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Lytic immune synapse function requires filamentous
actin deconstruction by Coronin 1A
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Lytic immune effector function depends upon directed secretion of
cytolytic granules at the immunological synapse (IS) and requires
dynamic rearrangement of filamentous (F)-actin. Coronin 1A (Coro1A)
is the hematopoietic-specific member of the Coronin family of actin
regulators that promote F-actin disassembly. Here, we show that
Coro1A is required for natural killer (NK) cell cytotoxic function in two
human NK cell lines and ex vivo cells from a Coro1A-deficient patient.
Using superresolution nanoscopy to probe the IS, we demonstrate
that Coro1A promotes the deconstruction of F-actin density that
facilitates effective delivery of lytic granules to the IS. Thus, we show,
for the first time to our knowledge, a critical role for F-actin de-
construction in cytotoxic function and immunological secretion and
identify Coro1A as its mediator.
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N atural killer (NK) cell cytotoxicity is a finely controlled
process that integrates signals from activating and inhibitory
receptors to eliminate virally infected and tumorigenic cells sen-
sitively and specifically. The importance for NK cells in immune
function is underscored by the severe virus infections and ma-
lignancies suffered by patients with NK cell deficiency (1). A
dynamic filamentous (F)-actin cytoskeleton is required for NK
cell cytotoxicity because disruption of F-actin polymerization by
pharmacological inhibitors or mutation of actin-nucleating fac-
tors results in impaired NK cell function (2-5). Actin nucleators,
such as actin-related proteins 2 and 3 complex (Arp2/3), Wiskott—
Aldrich syndrome protein (WASp), WIP, DOCKS, and WAVE?2,
serve well-defined critical roles in the formation and function of
the NK cell immunological synapse (IS) (4-10).

Killing of a susceptible target follows tightly regulated steps of
NK cell immune synapse formation and lytic granule exocytosis
(3). Although cortical F-actin has long been considered a barrier
to exocytosis of granule-like organelles (11) in some cell types,
ligation of NK cell activating and adhesion receptors results in
the formation of conduits in F-actin that permit and actually
facilitate NK cell degranulation (12-14). This finding suggests
that fine regulation and deconstruction of the synaptic F-actin
meshwork is required for the formation of granule-permissive—
sized clearances (12).

Coronin 1A (CorolA) is the hematopoietic cell-specific iso-
form of the highly conserved Coronin family of actin regulators.
Coronins contain a series of WD-repeat domains that form an F-
actin-binding B-propeller domain, and thus bind F-actin directly
(15-17). In addition, CorolA binds to and inhibits the Arp2/3
complex (17, 18) required for actin branching and can enhance
the activity of cofilin to promote actin disassembly in in vitro
reconstituted systems (19-21). CorolA localizes with actin-rich
structures in immune cells, including phagocytic cups in neu-
trophils and macrophages, and at the leading edge of T cells (22—
25). T cells from Coronin 17~ mice have defects in migration and
cell survival attributed to impaired T-cell receptor signaling, Ca>*
flux, Rac activation, and subcellular Arp2/3 localization (26—
28). Mutations in CorolA lead to T"B*NK" combined immu-
nodeficiency and susceptibility to severe viral infections, including
life-threatening varicella infection and EBV-driven lymphopro-
liferation (26, 29, 30).
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By manipulating expression of CorolA in human NK cells, we
show that CorolA is required for cytotoxic function. Using
superresolution nanoscopy, we define a requirement for CorolA
in F-actin deconstruction and subsequent delivery of lytic gra-
nules to the synaptic membrane. In addition, we have specifically
evaluated cytotoxic function in a CorolA-deficient patient and
find that NK cell function is severely impaired. Further, we
demonstrate the same F-actin structural defect in patient cells as
in two CorolA-deficient cell lines. Thus, with superresolution
imaging, we identify, for the first time to our knowledge, a critical
role for actin deconstruction in immunity and human host defense.

Results

Coro1A Localizes with F-Actin to the NK IS. Given the known ability
of CorolA to interact with F-actin, we initially determined its
localization at the NK cell IS. YTS NK cells were incubated with
susceptible 721.221 target cells and stained for CorolA, F-actin,
and perforin (as a marker of lytic granules). When visualized
using confocal microscopy, CorolA was found at the mature NK
cell IS (Fig. 14), which was defined by the accumulation of
F-actin and the polarization of lytic granules. Quantitative analysis
identified that 61.6 + 19.2% of total cellular CorolA was colo-
calized with F-actin. Ex vivo NK cells from human peripheral
blood showed a similar pattern of CorolA and actin localization,
with 64.3 + 10.4% of CorolA associated with F-actin at the
synapse (Fig. S1). To determine if the recruitment of CorolA to
the synapse occurs in concert with F-actin accumulation during
synapse formation, we created a YTS NK cell line stably
expressing CorolA (CORO1A)-GFP and mCherry-actin. Using
total internal reflection microscopy (TIRFm), we visualized live
cells spreading on immobilized antibodies against activating re-
ceptors, which recapitulates the NK cell lytic IS (12, 31). Both
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Fig. 1. Coro1A localizes to the NK cell cytolytic IS. (A) YTS NK cells conju-
gated to 721.221 target cells were fixed, permeabilized, and stained for
Corol1A (green, Far Left), F-actin with phalloidin (red, Left Center), and
perforin (blue, Right Center). (B) YTS-CORO1A-GFP mCherry-actin cells acti-
vated by immobilized antibody on glass were imaged at one frame per
minute by TIRFm. Shown are representative images 10 min after contact
with the imaging chamber. (Far Right) Colocalized pixels were calculated
and are shown in grayscale. (C) YTS-CORO1A-GFP mCherry-actin cells were
activated with immobilized antibody for 10 min, and fluorescence was
bleached to 50% for both GFP and mCherry fluorophores. Fluorescent in-
tensity for both channels was normalized, and the mean + SD is shown for
eight cells from three independent experiments. AU, arbitrary units. (Scale
bars: 5 pm.)

CorolA and actin were present in the cell cortex as NK cells
spread, and after 10 min, there was substantive colocalization
between CorolA and F-actin (63.9 + 12.7%; Fig. 1B).

To determine if CorolA was dynamically recruited to the IS
akin to F-actin, we measured fluorescence recovery after pho-
tobleaching (FRAP) of CORO1A-GFP and mCherry-actin at
the NK cell synapse following activation. After simultaneous
photobleaching, both molecules quickly recovered to the depleted
area (Fig. 1C). Interestingly, CorolA appeared to be recruited
more quickly (ty, = 1.4 + 0.7 s) than actin (ty, = 7.8 £ 4.7 s) in
all cells evaluated (n = 7; Movie S1). To ensure that the quicker
recovery of CorolA was not a function of the GFP molecule, we
bleached YTS GFP-actin cells using the same conditions and
found that GFP-actin and mCherry-actin recovery dynamics were
similar (Fig. S2). Thus, CorolA is recruited to the lytic NK IS
during the stage of F-actin accumulation and colocalizes with
actin through the duration of the mature synapse.

Coro1A Is Required for NK Cell Lytic Function. To evaluate the role
of CorolA in NK cell cytotoxicity, we stably expressed CorolA-
shRNA in YTS NK cells. shRNA expression nearly completely
abrogated CorolA protein expression (Fig. S34). Because loss of
CorolA has been reported previously to increase basal levels
of F-actin (22, 24, 26), we measured the ratio of monomeric
(G)-actin to F-actin found in these cell lines by comparing soluble
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and insoluble cell fractions (Fig. 24). The loss of CorolA did not
affect the distribution of actin, and thus did not simply result in
redistribution of actin forms.

To determine the utility of CorolA in NK cell cytotoxicity,
Iytic activity was evaluated by >'Cr-release assays. Loss of CorolA
significantly decreased NK cell cytotoxic function in standard 4-h
assays (Fig. 2B, Right). To determine if this loss of function was
owing to an inability to mediate an initial kill or to decreased
efficiency of subsequent kills, we evaluated cytotoxic activity after
only 1 h. Here, the defect in CorolA-deficient cells was near
absolute, suggesting the former (Fig. 2B, Left). To probe the
mechanism underlying this functional defect in CorolA-deficient
cells, we performed fluorescence-activated cell sorting-based
degranulation assays. Despite forming effective and even in-
creased conjugates with target cells (Fig. 2C), YTIS-COROIA
knockdown (KD) cells had decreased degranulation as measured
by cell surface CD107a expression at both 1 and 2 h (Fig. 2D).
This defect could have been a feature of ineffective activation
signaling after cell conjugation and activation receptor ligation,
because CorolA has been reported to be required for Rac
activation and recruitment (28). Thus, we performed immuno-
blotting for phosphorylated ERK in cells activated on immobi-
lized antiactivating receptor antibody. ERK phosphorylation,
which is a downstream indicator of Rac activation, was compa-
rable between CorolA-sufficient and CorolA-deficient cell lines
(Fig. 2E), thus demonstrating that activation receptor signaling in
NK cells was independent of CorolA. To test downstream acti-
vation in CorolA-deficient cells further, we measured in-
tracellular calcium concentration following activation and found
it to be robust [2.4 + 0.04-fold increase in YIS-CORO1A-KD vs.
2.3 + 0.27-fold increase in YTS empty vector (EV)] (Fig. S3B).
Similarly, STATS phosphorylation following IL-2 stimulation was
comparable to that of controls (6.5 + 0.64-fold increase in YTS-
CORO1A-KD vs. 5 + 0.37-fold increase in YTS-EV) (Fig.
S3C). Finally, we tested IFN-y secretion following overnight
incubation with susceptible target cells. Both YTS-EV and
YTS-CORO1A-KD cells showed significant and comparable
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Fig. 2. Coro1A is required for NK cell cytotoxic function but not activation.
YTS cells were stably transfected with CORO1A-KD shRNA or EV. (A) YTS-EV
or YTS-CORO1A-KD cells were lysed and fractionated by high-speed centri-
fugation; cytoplasmic (C) and insoluble pellet (P) fractions were then
immunoblotted for actin and Histone H1 as a loading control. (B) YTS-EV
(solid line) or YTS-CORO1A-KD (dashed line) cells were incubated with sus-
ceptible 721.221 target cells for 1 h (Left) or 4 h (Right), and cell lysis was
assayed by standard ®>'Cr-release assay. The mean + SD of four independent
experiments is shown. *P < 0.05 by Student’s two-tailed unpaired t test. (C
and D) Conjugates were formed as described in Materials and Methods in
the presence of anti-CD107a to assess NK cell degranulation. YTS-EV (black)
cells were normalized to 1. (E) YTS-EV (WT) or YTS-CORO1A-KD (KD) cells were
activated for 10 min on anti-CD18 and anti-CD28 or mouse IgG as a negative
control. Cells were immunoblotted for phosphorylated ERK or Myosin IIA as
a loading control. Shown is one representative blot from three independent
experiments.
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IFN-y secretion as measured by ELISA (Fig. S3D). With con-
jugate formation and activation signaling intact in YTS-CORO1A-
KD cells, we hypothesized that the role for CorolA in NK cell
cytotoxicity was through enabling lytic synapse function required
for target cell killing.

Coro1A Loss Results in Increased F-Actin Density at the NK IS. We
next evaluated the effect of CorolA disruption on IS formation
and lytic granule polarization to determine where in the stepwise
process an abnormality might lie. Using confocal microscopy, we
found signs of a mature lytic synapse with F-actin accumulated
at and lytic granules polarized to the synapse after target cell
conjugation (Fig. 34). Quantification of F-actin accumulation
showed no increase in the total amount present at the synapse in
CorolA-deficient cells (117.9 + 22.4 vs. 100.5 + 21.0 arbitrary
units) (Fig. S44). Measurement of granule polarization (distance
of the granule region centroid to the IS) and centrosome po-
larization was also not significantly affected by the loss of CorolA
(Fig. S4 B and C). YTS-CORO1A-KD cells showed no difference
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Fig. 3. Superresolution imaging defines a requirement for Coro1A in the
control of F-actin density at the NK synapse. (A) YTS-EV or YTS-CORO1A-KD
cells were incubated with susceptible 721.221 target cells and then fixed,
permeabilized, and stained for CD11a (green), F-actin with phalloidin (red),
perforin (gray), and pericentrin (blue). (B) YTS-EV or YTS-CORO1A-KD cells
were incubated on immobilized activating antibody and then fixed, per-
meabilized, and stained for F-actin and imaged at the plane of glass by STED
nanoscopy. (Right) Detailed structure of F-actin is shown for the highlighted
regions. Shown are representative images from four independent experi-
ments. (Resolution: 60 nm.) The area (C; square micrometers) and MFI (D) of
F-actin staining were measured for YTS-EV (@) and YTS-CORO1A-KD () cells
(all excluding cell cortex). Shown are 104 cells from four independent ex-
periments, with one data point representing each cell. (E) F-actin clearances
per square micrometer permissive for lytic granule secretion (250-500 nm)
were measured for YTS-EV (@) and YTS-CORO1A-KD (M) cells. Each data
point represents clearances per square micrometer for one cell. Shown are
60 cells from three independent experiments. (Scale bars: 5 pm.)
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in the size of the IS formed with target cells (Fig. S4D) or in the
accumulation of CD11a (LFA-1) at the synapse, which is an actin-
dependent process (32) (Fig. S4E). Thus, the assembly of the
synapse and relatively late steps in lytic synapse maturation re-
quired for cytotoxicity (granule polarization) were intact in the
absence of CorolA.

To determine if a slight change in synaptic actin could be an
indication of a relevant alteration, we probed the actin archi-
tecture more closely using stimulated emission depletion (STED)
imaging. Superresolution nanoscopy was performed at the plane
of the synapse in cells that had been activated by immobilized
antibody and stained with phalloidin. CorolA-deficient cells had
a greater density, yet decreased area, of F-actin (Fig. 3B and Fig.
S4F), which was confirmed in quantitative analyses of >100 cells
(Fig. 3 C and D). Examination of CorolA localization at the
synapse showed a high degree of colocalization with F-actin and
a lesser degree of colocalization with Arp2/3 (Fig. S5 A-C).
Synaptic recruitment of Arp2/3 was not prevented by CorolA
deficiency (Fig. S5 D and E).

With increased density of synaptic F-actin, it was possible that
degranulation is obstructed in the absence of CorolA, because
lytic granules are secreted through hypodense regions of the
F-actin network at the NK cell synapse (12-14). To determine if
CorolA is required for the formation of granule-permissive
openings in actin meshworks, we measured activation-induced
clearances in the synaptic F-actin network using STED imaging.
When these clearances were evaluated considering size, CorolA-
deficient cells had a prominent and significant decrease in 250-
to 500-nm clearances (Fig. 3E). To confirm these findings, we
created a second CorolA-deficient cell line using NK92 NK
cells. Similar to YTS NK cells, loss of CorolA in NK92 cells
resulted in an increase in F-actin mean fluorescent intensity
(MFI) at the synapse and a decrease in granule-permissive—sized
clearances, accompanied by a defect in NK92 cytotoxic function
(Fig. S6). Overall, these observations suggest that CorolA is
required for fine control of F-actin density at the NK IS, and
resultant conduit formation required for granule penetrance so
that the granules might reach the synaptic membrane, but that it
is not required for normal IS formation.

Coro1A Is Required for Lytic Granule Penetration of the F-Actin
Cortex. Given the requirement for CorolA in generating the
full repertoire of potential access points for lytic granules in
synaptic F-actin, we evaluated the subdiffraction-limited rela-
tionship between granules and F-actin using dual-channel STED
nanoscopy to determine if there might be inappropriate approxi-
mation between cortical actin and the granules. CorolA-deficient
cells had a significantly greater amount of F-actin associated with
lytic granules at the lytic synapse (Fig. 44, Left). Although gran-
ules in CorolA-sufficient cells were observed to sit in hypoden-
sities of F-actin (Fig. 44, Right), those in CorolA-deficient cells
were associated with increased F-actin intensity (measured by
dual-channel profiles of actin and perforin; Fig. 4B). These ob-
servations were further borne out quantitatively across multiple
granules and cells as there was a greater than twofold increase in
F-actin associated with perforin in CorolA-deficient cells and an
increased intensity of F-actin at granules (Fig. 4 C and D). Thus,
there was a decreased probability for NK cell lytic granules to
reside in F-actin hypodensities in the absence of CorolA.

We next asked if the increased F-actin density and association
with granules, in concert with fewer granule-permissive—sized
clearances, affected the ability of granules to traverse the F-actin
network at the cortex to approach the synaptic membrane. These
experiments were performed using TIRFm in living NK cells
loaded with LysoTracker Red dye to allow for selective visuali-
zation of lytic granules within ~150 nm of the synaptic mem-
brane. CorolA deficiency resulted in an almost twofold reduction
in the number of lytic granules found in the NK cell cortex (Fig. 4
E and F). The fewer number of granules that were present at the
cortex of CorolA-deficient cells, however, demonstrated normal
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Fig. 4. Corol1A is required for actin disassembly to facilitate granule pen-
etrance at the IS. (A) YTS-EV and YTS-CORO1A-KD cells activated with im-
mobilized activating antibody were stained for F-actin and perforin, and
then imaged at the plane of glass by dual-channel STED nanoscopy. (Scale
bars: 5 um.) (Resolution: F-actin, 50 nm; perforin, 60 nm.) (Right) Detailed
images from highlighted boxes are shown. (B) Line profiles drawn across the
granules shown in A are shown for YTS-EV (Left) and YTS-CORO1A-KD
(Right). Fluorescence intensity of F-actin staining is shown as a green line,
and perforin fluorescence intensity is shown in red. (C) Percentage of F-actin
colocalized with perforin (excluding cell cortex) was calculated for YTS-EV
(@) and YTS-CORO1A-KD (M) cells imaged by STED nanoscopy as in A. (D)
Lytic granules were identified, and MFI of actin was measured for YTS-EV (@)
and YTS-CORO1A-KD (M) cells. Each symbol represents the mean of all gran-
ules from one cell (n = 20 from two independent experiments). () YTS-EV and
YTS-CORO1A-KD cells were loaded with Lysotracker Red and imaged by TIRFm
after 10 min of incubation in an imaging chamber coated with immobilized
activating antibody. (Scale bars: 5 um.) (Inset) Differential interference contrast
merged images are shown. (F) Granules per square micrometer found in the
membrane proximal TIRFm field are shown for YTS-EV (@) and YTS-CORO1A-
KD (M) cells. Each data point represents one cell (n = 50 from three in-
dependent experiments).

kinetics and degranulated with the same frequency as WT cells
(Fig. S7 and Movie S2). Thus, CorolA is not required for granule
movement but specifically facilitates granule penetrance through
F-actin by promoting cortical actin hypodensities. Interestingly,
stabilization of F-actin with Jasplakinolide specifically after for-
mation of the IS also results in a decrease in the number of granule-
permissive clearances, an increase in F-actin MFI, and a reduced
F-actin area, and thus is consistent with the state of synaptic
F-actin in CorolA deficiency (Fig. S8). However, despite dif-
ferences in the F-actin area between control and CorolA deficient
cells, CorolA-deficient cells showed normal cell spreading when
measured by differential interference contrast microscopy, thus
suggesting a role for CorolA specifically in F-actin nano-
restructuring (Fig. S9).

Three-Dimensional STED Nanoscopy of F-Actin Demonstrates a Require-
ment for Coro1A in F-Actin Meshwork Structure and Synaptic Lytic
Granule Approximation. Because our 2D data suggested that CorolA
was essential in reducing the potential for F-actin to serve as a
barrier to degranulation, we evaluated F-actin after NK cell acti-
vation in three dimensions by STED specifically to define the
potential for barrier structure (Fig. 54). Although 3D surface ren-
dering supported the observations made in two dimensions of in-
creased F-actin density in CorolA-deficient cells, 3D reconstruction
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demonstrated volumetric synaptic differences (Movie S3). CorolA
deficiency resulted in decreased F-actin volume but increased
F-actin intensity (Fig. 5B). Thus, in the absence of CorolA,
the F-actin meshwork at the synaptic membrane was a denser
and more confined barrier, and thus less penetrable.

The observation that CorolA-deficient cells had less volume
and greater F-actin density was also supported by evaluation of
x,z-axis reconstructions (Fig. 5C). These reconstructions demon-
strated that the increased intensity of F-actin caused by CorolA
deficiency was not due to increased actin volume in the z-axis
plane, and thus represented a more compact synaptic membrane-
proximal barrier. This observation was quantified using 20 radial
intensity plots of surface-rendered 3D reconstructions, which
showed overall increased F-actin intensity in CorolA-deficient
cells (P < 0.0001, Mann—-Whitney U test) (Fig. 5D). Finally, we
reconstructed images of the lytic synapse to include F-actin and
perforin using STED. CorolA-deficient cells had increased in-
tensity of F-actin staining as seen previously. Importantly, the lytic
granules were positioned on top of a noticeably dense F-actin
cortex in the CorolA-deficient cells. This positioning was in
contrast to the CorolA-sufficient cells, where granules had pen-
etrated the cortex and resided at the synaptic membrane (Fig.
SE). Thus, using superresolution nanoscopy, we resolved the
effect of CorolA deficiency upon F-actin and granule dynamics.
Specifically, CorolA was required for fine reorganization, and
thus deconstruction, of the cortical F-actin meshwork to create
hypodense regions allowing lytic granules to approximate the
synaptic membrane.

Naturally Occurring Human Coro1A Deficiency Results in Impaired NK
Cell Cytotoxic Function and Increased F-Actin Density at the IS. To
determine the effect of CorolA on immune function and ex vivo
NK cells, we evaluated a new patient with a compound hetero-
zygous COROIA mutation: a ¢.1077delC (maternal source) in
combination with a previously described c.248_249delCT (pa-
ternal source). Clinically, the patient presented with chronic hu-
man papilloma virus-epidermodysplasia verruciformis and severe
oral herpetic lesions. Profound T-cell lymphopenia was detected;
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Fig. 5. Increased density of F-actin in the absence of Coro1A is defined by
3D STED. YTS-EV and YTS-CORO1A-KD cells were immobilized on glass
coated with antibody to activating receptor and then fixed, permeabilized,
and stained for F-actin. Cells were imaged by time-gated STED in 200-nm
slices of the membrane-proximal 2 pm of cells. (A) Images were deconvolved
and reconstructed in three dimensions and then surface-rendered. (Scale
bars: 5 pm.) (Resolution: z axis, 200 nm.) (B) Volume and MFI of F-actin were
measured for YTS-EV (@) and YTS-CORO1A-KD (M) cells. Each data point
represents one of 20 cells from three independent experiments. (C) Cells
were activated and stained as in A. Shown are representative images in the
X,Z plane from YTS-EV and YTS-CORO1A-KD cells. (Scale bars: 2 pym.) (D)
Radial intensity profiles of images generated as in C were normalized and
plotted for 20 cells. (E) Cells were prepared as in Fig. 4 and imaged in 3D,
time-gated STED for F-actin (green) and perforin (red). Shown are repre-
sentative images from three experiments. (Scale bars: 5 um.)
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however, patient NK cells were present as normal percentages of
peripheral blood lymphocytes but had severely impaired cytotoxic
function against K562 erythroblast target cells compared with
a normal control (Fig. 64). To determine if the effect on F-actin
architecture seen in the CorolA-deficient cell line could be
identified in patient cells, we performed STED nanoscopy as in
Fig. 3. NK cells from the patient and a normal donor were ac-
tivated on anti-CD18 and anti-NKp30, and were then stained
with phalloidin and antiperforin antibody, and imaged by STED
(Fig. 6B). Comparable to the CorolA-KD cell line, patient cells
had a uniformly smaller area of F-actin than NK cells from
a normal donor (42.1 + 29.6 ym vs. 75.6 + 26.4 pm) (Fig. 6C).
This decrease in area was accompanied by a significant increase
in intensity of F-actin staining (Fig. 6D). To determine if this
increase in F-actin intensity was acting as a barrier to lytic
granule release, the frequency of clearances in F-actin permissive
for lytic granule secretion were measured in patient and normal
donor cells. Patient cells had significantly fewer clearances per-
missive for lytic granules (Fig. 6E). Therefore, an NK cell
functional defect in a CorolA-deficient patient relates to altered
F-actin architecture as demonstrated by STED nanoscopy. The
fine control of F-actin meshwork in human NK cells needed for
lytic granule access to the synaptic membrane is an essential
CorolA-dependent regulatory step in accessing cytotoxic defense.

Discussion

F-actin at the NK IS is found in a pervasive yet permissive net-
work. Ligation of NK cell-activating receptors results in the
formation of clearances in the cortical F-actin to enable lytic
granule secretion. These clearances range in size, as do lytic
granules themselves (12). Here, we show that CorolA is required
for effective granule secretion through the deconstruction of
F-actin at the IS, specifically for the generation of a sufficient
number of granule-permissive-sized clearances. Loss of these
clearances in the absence of CorolA is accompanied by a decrease
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Fig. 6. NK cells from a Coro1A-deficient patient have defective cytotoxic
function and altered F-actin architecture. (A) Peripheral blood mononuclear
cells (PBMCs) from the patient (dashed line) or a healthy donor control
(solid) were incubated with susceptible K562 targets, and specific lysis of
targets was measured by standard >'Cr-release assay. *P < 0.05 by Student’s
two-tailed unpaired t test. (B) NK cells from a normal donor (Left) or the
patient (Right) were enriched by negative selection and analyzed by STED
nanoscopy at the plane of the glass as in Fig. 3. Shown is one representative
cell from two independent experiments. (Scale bars: 5 pm.) (Resolution: 110
nm.) Area (C, square micrometers) and MFI (D) of F-actin were measured as
in Fig. 3 (n = 10 from three independent experiments). (E) F-actin clearances
per square micrometer (250-500 nm) were measured for cells from the
normal donor (@) and the patient (). Each data point represents clearances
per square micrometer for one cell (n = 18 cells per condition). ND, normal
donor; Pt., patient.

6712 | www.pnas.org/cgi/doi/10.1073/pnas.1314975111

in efficiency of NK cell cytotoxicity. This work identifies, for the
first time to our knowledge, an actin disassembly factor as a
critical regulator of not only cytolytic function but also immune
cell secretion. In addition, we show a role for this actin disas-
sembly in human health, because NK cells from a patient with
biallelic CorolA mutations have functional NK cell deficiency,
which we show is accompanied by altered F-actin architecture as
seen in the cell line. Because the patient suffered from a char-
acteristic susceptibility to NK cell defense-dependent pathogens,
actin disassembly is likely to represent a relevant feature of hu-
man host defense.

Coronin 17~ mice have a particular defect in T-cell homeo-
stasis, specifically in homing and migration of terminally mature
peripheral ap T cells (22, 27). Analysis of these mice and
CorolA-deficient human patients also shows a role for CorolA
in the localization of Arp2/3 within the cell and the regulation of
its function (26, 27). Importantly, in CorolA-deficent NK cells,
we did not observe any alteration in Arp2/3 localization to the IS,
and although CorolA colocalizes highly with F-actin at the
synapse, it is found less frequently with Arp2/3. Although it does
not appear to be required for the localization of Arp2/3, CorolA
may be binding Arp2/3 to promote the turnover of F-actin, as has
been proposed biochemically for Coronin 1 (16). Collectively, these
results suggest a complexity in the role of CorolA, as well as its
participation in signaling, actin dynamics, motility, and homeostasis.

All previously described CorolA-deficient patients have seem-
ingly unaffected NK cell numbers; however, NK cells have not
been studied functionally before now (26, 29, 30). It is relevant
that these patients have recurrent and severe viral infections, and
one of these patients was hospitalized with near-fatal varicella
infection (26). Because recurrent and severe varicella infection is
a hallmark of NK cell deficiency (1), one could speculate that NK
cell function may also have been affected by Corol A mutation.
Our findings with NK cells do not preclude a T-cell defect in the
patient that contributes to the clinical phenotype. However, our
finding of specific NK cell functional deficiency and the corre-
lation of F-actin architectural defects shows that NK cells, al-
though not developmentally affected, have compromised effector
function.

Importantly, our study uses high- and superresolution imaging
to highlight the importance of the control and deconstruction of
F-actin architecture in NK cell function. Although previous
studies have shown an increase in the global level of F-actin in
Coronin 1-deficient immune cells (22, 26, 27), we did not detect
such a difference in the cell line or in patient cells. In addition,
global levels of Rac activation and Ca*™™ flux were not affected,
suggesting the downstream activation signaling required for cy-
totoxicity was intact in our CorolA-deficient NK cells. Similarly,
IFN-y and STATS5 phosphorylation were intact in CorolA-
deficient NK cells, suggesting global activation was not impaired.
When imaged by conventional confocal microscopy, however,
CorolA-deficient cells had no detectable increase in F-actin depth
at the synapse. Through the first use, to our knowledge, of time-
gated STED microscopy in the immune system with unprecedented
3D resolution, we show an increase in F-actin density that does
not correlate with an increase in F-actin depth. This increased
density, in turn, dictates decreases in minimally sized granule-
permissive clearances that are needed for lytic granule secretion.

Although it may seem surprising that a seemingly small effect
on F-actin architecture translates to such a significant functional
defect, our findings define the importance of the subtle control
of F-actin clearance at the synapse. We propose that localized
regulation of synaptic F-actin meshwork density controls secre-
tory function to avoid inappropriate degranulation. This model is
supported by the recent observation that localized oscillations
in Ca%*, PtdIns(4,5)P2, and N-WASP drive transient increases in
cortical F-actin polymerization that allow for maximal efficiency
of mast cell receptor-triggered granule secretion in rat basophilic
leukemia cells (33). It is reasonable to hypothesize that activating
signal in NK cells also results in localized actin dynamics and that
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this localized control of F-actin deconstruction is as critical as its
polymerization. With the enhanced resolution offered by ad-
vanced superresolution imaging technology, we demonstrate here
that F-actin deconstruction is required for the access of large lytic
granules to the synaptic membrane to enable cytotoxic function.

Materials and Methods

Cell Lines, ex Vivo NK Cells, and Transfection. Generation of cell lines is described
in detail in S/ Materials and Methods. All human samples were obtained with
written consent in accordance with Institutional Review Board approval at
Texas Children’s Hospital. Genetic details of the Coro1A-deficient patient will
be described elsewhere, but c.1077delC (maternal source) and c.248_249delCT
(paternal source) mutations were identified in the patient initially via whole-
exome sequencing and were subsequently confirmed using the Sanger
method. The ¢.248_249delCT mutation has been previously reported (29).

1Cr-Release Cytotoxicity Assay. Standard >'Cr-release assays were performed
to test NK cell cytolytic activity against 721.221 target cells as described
previously (34).
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Western Blot Analysis and Cytoskeletal Fractionation Assay. Western blots
were performed as described previously (5) and are described in detail in S/
Materials and Methods.

Fluorescence-Activated Cell Sorting—Based Assays. Flow cytometric analysis of
conjugate formation, degranulation, intracellular calcium concentration, and
STATS5 phosphorylation is described in detail in S/ Materials and Methods.

Confocal, STED, and TIRFm. NK cell conjugation to targets was performed as
previously described (32, 35). Confocal, STED, and TIRFm and analysis are
described in detail in SI Materials and Methodss.

FRAP. FRAP was performed as described in S/ Materials and Methods. Data
were normalized using easyFRAP software (36).
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