Molecular mechanisms of functional natural killer
deficiency in patients with partial DiGeorge syndrome
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Background: DiGeorge syndrome affects more than 3.5 million
persons worldwide. Partial DiGeorge syndrome (pDGS), which
is characterized by a number of gene deletions in chromosome
22, including the chicken tumor virus number 10 regulator of
kinase (Crk)-like (CrkL) gene, is one of the most common
genetic disorders in human subjects. To date, the role of
natural killer (NK) cells in patients with pDGS remains
unclear.

Objective: We sought to define the effect of pDGS-related Crk
haploinsufficiency on NK cell activation and cytotoxic
immunological synapse (IS) structure and function.

Methods: Inducible CrkL-silenced NK cells were used to
recapitulate the pDGS, CrkL-haploinsufficient phenotype.
Findings were validated by using NK cells from patients with
actual pDGS. Ultimately, deficits in the function of NK cells
from patients with pDGS were restored by lentiviral
transduction of CrkL.

Results: Silencing of CrkL expression inhibits NK cell function.
Specifically, pDGS haploinsufficiency of CrkL inhibits
accumulation of activating receptors, polarization of cytolytic
machinery and key signaling molecules, and activation of
B,-integrin at the IS. Reintroduction of CrkL protein restores
NK cell cytotoxicity.

Conclusion: CrkL haploinsufficiency causes functional NK
deficits in patients with pDGS by disrupting both 3,-integrin
activation and activating receptor accumulation at the IS. Our
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results suggest that NK cell IS quality can directly affect
immune status, providing a potential target for diagnosis and
therapeutic manipulation in patients with pDGS and in other
patients with functional NK cell deficiencies. (J Allergy Clin
Immunol 2015;mmN:NEE-EEN,)

Key words: CrkL, B-integrin, partial DiGeorge syndrome, natural
killer cells, functional natural killer deficiency, immunological
synapse

Human DiGeorge syndrome (DGS) results from a
common heterozygous deletion within chromosome 22q11."~
Three major genes (chicken tumor virus number 10 regulator
of kinase-like [CrkL], T-box protein 1 [Thx1], and extracellular
signal-regulated kinase 2 [Erk2]) appear to be responsible for
DGS phenotypes, which range from athymia with no circulating
T cells (complete DGS, less than 1% of all cases) to thymic
hypoplasia, decreased numbers of T cells, and less severe forms
of immunodeficiency (partial DiGeorge syndrome [pDGS]).4'7
To date, a definitive DGS genotype-phenotype correlation
cannot explain the clinical or immunologic differences found
in patients with DGS. Intriguingly, however, deletion of CrkL
alone (Crkl™'") results in mice with a phenotype consistent
with human DGS,” highlighting the importance of this particular
gene.

Crk family proteins, including Crk® and CrkL,” are known to
play a pivotal role in controlling human natural killer (NK) cell
activation and inhibition.'”""" Specifically, Crk family proteins
are required for the movement of human IgG,; Fc portion (a
ligand for activating receptor CD16) microclusters and phos-
phorylated Vav-1 (pVav-1, a central regulator of immune re-
sponses) in human NK cells. Degranulation by Crk-silenced
NK cells stimulated with an antibody to CD16 is significantly
reduced.'” Both target cell lysis and microtubule organization
center (MTOC) polarization are impaired in NKG2D receptor
(a critical natural cytotoxicity receptor in NK cells)-stimulated,
CrkL-silenced NK cells, confirming that Crk family proteins also
play an important role in NKG2D-mediated NK cytotoxicity.'”
Although patients with pDGS appear to harbor normal numbers
of NK cells,” NK cell function has not been fully explored in
these patients. Here we document impaired function in Crk-
silenced and CrkL-haploinsufficient (pDGS) NK cells through
modulated integrin and activating receptor signaling, with a
particular focus on immunological synapse (IS) structure and
function.

METHODS
The methods used in this study are described in the Methods section in this
article’s Online Repository at www.jacionline.org.
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Abbreviations used
ADCC: Antibody-dependent cellular cytotoxicity
Crk: Chicken tumor virus number 10 regulator of kinase
CrkL: Crk-like
DGS: DiGeorge syndrome
Erk2: Extracellular signal-regulated kinase 2
GFP: Green fluorescent protein
ICAM-1: Intercellular adhesion molecule 1
IS: Immunological synapse
LFA-1: Leukocyte function—associated antigen 1
MFI: Mean fluorescence intensity
MTOC: Microtubule organization center
NK: Natural killer
pDGS: Partial DiGeorge syndrome
pVav-1: Phosphorylated Vav-1
S2: Schneider Drosophila Line 2
Tbx1: T-box protein 1
WT: Wild-type

RESULTS

CrkL silencing inhibits NK cell function by
disrupting both lytic granule polarization and
pVav-1 accumulation to the IS

NK cells recognize and kill target cells through 2 distinct
mechanisms: natural cytotoxicity through receptors, such as
NKG2D, and antibody-dependent cellular cytotoxicity (ADCC)
through CD16."® Optimal NK cytotoxicity occurs in a precise
stepwise fashion, proceeding from conjugation with target cells
to degranulation and ultimately to cytotoxicity.'* As a first step
toward understanding the relationship between CrkL. and NK
cell function in patients with pDGS, we developed an inducible
short hairpin RNA knockdown system'” to specifically silence
CrkL protein (see Fig El in this article’s Online Repository at
www.jacionline.org) in CD16-KHYG-1 cells, a human NK cell
line capable of both ADCC and natural cytotoxicity.'® Effective
CrkL silencing in CD16-KHYG-1 cells was verified by means
of Western blotting (see Fig E2 in this article’s Online Repository
at www.jacionline.org). First, we examined conjugation between
NK cells and MHC class I-deficient K562 target cells, an event
mediated mainly by activating receptors, such as NKG2D."”
Conjugation of CrkL-silenced NK cells was significantly less
than that of wild-type (WT) and scrambled short hairpin RNA
(control) NK cells (see Fig E3, A, in this article’s Online
Repository at www.jacionline.org). Conjugation was also
reduced in the setting of ADCC (see Fig E3, B). CrkL-silenced
CD16-KHYG-1 cells conjugated less with anti-Schneider
Drosophila Line 2 (S2) serum-coated S2 cells'® transfected
with human intercellular adhesion molecule 1 ICAM-1), a ligand
for integrin leukocyte function—associated antigen 1 (LFA-1),
than did WT and control CD16-KHYG-1 cells.

Next, we examined degranulation using surface expression
of CD107a as a marker.'®'” CD107a™ staining of CrkL-silenced
NK cells was decreased after both K562 (see Fig E3, C) and
S2-ICAM-1 (see Fig E3, D) stimulation, showing that CrkL
silencing inhibits both natural cytotoxicity— and ADCC-induced
degranulation. Finally, we tested CrkL’s effect on cytotoxicity
using standard chromium®" (SICr) release (killing) assays. Both
natural cytotoxicity (see Fig E3, E) and ADCC (see Fig E3, F)
were impaired in CrkL-silenced CD16-KHYG-1 cells. Together,
we conclude that CrkL is required for effective NK target
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conjugation, degranulation, and killing in both NKG2D-
mediated natural cytotoxicity and CD16-mediated ADCC.

Because the IS plays a critical role in effective target cell killing
in both antigen-specific cytotoxic T lymphocytes and NK
cells,”*** we hypothesized that CrkL silencing would negatively
affect the structure, function, and signaling cascades of the NK
cytotoxic IS. To test this, we mixed inducible CrkL knockdown
CD16-KHYG-1 cells with K562 target cells and then imaged
perforin (a cargo molecule in the lytic granules), tubulin (a marker
of MTOC), F-actin (a critical structural molecule required for IS
reorganization), and pVav-1 (Fig 1, A). CrkL silencing inhibited
lytic granule polarization as measured by MTOC to IS
distance in both natural cytotoxicity (K562 targets; Fig 1, B),
and CDI16-mediated ADCC (S2-ICAM targets, see Fig E4 in
this article’s Online Repository at www.jacionline.org). Both
F-actin and pVav-1 failed to accumulate at the IS in
CrkL-silenced NK cells (Fig 1, C and D), indicating that CrkL
silencing in CD16-KHYG-1 cells inhibits signaling cascades at
the NK cytotoxic IS.

To validate our model system, we investigated the role of CrkL
in human primary NK cells. IL-2-activated NK cells were first
transfected with small interfering RNA (CrkL or scrambled) and
then mixed with K562 target cells (Fig 1, E). To overcome
incomplete CrkL silencing, we selected only those cells with
the highest degree of silencing (by means of quantitative CrkL
fluorescence'”) for further analysis. Degree of CrkL silencing
correlated positively with MTOC to IS distance (Fig 1, F) and
inversely with pVav-1 intensity (Fig 1, G), confirming that
CrkL silencing in primary NK cells inhibits lytic granule
polarization and IS signaling (through pVav-1).

CrkL silencing inhibits activating receptor
accumulation and integrin clustering

F-actin regulates the accumulation of activating receptors.23 2
We hypothesized that the inhibition of IS F-actin accumulation
seen with CrkL silencing would, in turn, result in decreased
activating receptor and signaling molecule accumulation at
the IS. To test this hypothesis, we imaged NK cells on
glass-supported ICAM-1- and anti-CD16—containing planar
lipid bilayers using 3-dimensional confocal resolution and
super-resolution stimulated emission depletion microscopy. In
experiments with WT and control NK cells, ICAM-1 and
anti-CD16 clustered normally (Fig 2, A). As a control, neither
CD16-KHYG-1 nor human primary NK cells responded to
bilayers containing an isotype control anti-mouse IgG, (see Fig
ES5 in this article’s Online Repository at www.jacionline.org). In
contrast, after CrkL silencing, dispersed anti-CD16 clusters
were observed (Fig 2, A), which is consistent with observations
from the previous Crk knockdown Fc of human IgG, (a ligand
for CD16)—containing bilayer studies.'’ This defect in central
accumulation of anti-CD16 and ICAM-1 likely results in some
of the functional IS defects (eg, impaired lytic granule polariza-
tion) we observed. Perforin intensity at the focal bilayer plane
(a marker of lytic granule polarization to the NK cell-bilayer
synapse) was significantly less in CrkL-silenced NK cells
compared with that seen in WT and control cells (Fig 2, B),
supporting a defect in activating receptor signaling at the NK
cytotoxic IS.

Given the importance of activating receptor microclusters in
immune responses,”*> we further quantified IS accumulation of
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FIG 1. CrkL silencing disrupts both lytic granule polarization to the IS and pVav-1 accumulation. A, Confocal
microscopy of WT, CrkL short hairpin RNA (shRNA) knockdown (KD), and scrambled shRNA (Control)
lentivirus-transduced CD16-KHYG-1 cells in conjugate with K562 cells. Cells were stained with antibodies
to visualize perforin (green), F-actin (blue), B-tubulin (red), and pVav-1 (cyan). B-D, Quantification of the
distance between the MTOC and the IS (Fig 1, B) and total intensity of pVav-1 (Fig 1, C) and F-actin
(Fig 1, D) at the IS. E, Confocal images of IL-2-activated primary NK cells transfected with either CrkL small
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FIG 2. CrkL silencing inhibits activating receptor CD16 and integrin clustering. A, Confocal images of WT,
CrkL short hairpin (shRNA; KD), and scrambled shRNA (Control) CD16-KHYG-1 cells activated on lipid
bilayers carrying anti-CD16-Alexa Fluor 568 (red) and ICAM-1-Alexa Fluor 647 (blue). Fixed and
permeabilized NK cells were stained for perforin, followed by Alexa Fluor 488-conjugated secondary
antibody (green) to visualize lytic granules. B, Quantification of the total intensity of polarized perforin at
the lipid bilayer focal plane. C-E, Quantification of the size (Fig 2, C), total intensity (Fig 2, D), and number
(Fig 2, E) of anti-CD16 microclusters on lipid bilayers carrying ICAM-1 and anti-CD16. F-H, Quantification
of the size (Fig 2, F), total intensity (Fig 2, G), and number (Fig 2, H) of ICAM-1 microclusters on lipid bilayers.
Error bars represent SDs. Scale bars = 3.0 .m. Data represent 2 to 6 independent experiments.
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CD16, NKG2D, and 2B4, as well as the integrin LFA-1, which is
required for activating receptor movement.>’° The size and total
intensity of anti-CD16 on CrkL-silenced NK cells were decreased
(Fig 2, C and D), although the number of anti-CD16 microclusters
was unaffected (Fig 2, E). We suspect that the latter might simply
be related to overexpression of CD16 on the CD16-KHYG-1 cell

line.'® Size, total intensity, and number of ICAM-1 (the ligand
for LFA-1) microclusters were also significantly reduced
on CrkL-silenced compared with WT and control NK cells
(Fig 2, F to H). To test whether CrkL similarly affects natural
cytotoxicity receptors, we imaged NK cells on bilayers containing
anti-NKG2D and anti-2B4 in the presence of ICAM-1. This time,

<

interfering RNA (KD) or control small interfering RNA (Control) in conjugate with K562 cells. Cells were
stained with antibodies to visualize CrkL (blue), perforin (green), B-tubulin (red), and pVav-1 (cyan). F and
G, Quantitative analysis of the distance between the MTOC and the IS (Fig 1, F) and total intensity
of pVav-1 at the IS (Fig 1, G) in small interfering RNA-treated NK cells stratified by CrkL MFI values.
Bright-field images are shown on the left. Error bars represent SDs. Scale bars = 3.0 pm. Data are from 3
independent experiments. NS, Not significant.
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FIG 3. Decreased cytotoxicity of NK cells from patients with pDGS. A, The natural cytotoxicity of human NK
cells from 5 patients with pDGS and 3 healthy control subjects was measured with ®'Cr-labeled K562 cells at
37°C for 4 hours. B, ADCC was measured with 5'Cr-labeled Raji cells in the presence of rituximab. Error bars

represent SDs.

in addition to decreased total intensity of polarized perforin at the
focal bilayer plane, we observed decreased size, total intensity,
and number of anti-NKG2D microclusters with CrkL-silenced
NK cells (see Fig E6 in this article’s Online Repository at
www.jacionline.org). To rule out the possibility of decreased
overall expression of activating receptors on CrkL-silenced NK
cells, we measured the mean fluorescence intensity (MFI) of
CD16, NKG2D, CDI11a/CD18 (2 components of LFA-1),
ICAM-1, and F-actin using flow cytometry and found comparable
overall expression levels on WT and CrkL-silenced NK cells (see
Fig E7 in this article’s Online Repository at www.jacionline.org).
Thus CrkL silencing reduced the clustering of activating receptors
and integrin clustering at the IS.

Defects in lytic granule polarization, activating
receptor clustering, and integrin activation in NK
cells from patients with pDGS

The experiments described thus far involve CrkL silencing in
CD16-KHYG-1 and human primary NK cells. To understand the
clinical implications of CrkL deficiency, we turned to primary NK
cells from patients with pDGS. Most patients with pDGS carry
CrkL gene deletions in chromosome 22q11.2.>” As shown both in
Table E1 in this article’s Online Repository at www.jacionline.org
and by other groups, lymphocyte phenotyping of patients with
pDGS shows variable T-cell depletion with normal NK cell
numbers.”® To date, however, there are no published descriptions
of NK cell function in these patients. Given the pivotal role of
CrkL in NK cells, we hypothesized that NK cells from patients
with pDGS would exhibit functional impairments consistent
with CrkL silencing. To test this, we first performed standard
killing assays, incubating PBMCs from patients with pDGS
with >'Cr-labeled K562 (natural cytotoxicity) or rituximab
(anti-CD20)—coated Raji target cells (ADCC). Detailed patient
information is presented in Table E2 in this article’s Online
Repository at www.jacionline.org. As predicted, NK cell
cytotoxicity was significantly decreased in patients with pDGS
compared with that seen in healthy control subjects (Fig 3).
To our knowledge, although NK cell dysfunction is common to

many primary immunodeficiencies,” this is the first
demonstration of functional NK deficiency in patients with
pDGS.

To understand the molecular mechanisms underlying func-
tional NK deficiency in patients with pDGS, we investigated the
structure, function, and signaling cascades of cytotoxic synapses
between NK cells from patients with pDGS and susceptible target
cells or lipid bilayers (2 complementary systems). Similar to our
findings in CrkL-silenced cells, lytic granules and MTOC did not
polarize toward the cytotoxic IS in NK cells from patients with
pDGS (Fig 4, A and B). Although granzyme B content was
decreased under both resting and activation conditions (see Fig
E8, A and B, in this article’s Online Repository at www.
jacionline.org), perforin content was normal (see Fig E8, C and
D). Although CD107a degranulation in cells from patients with
pDGS was marginally decreased (as measured by using flow
cytometry) compared with that seen in healthy control subjects
(see Fig E9 in this article’s Online Repository at www.
jacionline.org), surface CD107a staining correlated positively
with CrkL expression in NK cells from both healthy control
subjects and patients with pDGS (see Fig E10 in this article’s
Online Repository at www.jacionline.org).

Using our lipid bilayer system, we further demonstrated
reduced intensities of anti-CD16, ICAM-1, perforin, and
pVav-1 at the lipid bilayer—-pDGS NK cell focal plane from
patients with pDGS (Fig 4, C to G). Size, total intensity,
and numbers of anti-CD16 and ICAM-1 microclusters were
significantly decreased compared with those in NK cells from
healthy control subjects (see Fig El1 in this article’s Online
Repository at www.jacionline.org). Similar results were obtained
in NK cells stimulated on bilayers carrying anti-NKG2D and
anti-2B4 in the presence of ICAM-1 (see Fig E12 in this article’s
Online Repository at www.jacionline.org). Again, overall
expressions of CD16, NKG2D, and LFA-1 (MFI by means of
flow cytometry) were comparable in patients and control
subjects (see Fig E13 in this article’s Online Repository at
www.jacionline.org). To summarize, NK cells from patients
with pDGS exhibit impaired cytotoxicity, which is characterized
by reduced pVav-1, failure of activating receptor and integrin
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FIG 4. Defects in lytic granule polarization, activating receptor clustering, and signaling in NK cells from
patients with pDGS. A, Confocal images of NK cells from healthy control subjects (Control) and patients with
pDGS (pDGS) in conjugate with K562 cells. Cells were stained with antibodies against perforin (green),
phalloidin (blue), and B-tubulin (red). B, Quantification of the distance between the MTOC and the IS in
primary NK cells. Error bars represent SDs. Data are from 3 independent experiments. C, Confocal images
of NK cells from control subjects and patients with pDGS stimulated on bilayers carrying anti-CD16-Alexa
Fluor 568 (red) and ICAM-1-Alexa Fluor 647 (blue). Cells were stained with anti-perforin-Alexa
Fluor 488 (green) and anti-pVav-1-Alexa Fluor 405 (cyan). Data represent 4 independent experiments.
D-G, Quantification of total fluorescent intensity of anti-CD16 (Fig 4, D), ICAM-1 (Fig 4, E), perforin
(Fig 4, F), and pVav-1 (Fig 4, G) on bilayers carrying ICAM-1 and anti-CD16.

accumulation at the IS, and ultimately impaired lytic granule
polarization. We hypothesize that receptor accumulation and
downstream defects in cytolytic machinery result from defective
integrin activation at the IS.

Movement of activating receptors on NK cells depends
on cytoskeletal reorganization and [3,-integrin—-LFA-1
signaling.””*® Given that accumulation of activating receptors
is impaired in CrkL-silenced and haploinsufficient cells, we
hypothesized that CrkL controls LFA-1 activation. To test this
hypothesis, we used 2 antibodies (mAb 24 for the high-affinity
conformation’” and KIM127 for the intermediate-affinity confor-
mation®") specific for the activated form of LFA-1. NK cells were
defined by flow cytometry as live CD45"CD3~CD56™ cells (see
Fig E14 in this article’s Online Repository at www.jacionline.

org). Interestingly, incubation with K562 target cells results in
significantly less open and intermediate conformation LFA-1 on
NK cells from patients with pDGS (CrkL haploinsufficient)
than on NK cells from healthy control subjects, as measured by
the percentage and MFI of mAb 24" and KIM127* cells over
time (Fig 5), although there were no significant differences be-
tween resting NK cells from healthy control subjects and patients
with pDGS (see Fig E15 in this article’s Online Repository at
www.jacionline.org). Percentage and MFI of mAb24 (Fig 5, D)
and KIM127 (Fig 5, E) on activated NK cells from 5 control sub-
jects and 4 to 6 patients with pDGS are summarized, illustrating
impaired LFA-1 activation in NK cells from patients with pDGS.
As an internal control, total CD11a expression on NK cells from
patients with pDGS and healthy control subjects was comparable
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FIG 5. Defective integrin signaling in NK cells from patients with pDGS. A, Flow cytometric analysis of acti-
vated LFA-1 (mAb 24") on primary NK cells with or without K562 stimulation at 5 minutes. B, Kinetics of acti-
vated LFA-1 (mAb 24%) at different time points. C, Percentage of intermediate LFA-1 (KIM127*) on primary
NK cells with or without K562 stimulation at 5 minutes. D, Percentage (left) and MFI (right) of activated (mAb
24%) LFA-1 after mixing with K562 target cells for 5 minutes. Data are pooled from 5 control subjects and 6
patients with pDGS. E, Percentage (right) and MFI (right) of intermediate (KIM127") LFA-1 after mixing with
K562 target cells for 5 minutes. Data are pooled from 5 control subjects and 4 patients with pDGS.

(see Fig E14, B and C). As a positive control, phorbol 12-
myristate 13-acetate and ionomycin were able to induce
open-conformation LFA-1 (see Fig E14, D). We conclude that
CrkL is required for LFA-1 activation in NK cells, providing a
mechanism by which activating receptor accumulation and
ultimately cytolytic machinery localization and function are
impaired in patients with pDGS.

Reconstitution of CrkL restores NK cell function in
patients with pDGS

We next sought to determine whether reconstitution of CrkL
expression could restore NK function in cells from patients with
pDGS. First, however, we evaluated expression of CrkL and the
other commonly deleted genes on chromosome 22qll, ThxI
and Erk2, using intracellular staining of NK cells from at least
14 patients with pDGS. Antibody specificities were validated
by means of Western blotting and confocal microscopy (see Fig

E16 in this article’s Online Repository at www.jacionline.org).
Although Tbx1 and Erk2 expression levels in patients with
pDGS were comparable with those of healthy control cells,
CrkL expression was considerably lower, as determined both by
means of intracellular staining and Western blotting (see Fig
E17 in this article’s Online Repository at www.jacionline.org).
Freshly isolated PBMCs from 7 of these patients with pDGS
were transduced with lentiviral particles encoding green
fluorescent protein (GFP) alone or CrkL-GFP (see Table E1) to
reconstitute CrkL in NK cells from patients with pDGS.
Transduced NK cells were defined by means of flow cytometry
as live CD37CD56 " GFP™ cells (see Fig E18 in this article’s
Online Repository at www.jacionline.org). We first tested
whether CrkL reconstitution correlates with enhanced cytolytic
machinery expression (perforin and granzyme B) or cytokine
production. Interestingly, the MFI of perforin and granzyme
B in NK cells from these 7 patients with pDGS increased signif-
icantly (Fig 6, A). Similarly, the percentage of IFN-y* and
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FIG 6. Reconstitution of CrkL restores NK cell function in patients
with pDGS. PBMCs from 7 patients with pDGS were transduced with
GFP (Control virus) or CrkL-GFP (CrkL virus) lentivirus. A, MFI of perforin
and granzyme B in GFP" NK cells in response to K562 stimulation.
B, Percentage of IFN-y" and TNF-a™ transduced NK cells in response
to phorbol 12-myristate 13-acetate and ionomycin stimulation. C and D,
Quantification of CD107a total intensity on the plasma membrane.
Transduced NK cells were activated on bilayers carrying anti-CD16-Alexa
Fluor 568 and unlabeled ICAM-1 (Fig 6, C) or anti-NKG2D-Alexa Fluor 568
in the presence of unlabeled ICAM-1 and anti-2B4 (Fig 6, D). Data were
pooled from 2 independent experiments. P values are for the paired t test
(Fig 6, A and B) or the Student t test (Fig 6, C and D).

TNF-a " CrkL-reconstituted NK cells increased significantly in 6
out of 7 patients with pDGS (Fig 6, B). Together, these data
demonstrate that CrkL can restore NK cytolytic machinery and
cytokine production in patients with pDGS.

We further tested restoration by means of imaging degran-
ulation on bilayers carrying ICAM-1 and anti-CD16. We
included directly labeled Fab of a CD107a mAD in the bilayer
imaging chamber and imaged with 3-dimensional confocal
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microscopy.”’ As expected, when NK cells from healthy con-

trol subjects were incubated on bilayers carrying ICAM-1
and anti-CD16, strong CD107a staining accumulated at the
center of the synapse (see Fig E19, A, in this article’s Online
Repository at www.jacionline.org). When healthy NK cells
were incubated on bilayers carrying isotype control mouse
IgG, (mlIgG;), no detectable CD107a signal was observed
(see Fig E19, B). Strikingly, when CrkL-reconstituted NK cells
from patients with pDGS were incubated on bilayers carrying
ICAM-1 and CD16 mAb (Fig 6, C) or ICAM-1 and anti-
NKG2D (Fig 6, D), CD107a surface intensity increased signif-
icantly compared with that seen in NK cells from patients with
pDGS transduced with GFP alone. From this, we conclude that
CrkL can restore in vitro function in NK cells from patients
with pDGS.

DISCUSSION

Immune cell activation, one of the most fundamental processes
in immunology and cell biology, is mediated mainly through the
IS.*” Although the biology of the IS has been studied extensively
over the past 3 decades, the clinical relevance of IS structure and
function remains poorly understood. Here we demonstrate, for the
first time, functional NK cell deficiency in patients with pDGS.
We not only document clinical relevance using NK cells and
pDGS as cell and disease models, but also propose a new para-
digm for control of NK activation: the adaptor protein CrkL con-
trols NK cell function by influencing integrin activation and
activating receptor signaling (Fig 7) through decreased pVav-1
levels. In CrkL-silenced NK cells and pDGS-related CrkL hap-
loinsufficiency, defective integrin activation and defective acti-
vating receptor clustering and signaling impair lytic granule
polarization and ultimately inhibit target cell killing. Reconstitu-
tion of CrkL restores NK cell function.

Consistent with previous studies,m'12 we found that CrkL
silencing inhibits both ADCC and natural cytotoxicity. Here
CrkL silencing resulted in lower pVav-1 levels in both cell-cell
conjugate and lipid bilayer experiments. Given that Vav-1
molecules serve as a signaling integration hub for F-actin
reorganization,” we predict that the low pVav-1 levels seen in
our CrkL-silenced cells contribute to impaired IS signaling
through decreased IS accumulation of F-actin. Both F-actin
networks and integrin signaling play important roles in NK cell
lytic granule polarization and activating receptor clustering.%’34
Expectedly, the total amount and number of activating receptor
microclusters on bilayers decreased in both CrkL-silenced and
haploinsufficient cells. Because comparable overall expression
levels of CD16, NKG2D, and LFA-1 were seen in CrkL-KD
and WT cell lines, as well as in NK cells from healthy control
subjects and patients with pDGS, we believe that defective
receptor accumulation truly reflects defective receptor signaling.
Indeed, high- and intermediate-affinity conformation LFA-1,
markers for LFA-1 activation, which is a prerequisite for integrin
signaling and activating receptor localization to the IS, were
decreased in NK cells from patients with pDGS. These defects
in turn lead to impaired lytic granule polarization and decreased
NK cell cytotoxicity. Although our data most strongly support
defects in LFA-1 outside-in signaling (lytic granule polarization)
and activating receptor signaling, they do not preclude defects in
integrin inside-out signaling (conjugate formation). CrkL
silencing likely impairs all 3 of these mechanisms, ultimately
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FIG 7. A new model for the adaptor protein CrkL in controlling NK cell activation. A, NK cell activation is
triggered by activating receptor (blue bars) signaling. Activating receptors accumulate toward the center
of the IS. The adaptor protein CrkL links cytoskeletal scaffold proteins to guanine nucleotide exchange factor
Vav-1. Tyrosine phosphorylated Vav1 (p-Vav1) is a central regulator of T-cell and NK cell IS. pVav-1
promotes polarization of MTOC and lytic granules to the IS, as well as activating receptor clustering by
promoting F-actin reorganization. Integrin LFA-1 is in open conformation because of activating receptor
triggering (red bars). B, After CrkL silencing (or CrkL haploinsufficiency in patients with pDGS, red X),
activation strength is reduced (blue bars). In the absence of CrkL, Vav-1 phosphorylation is greatly reduced,
less F-actin reorganization occurs, and MTOC and lytic granules cannot polarize to the IS. The majority of
integrin remains inactive (closed) because of less activating receptor clustering and signaling.

leading to defective conjugation, granule polarization, and
cytotoxicity.

Genetic screens, such as fluorescence in situ hybridization and
the chromosome microarray assay, are powerful tools for
diagnosing pDGS. However, these techniques do not necessarily
reflect protein expression (haploinsufficiency can induce
transcriptional compensation®”*°), which ultimately determines
phenotypic penetrance. Additionally, dose-sensitive interaction
of CrkL and Tbx1 also plays a critical role in the penetrance
and expressivity of a DGS-like phenotype in mice.”’ In our study,
although overall significantly decreased in patients with pDGS,
CrkL protein levels varied by subject. In contrast, we did not
observe reduced Tbx1 levels despite genetic deletion of ThxI.
This might be due to the extremely low expression of Tbx1 in
PBMC:s or to gene copy number variants.

Our results suggest that NK cell IS quality can directly affect
immune status, providing a potential target for diagnosis and
therapeutic manipulation. In this study all of the patients with
pDGS had recurrent respiratory tract infections, 1 had viral
cutaneous syndrome (warts and molluscum), 1 had cutaneous
fungal infection with seborrheic dermatitis, and 4 had confirmed
metapneumoviral sinopulmonary disease (see the Discussion
section in this article’s Online Repository at www.jacionline.org
for additional clinical details). Although it is possible that low
T-cell numbers could contribute to infectious status, T-cell
function (as measured by mitogen-induced proliferation) and
overall distribution of lymphocytes were both normal in these
patients. Our results suggest a new clinical application for the
IS, providing proof of concept for using the IS to assess immune
cell function in other disease states. Additionally, given the
restoration of NK cell function in patients with pDGS by means
of reconstitution of CrkL. expression, we propose autologous
stem cell CrkL gene therapy as a potential therapeutic strategy
for pDGS. Documenting that haploinsufficiency of CrkL impairs
integrin and activating receptor signaling and leads to functional
NK deficiency lays the preclinical groundwork for this type of
novel approach.

We thank Stephan Kissler (Harvard Medical School) and Marco Herold
(Walter and Eliza Hall Institute) for pUGM, psiCheck-2, pHI1t-flex, and
FHIT-UTG vectors; Eric Long (NIAID) for S2 cell and anti-S2 serum; Bruce
Mayer (UConn Health) for CrkL-EYFP plasmid; and Ankita Patel, Samantha
Penney, and Asbjorg Stray-Pedersen (Baylor College of Medicine) for pDGS
genetic data mining.

Key messages

o CrKkL silencing inhibits both ADCC and natural cytotoxi-
city in human NK cells.

o Haploinsufficiency of CrkL in patients with pDGS
leads to functional NK deficits with impaired [3,-integrin
activation, key signaling molecule accumulation, and
activating receptor localization at the IS.

o These deficits can be restored by CrkL reconstitution,

highlighting a potential therapeutic approach to
functional NK cell deficiency in patients with pDGS.
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