molecular causes of lymphoproliferative syndrome
in Table IV (Diseases of immune dysregulation). Also in Table
IV, €D25 deficiency has been listed to reflect the occurrence of
autoimmunity. 'in this rare disorder. Progress in the molecular
characterization of congenital neutropenia and other innate im-
munity defects has resulted in the inclusion of Glucose-6-phos-
phate Transporter 1 (G6PT1) and Glucose-6-phosphate catalytic
subunit 3 (G6PC3) defects in Table V (Congenital defects of
phagocyte number, function, or both) and of MyD88 deficiency
(causing recurrent pyogenic bacterial infections) and of CARD9
deficiency (causing chronic mucocutaneous candidiasis) in Table
VI (Defects in innate immunity). Tables V and VI also include 2
novel genetic defects that result in clinical phenotypes distinct
from the classical definition of PIDs. In particular, mutations of
the Colony Stimulating Factor 2 Receptor Alpha (CSF2RA)
gene, encoding for GM-CSF receptor o, have been shown to cause
primary alveolar proteinosis as a result of defective surfactant ca-
tabolism by alveolar macrophages (Table V). Mutations in Apo-
liprotein L 1 (APOLI) are associated with trypanosomiasis, as
reported in‘Table VI It can be anticipated that a growing number
of defects in immune-related genes will be shown to be responsi-
ble for nonclassic forms of PIDs in the future. Along the same
line, the spectrum of genetically defined autoinflammatory
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disorders (Table VII) has expanded to include NLR family pyrin
domain-containing 12 (NLRP12) mutations (responsible for fa-
milial cold autoinflammatory syndrome) and Interleukin-1 re-
ceptor. antagonist. ([LIRN). defects (causing. deficiency. of .the
IL-1.receptor antagonist).- Again; it is expected. that a: growing
number of genetic defects will be identified in other inflamma-
tory conditions. Finally, defects of ficolin 3 (which plays an im-
portant role in' complement activation) have been shown to
cause recurrent pyogenic infections in'the lung (Table VIII).

Although: the revised classification of PIDs.is meant to assist
with the identification, diagnosis, and treatment of patients with
these conditions, it should not be used dogmatically. In particular,
although the typical clinical and immunologic phenotype is
reported for each PID, it has been increasingly recognized: that
the phenotypic spectrum of these disorders is wider than origi-
nally thought. This variability reflects both the effect of different
mutations within PID-causing genes and the role of other genetic,
epigenetic, and environmental factors in modifying the pheno-
type. For example, germline hypomorphic mutations or somatic
mutations: in SCID-related genes ‘may result in atypical/leaky
SCID or Omenn syndrome, with the latter ‘associated with
significant immunopathology. Furthermore, infections may also
significantly modify the clinical and immunologic phenotype;
evenin patients who initially present with typical SCID. Thus; the
phenotype associated with single-gene  defects listed in the
revised classification should by no means be considered absolute;

Finally, a new column has been added to the revised classifi-
cation: to illustrate the relative frequency of the various PID
disorders. It should be noted that these frequency estimates are
based on what has been reported in the literature because with few
exceptions, no solid epidemiologic data exist that can be reliably
used to define the incidence of PID disorders. Furthermore,; the
frequency of PIDs may vary in different: countries. Certain
populations (and especially, some restricted ethnic: groups of
geographical isolates) have a higher frequency of specific PID
mutations because of a founder effect and genetic drift. For
example, DNA cross-link repair protein 1C. (DCLREIC)
(Artemis) and Z-associated protein of 70 kD (ZAP70) defects
are significantly more common: in Athabascan-speaking Native
Americans and in members of the Mennonite Church, respec-
tively, than in other populations. Similarly, MHC class II
deficienicy is more frequent in Northern Africa. The frequency
of autosomal-recessive immunodeficiencies is higher among
populations with a high consanguinity rate.
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TABLE 1. Combined T and B—cell immunodeficiencies
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Relative
Associated Molecular frequency
Circulating Circulating Serum features/atypical defect/presumed among
Disease Treells B cells globulin p tation Inheritance pathogenesis PIDst
L. T B sCID*
(a) yc Deficiency Markedly Normal or Decreased  Markedly decreased XL Defect in -y chain of Rare
decreased increased NK cells receptors for IL-2, IL-4,
Leaky cases may present IL-7, IL-9, IL-15, IL-21
with low to normal T and/
or NK ceils
(b) JAK3 Markedly Normal or Decreased  Markedly decreased AR Defect in Janus activating - -Very rare
deficiency decreased increased NK cells kinase 3
Leaky cases may: present
with variable
Tand/or NK cells
(c) IL-7R« Markedly Normal or Decreased 'Normal NK cells AR Defect in IL-7 receptor Very rare
deficiency decreased increased o chain
(d) CD45 Markedly Normal Decreased . Normal v/5 T cells AR Defect'in CD4S Extremely
deficiency decreased . rare
(ey CD38/CD3e Markedly Normal Decreased ' Normal NK cells AR = Defect in CD35.CD3e Very rare
/CD3¢ decreased No /8 T'cells or CD3{ chains of
deficiency T-cell antigen
receptor complex
(f) Coronin-1A Markedly Normal Decreased . Detectable thymus AR Defective thymic egress of  Extremely
deficiency decreased T cells and Tcell rare
locomotion
2. T B .SCID*
(a) RAG 1/2 Markedly Markedly Decreased  Defective VDI AR Defect of recombinase Rare
deficiency decreased decreased recombination activating gene (RAG)
May present with Omenn for2
~ syndrome k
(b) DCLREIC Markedly Markedly Decreased - Defective VDJ AR . Defect in Artemis DNA Very rare
(Artemis) decreased decreased recombination, radiation recombinase-repair
deficiency sensitivity protein
May present with Omenn
: syndrome
(c) DNA PKcs Markedly Markedly Decreased | [widely studied scid motise AR . Defect in DNAPKcs Extremely
deficiency . decreased decreased k defect] Recombinase repair Tare
- ‘ ‘ protein :
(d) ADA Absent from birth Absent from ' Progressive - Costochondral junction AR "Absent ADA, elevated Rare
deficiency (null mutations) birth or, decrease flaring; neurologic lymphotoxic metabolites
Or progressive progressive features, hearing (dATP,
decrease decrease impairment, lung and S-adenosyl
liver manifestations homocysteine)
Cases with partial ADA
activity may have a
delayed or milder
, L presentation , ;
(e) Reticular Markedly D'e‘cry‘ek'asédo: : :,Decreased _ Granulocytopenia, deafness AR Defective ‘maturation Extremely
dysgenesis decreased normal . - ‘ of T, B, and myeloid cells rare
. - (stem cell defect)
Defect in mitochondrial
, o V - : adenylate kinase 2
3. Omenn syndrome] Present; restricted - Normal or  Decreased, Erythroderma; eosinophilia; - AR (in . Hypomorphic mutations in Rare
heterogeneity decreased except adenopathy, most- - RAG1/2, Artemis, IL-
increased IgE. hepatosplenomegaly cases) ' 7Ra; RMRP, ADA, DNA
: : ligase 1V, v¢
4. DNA ligase IV. Decreased Decreased DécxéaSéd _Microcephaly, facial AR DNA ligase IV defect, Very rare
deficiency ‘ ‘ ‘ . _ dysmorphisms, radiation impaired nonhomologous
_ sensitivity end joining (NHED

‘May present with Omenn
syndrome or with a
delayed clinical onset

{Continued)
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TABLE I. (Continued)
Relative
Associated Molecular frequency
Circulating Circulating Serum features/atypical defect/presumed among
Disease T cells B cells  immunoglobulin presentation Inheritance pathogenesis PIDst
5. Cernunnos Decreased Decreased Decreased  Microcephaly, in utero AR Cernunnos defect, impaired Very rare
deficiency growth retardation, NHEJ
radiation sensitivity
6.:CDA40 ligand Normal IgM* and IgM increased Neutropenia, XL: .- Defects in CD40 ligand Rare
deficiency IeD* B or norinal, other .. thrombocytopenia; (CD40L) cause defective
cells present, sotypes hemiolytic anemia; biliary isotype switching and
other decreased tract and liver disease, impaired dendritic cell
isotypes - opportunistic infections signaling
absent
7. CD40 deficiency Normal IgM™ and IgM increased. Neutropenia, AR Defects in CD40 cause Extremely
igD* B or normal, other:. gastrointestinal and liver/ defective isotype rare
cells present, isotypes biliary tract disease, switching and impaired
other decreased opportunistic infections dendritic cell signaling
isotypes
absent :
8. Purine nucleoside: Progressive Normal Normal or . Autoimmune hemolytic AR - -Absent purine nucleoside - Very rare
‘phosphorylase decrease decreased anemia, neurological phosphorylase deficiency,
deficiency : impairment T-cell and neurologic
defects from elevated
toxic metabolites (eg;
. ; dGTP)
9. CD3v deficiency -Normal, but reduced Normal Normal AR Defectin €D3 y Extremely
TCR expression rare
10. €D8 deficiency Absent CD8, normal Normal Normal AR Defects of CD8 « chain. . Extremely
- CD4 cells - rare
11..ZAP-70 Decreased CDS; Normal Normal AR’ Defects in ZAP-70 signaling Very rare
deficiency normal CD4 cells kinase
12. Ca' ! channel  Normal counts, Normal counts Normal Autoimmunity, anhydrotic AR Defect in Orai-1; 2 Ca'!  Extremely
deficiency defective TCR- _ectodermic dysplasia, AR channel component rare
mediated activation nonprogressive myopathy Defect in Stim-I, a Ca*?
sensor
13. MHC class I Decreased CDS, Normal Normal Vasculitis AR Mutations in TAPI; TAP2, " Very rare
deficiency normal. CD4 or - TAPBP: (tapasin) genes
giving MHC class [
deficiency
14. MHC class 11 Normal number, Normal Normalor AR Mutation in transcription Rare
deficiency decreased CD4 cells decreased factors for MHC class IT
‘ ‘ . proteins (C2TA, RFXS,
; ; - REXAP, RFXANK genes)
15, Winged helix - Markedly Normal Decreased . Alopecia, abnormal thymic AR Defects in forkhead box NI Extremely
deficiency (Nude): . decreased epithelium; impaired. T- transcription factor rare
cell maturation [widely encoded by FOXNI, the
studied nude mouse gene mufated in nude
. defect] mice
16. CD25 deficiency Normal to modestly  Normal Normal Lymphoproliferaﬁon ‘ AR Defects in [L-2Ra Extremely
- decreased ‘ ~ (lymphadenopathy, ‘ chain rare
hepatosplenomegaly), ‘
_autoimmunity (may
resemble IPEX
syndrome), impaired T-
; , cell proliferation ; ; ;
17.: STAT5b Modestly Normal Normal Growth-hormone insensitive AR Defects of STATSb, Extremely
deficiency decreased dwarfismi, dysmorphic impaired development rare
features, eczema; and function of y8T cells;
lymphocytic interstitial regulatory T and NK
pneumonitis, cells, impaired
- autoimmunity T-cell proliferation
18. Itk deficiency  Modestly Normal Normalor ' = AR EBVaassociated Extremely
decreased decreased lymphoproliferation rare

(Continued])
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TABLE 1. (Continued)

Relative
Associated Molecular frequency

Circulating Circulating Serum features/atypical defect/presumed among

Disease T cells B cells ~ immunogiobulin presentation Inhieritance pathogenesis PiDst
19. DOCKS8 Decreased Decreased Low IgM, Recurrent respiratory AR Defect in DOCKS Very rare

deficiency increased IgE infections. Extensive
cutaneous viral and
bacterial (staphylococcal)
infections, susceptibility
to. cancer,
hypereosinophilia, severe
atopy, low NK cells

ADA, Adenosine deaminase; AR, autosomal-recessive inheritance; ATP, adenosine triphosphate; C2TA, class I transactivator; EBV, Epstein-Barr virus; FOXNI, forkhead box N1;
GTP; guanosine triphosphate; /L (interleukin); JAK3; Janus associated kinase 3; NHEJ, non homologous end joininig;’ RFX, regulatory factor X; RMRP, RNA componeént of
mitochondrial RNA processing endonuclease; NK, natural killer; RAG, Recombinase Activating Gene; SCID, severe combined immune deficiency; STAT, signal transducer and
activator of transcription;: TAP, tranisporter associated with antigen: processing; TCR, T cell receptor; XL, X-linked inheritance;

*Atypical cases of SCID may present with T cells because of hypomorphic: mutations’ or somatic mutations in T-cell precursors.

tFrequency may: vary from region’ to region or:eveén: among communities, ie, Mennonite, Innuit, and so forth:

{Some cases of Omenn syndrome remain. genetically undefined.

**+%+Sonie metabolic disorders such methylmalonic aciduria may present with profound lymphopenia in addition to their typical presenting features.

TABLE H. Predominantly antibody deficiencies

Relative
Serum Associated Genetic defects/presumed frequency
Disease immunoglobulin features Inheritance pathogenesis among PiDs
1. Severe
reduction in all serum
immunoglobulin isotypes
with
profoundly decreased or
absent B ¢cells : ,
(a) Btk deficiency All'isotypes decreased Severe bacterial XL Mutations in BTK Rare
infections;
normal numbers
of pro-B cells
(b) 1 heavy All isotypes decreased Severe bacterial . AR Mutations in p heavy chain Very rare
chain deficiency infections;
niormal numbers
of pro-B cells ‘ : o
(c) A5 deficiency All isotypes decreased Severe bacterial AR Mutations in IGLLI: (X5) Extremely rare
infections;
normal numbers
of pro-B cells
(d) Iso deficiency _ All isotypes decreased  Severe bacterial s AR - Mutations in Iga Extremely rare
k infections; '
. normal numbers
: ; ofproBeells - .
(e) IgB deficiency All isotypes decreased Severe bacterial L AR Mutations in' Igf Extremely rare
infections
normal numbers
of pro-B cells
() BLNK deficiency All isotypes decreased  Severe bacfeﬁal - AR Mutations in BLINK . Extremely rare
- ‘infec,ﬁonsf - -
normal numbers
of pra-B cells -
(g) Thymoma All'isotypes decreased Bacterial and opportunistic None Unknown Rare

with immunodeficiency infections; autoimmunity
2. Severe ‘ - -
reduction in at least 2 serum
immunoglobulin isotypes
with
normal or low numbers
of B cells

{Continued)
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Relative
Serum Associated Genetic defects/presumed frequency
Disease immunoglobulin features Inheritance pathogenesis among PiDs
(a) Common Low.-IgG and IgA-and/or Clinical phenotypes Variable Unknown Relatively
variable gM vary: most common
immunodeficiency have recurrent bacterial
disorders {(CVIDs)* infections, some
have autoimmiine,
lymphoproliferative
and/or granulomatous
disease
(b). ICOS: deficiency Low IgG and IgA and/or w AR Mutations in ICOS Extremely rare
IeM :
(c) CD19 deficiency Low IgG; and IgA and/or - AR Mutations in CDI19 Extremely. rare
M
(d) TACI deficiency™* Low IgG and IgA and/or == “AD or AR or  Mutations in INFRSFI3B Very common
IgM complex (TACD
(e) BAFF receptor Low IgG and IgM Variable clinical expression AR Mutations in TNFRSFI3C Extremely rare
deficiency™* (BAFF-R)
3. Severe ‘
reduction in seram
IgG and IgA with
normal/elevated IgM
and normal
numbers of B cells ; o ; L ,
(a) CD40L ‘deficiency®** IgG and TgA decreased; " Opportunistic' infections, XE Mutations in' CD40L (also Rare
IgM may be normal neutropenia; autoimmune called TNFSFS or CD154)
or increased: B:cell disedse
numbers may be normal
or increased
(b) €D40 deficiency®™ * = Low IgG and IgA; normal Opportunistic infections, AR Mutations in CD40 (also Extremely rare
or raised IgM neutropenia, autoimmune called TNFRSFES)
: disease -
(c) AID deficiency**** . [gG and [gA decreased; ~ Enlarged lymph AR Mutations in' AICDA gene Very rare
IgM increased nodes and' germinal centers
(d) UNG deficiency**** IoG and IgA decreased; ' Enlarged lymph AR Mutation in. UNG Extremely rare
IgM increased _ nodes and germinal centers ‘
4. Isotype
or: light chain
deficiencies with normal
numbers of B cells
(a) Ig heavy One or more IgG andfor  May be asymptomatic AR Mutation or chromosomal Relatively
chain mutations and IgA subclasses as well . - _ deletion at 14932 common
deletions as IgE may be absent - -
(b) k chain deficiency All immunoglobulins Asymptomatic AR Mutation in k constant gene’ Extremely rare
have lambda light chain :
() Isolated Reduction in one or more Usually asymptomatic; _ Variable  Unknown Relatively
IgG subclass deficiency IgG subclass may have recurrent - - o comnion
_ - ‘ viral/ bacterial infections - - ~
(d) IgA with Reduced IgA with Recurrent bacterial Variable Unknown Relatively
IgG subclass deficiency decrease in one or more ' - infections in majority common
IgG subclass;
(e) Selective IgA IgA decreased/absent Usually asymptomatic; ~ Unknown Most common

deficiency

may have recurrent
infections with poor
antibody responses fo
carbohydrate. ~
antigens; may have
allergies or autoimmune
disease ‘

A few cases -
progress to CVID, others
coexist with CVID in the
same family.

 Variable

(Continued)




