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Abstract

Natural killer (NK) cell deficiency (NKD) occurs when an individual’s major clinical
immunodeficiency derives from abnormal NK cells and is associated with several genetic
etiologies. Three categories of B actin-related diseases with over 60 ACTB (p actin) variants

have previously been identified, none with a distinct NK cell phenotype. An individual with

mild developmental delay, macrothrombocytopenia, susceptibility to infections, molluscum, and
EBV-associated lymphoma had functional NK cell deficiency for over a decade. A de novo
ACTB variant encoding G342D B actin was identified and was consistent with the individual’s
developmental and platelet phenotype. This novel variant also was found to have direct impact in
NK cells, as its expression in human NK YTS (YTS-NKD) cells caused increased cell spreading
in lytic immune synapses created on activating surfaces. YTS-NKD cells were able to degranulate
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and perform cytotoxicity, but demonstrated defective serial killing owing to prolonged conjugation
to the Killed target cell and thus were effectively unable to terminate lytic synapses. G342D B actin
results in a novel mechanism of functional NKD via increased synaptic spreading and defective
lytic synapse termination with resulting impaired serial killing leading to overall reductions in NK
cell cytotoxicity.
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Introduction

Inborn errors of immunity (IEI) are monogenic diseases caused by immune defects
impacting one or more types of immune cells (1). There have been at least 485 IEI described
to date. Natural killer cell deficiencies (NKD) are a type of IEI in which the major clinically
relevant immunodeficiency results from abnormality of natural killer (NK) cells (2). NK
cells are innate lymphocytes specialized for surveillance and elimination of virally infected
or malignant cells and participate in inflammatory responses (3). NKDs are subdivided into
classical (c(NKD), those impacting the survival, proliferation, and/or development, limiting
function, or functional (fFNKD), solely impacting the cytotoxic function. Clinically, NKD
presents as atypical susceptibility to or manifestations of viral infections, typically those of
the herpesvirus or wart-causing virus families, along with increased malignancy risk (4).
When patients present with possible NKD, broader IEI that includes an NK cell abnormality,
such as NEMO or Wiskott Aldrich syndrome are also considered (5,6).

Beta actin (B/ ACTB), one of six highly conserved actin isoforms, is ubiquitously expressed
in non-muscle cells with critical functions within the cytoskeleton (7). Globular actin
(G-actin) is polymerized into filamentous actin (F-actin) and reversely depolymerized
building F-actin networks through interactions with actin binding proteins (ABP) (8,9).
These cytoskeletal proteins support cellular proliferation, migration, and cell-to-cell contact.
Absence of B actin results in embryonic lethality in mouse models (10). Single nucleotide
variants identified in patients have all been heterozygous and result in a clinical spectrum
related to exonal position.

NK cell cytotoxicity is a stepwise mechanistic process of eliminating a triggering target
cell through contact mediated degranulation of the contents of lysosomal organelles known
as lytic granules (LG) (11). NK cells engage with a target cell and induce cytotoxicity
based on overwhelming activating signals resulting from activating receptor ligation. This
quickly triggers the formation of a specialized cell contact optimized for cytotoxicity called
the lytic immune synapse (IS) (12). The lytic immune synapse is comprised of a highly
organized cortical F-actin network that supports conjugation and enables the downstream
processes required for killing (13). Lytic granules, specialized vesicles containing lytic
components such as perforin and granzymes, are moved from throughout the cell to the
microtubule-organizing center (MTOC) in a process called convergence, before polarizing
to the lytic synapse (14). Once polarized, the lytic granules identify openings in a dynamic
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synaptic cortical actin meshwork and are able to fuse with the NK cell membrane and
degranulate (15,16). Thereafter, lytic components are secreted onto the target cell where they
induce target cell death (17). The NK cell then begins downregulating activating receptors
before terminating the IS and detaching from the deceased target cell (18). NK cells can go
on to kill multiple target cells in this manner through a process called serial killing (19,20).

Normal actin function in NK cells has been described as essential to receptor engagement,
IS formation, and lytic granule polarization. The specificity of B actin’s role to these
processes is unclear. In our work to better understand NKD, we have identified an individual
with a B actin variant and impaired cytotoxicity that has identified specific roles for B actin
in the cytolytic process.

Patient sample preparation

Sequencing

Cell lines

This study was reviewed by the Institutional Review Board at Children’s Hospital of
Philadelphia, Baylor College of Medicine, and Columbia University Irving Medicial

Center and approved under protocols CHOP 2006-7-4885, BCM H-30487, and CUIMC
AAAR7377. Blood samples were collected, following consent to these protocols, in sodium
heparin collection tubes and peripheral blood mononuclear cells (PBMC) were isolated
using a Ficoll-Paque Plus density gradient (45-001-750; GE Healthcare), in accordance with
the guidelines established by the Declaration of Helsinki.

Exome sequencing was conducted and analyzed at Baylor College of Medicine according
to the protocols previously established (21-23). Variants of significance were estalished
through multiple biostatistical tests listed (24,25). Variants of interest as potential causative
genes were selected for Sanger sequencing for confirmation.

K562 (CCL-243; ATCC), 721.221, and YTS cell lines were used from maintained
laboratory stocks and regularly checked for mycoplasma by PCR testing. YTS-WT and
-NKD lines were estalished from Lenti ORF clone ACTB-MYC-DKK tagged plasmid
(RC203643L3; Origene). Cloning removed MY C-DKK, adding a c-terminus spacer and
mScarlet fluorescent protein. The variant insertion for G342D B actin and all plasmid
construction was done by Epoch Life Sciences, Inc. (Sugar Land, TX USA) (26). YTS-C,
-WT, and -NKD cells were transduced with Lipofectamine 3000 following manufactuer’s
instructions (100022052; Invitrogen) and maintained according to protocols previously
published with the addition of puromycin (A1113803; Gibco) for selection (27).

Flow cytometry

NK cells from PBMC samples were identified by antibodies Qdot 605 CD56 (HCD56;
Biolegend) and Qdot 705 CD3 (SK7; Biolegend) and analyzed on LSR Fortessa (BD
Biosciences) at Baylor College of Medicine. YTS cell lines were dyed/stained with Live/
Dead Fixable Blue (L23105A; Invitrogen), BV605 CD56 (HCD56; 318334; Biolegend), and
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BV785 CD3 (UCHT1,; 300472; Biolegend). Cytofix/Cytoperm (554714; BD Biosciences)
was used according to manufactuer’s instructions and samples stained with Pacific Blue
Granzyme B (GB11; 515407; Biolegend) and Alexa Fluor 488 Perforin (dG9; 308108;
Biolegend).

For CD107a upregulation, YTS cells were incubated with 721.221 cells at 1:2 and
PE-Cyanine5 CD107a (eBioH4A3; 15-1079-42; Invitrogen) for listed timepoints before
fixation. All cell line studies were analyzed using the Biorad ZE5 Cell Analyzer (Bio-Rad
Biosciences, Inc.) in the Columbia Stem Cell Initiative Flow Cytometry core facility at
Columbia University Irving Medical Center and analyzed with Flowjo v.10.6.2 (BD Life
Sciences).

Western blot

Lysates from YTS cell lines were prepared with Pierce RIPA Buffer (89901; Thermo
Scientific) and HALT protease buffer (78430; Thermo Scientific) and run on Bolt Bis-Tris
4-12% 10 well gel (NW04120BOX; Thermo Scientific) in MOPS running buffer (B000102;
Life Technologies). Protein was transferred onto nitrocellulose membrane 0.2 um pore

size (LC2000; Thermo Scientific) in Bolt transfer buffer (BT00061; Life Technologies).
Antibodies used were: ACTB (4C2; MABT825; Millipore Sigma) and ACTG (2A3;
MABT824; Millipore Sigma), 1:2000, and loading controls NM-2a (Poly19098; 909802;
Biolegend) and B tubulin (E10; SC58880; Santa Cruz Biotechnologies), 1:5000. Secondary
antibodies used were IRDye Goat anti-Mouse 1gG (680RD; 926-68070; LI-COR
Biosystems) and IRDye Goat anti-Rabbit IgG (800CW; 926-32211; LI-COR Biosystems).
Blots were analyzed on the Li-Cor Odyssey CLx system alongside Odyssey one-color
protein molecular weight marker (928-40000; LI-COR Biosystems).

Fixed cell imaging

All fixed cell imaging was performed using samples prepared in an 8 well chamber with
#1.5 glass, fixed and permeabilized with Cytofix/cytoperm (554714; BD Biosciences)
according to manufacturer’s instructions, and imaged in 1x PBS (14-190-235; Fisher
Scientific). Images were captured on Zeiss Axio Observer Z1 outfitted with a Yokogawa
CSU-W1 T2 50 um spinning disc and six lasers (405 nm, 445 nm, 488 nm, 505 nm, 561
nm, 637 nm). All images were captured using a 100x objective (NA= 1.46) and Prime 95B
back illuminated SCMOS camera. Image analysis was performed with Imaris v8 (Oxford
Instruments) or Fiji software (ImageJ) (28).

For actin spreading assays, chamber wells were coated with poly-L-lysine (PLL; P8920-
100ML; Sigma Aldrich), 5 pg/mL of anti-CD18 (1B4/CD18; 373402; Biolegend) and/or
anti-CD28 antibodies (CD28.2; 302933; Biolegend). Cells were added to the chamber
wells in culture media and incubated at 37°C 5% CO, for 30 minutes. Cells were fixed
and permeabilized with Cytofix/Cytoperm (554714; BD Biosciences) and stained with
phalloidin (Alexa Fluor 405; A30104; Invitrogen). Images were analyzed in Fiji for area
or mean fluorescent intensity (MFI) of individual cells. Single cells were confirmed by
brightfield image and phalloidin signal was thresholded to limit background signal and
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identify positive phalloidin signal. Thresholded phalloidin signal was used as the mask and
all masked signal per individual cell was selected to be included in the calculation.

For fixed cell conjugation assays, YTS and 721.221 cells were mixed at a 2:1 ratio in 200

UL culture media and incubated for 25 minutes at 37°C 5% CO-, before being placed in PLL
coated chambers and incubated for another 20 minutes. Cells were fixed and permeabilized
with Cytofix/Cytoperm (554714; BD Biosciences) and stained with phalloidin (Alexa

Fluor 405; A30104; Invitrogen), perforin (Alexa Fluor 488, dG9; 308108; Biolegend), and

a tubulin (Alexa Fluor 647, 10D8; 627908; Biolegend). Principles for measuring lytic
granule (LG)-to-MTOC and MTOC-to-immune synapses (IS) were previously published and
adjusted for Imaris analysis (29). Lytic granules and MTOC were detected at 0.5 pm and 1.0
um threshold, respectively, using Imaris’ spot filter. The IS was identified using the surface
filter with a 1.0 um threshold and isolated to cell-to-cell junctions.

Chromium-51 release functional assay

NK cell function of PBMC samples were assessed by 4-hour >1Cr-release assay as described
(6). PBMC and YTS cells were co-cultured with K562 and 721.221 target cells, respectively,
for 4 hours in culture media at 37°C 5% CO,. Serial killing was measured using lower
effector to target ratios as described (19).

Live cell imaging

YTS cell lines were imaged with 721.221 cells to measure duration of conjugation,
cytotoxicity, and new conjugate formation. YTS were labeled with Cell Tracker Red
CMTPX (C34552; Invitrogen) and 721.221 with Calcein green (Alexa Fluor 488; C34852;
Invitrogen)(1:500) and mixed 1:2. 721.221 cells were washed and added in 250 pL of
culture media to a 24 well plate and incubated for 30 minutes at 37°C 5% CO,. YTS

cell lines were washed and gently added in 200 pL of culture media. Imaging was started
immediately and continued every 2 minutes for 12 hours using the Incucyte S3 live-cell
analysis system at 10x objective with 488 and 647 nm filter sets.

Images were assembled into stabilized stacks and manually analyzed in Fiji. Total
conjugation time was calculated from the 12-hour end time of the assay or conjugation
termination from initial contact between the YTS and 721.221 cells. Time for target cell
death was measured from initial contact to total loss of Calcein green signal in the 721.221
cell. Time for new conjugate formation followed YTS cells and measured time from death of
the previously conjugated target cell and initial contact with a new target cell.

Statistics and Graphics

Statistics were calculated using GraphPad Prism v.9.5.1 (GraphPad Software, San Diego,
California USA). Outliers were removed using ROUT test with Q=1%. Normality was
measured by Shapiro-Wilks test and determined the significance statistical tests listed.
Graphics were developed using Biorender.com.
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Data respository

Data files can be found at the following Dryad repository link: https://doi.org/10.5061/
dryad.98sf7m0qgz.

Results

Proband clinical presentation and history.

The male proband born to nonconsanguineous parents without relevant family history
initially had failure to thrive, ophthalmoplegia (Duane syndrome- treated surgically),
and macrothrombocytopenia. He had short stature, mild facial dysmorphisms, and mild
developmental delay with normal brain MRI. Testing for MY H9-related disease was
negative.

The proband experienced recurrent otitis media starting in the first year of life which
required 3 tympanostomy tube placements. At age 3, he was hospitalized with RSV
bronchiolitis, as well as pneumonia of unclear etiology on numerous occasions. At age 20,
he presented with severe molluscum (MCV) (Fig. 1A), which persisted >1yr, but improved
after 10mo cimetidine/topical steroids/topical antibiotics/biweekly destructive cryotherapy.
This prompted immunodeficiency consideration. He had hypergammaglobulinemia with low
IgM and PPV23 vaccination response (Table SI) and was treated with immunoglobulin
replacement. Lymphocyte subsets were within normal ranges including NK cells and both
mature CD56%M and immature CD56"9Mt NK cell subsets (Table S, Fig. 1B). Because

of the severity of viral illness, additional evaluation of NK cells was advanced, finding
detailed phenotypic testing was normal compared to our established ranges, suggesting
normal maturation which has previously been shown to require intact migration (not shown)
(30-32). Functional testing was performed using ®1Cr-release assay of PBMC with K562
target cells (Fig. 1C). Compared to a healthy donor and the mean of 205 healthy donors, the
proband had significantly lower cytotoxic function (repeated over 3yr).

At age 30, the proband presented with fever, weight loss, and adenopathy. The

proband initially underwent conventional therapy with ABVD (doxorubicin (Adriamycin),
bleomycin, vinblastine, dacarbazine) x2 cycles with no complication. Interim PET/CT
(Positron emission tomography—computed tomography) after cycle 2 showed decreased
size and resolved fluorodeoxyglucose (FDG) avidity of multiple lymph nodes present, but
increased FDG avidity from standard uptake value (SUV) 13.1 to SUV 22.8 of the left
external iliac chain lymph node conglomerate. These findings were scored as 4 on the
Deauville five-point scale, consistent with progressive disease.

Subsequently, the proband had multiple lymph node (LN) biopsies over a year of
treatment from the groin and external iliac regions. All LN samples were involved by
frank lymphomatous process with shared immunomorphological features. The biopsies
showed complete effacement of LN architecture by variably sized aggregates and sheet-
like infiltrates of large, atypical lymphocytes (Figure 1D, panels 1-3). This included

a morphologic spectrum, ranging from centroblast-like cells to Hodgkin (H) and Reed-
Sternberg (RS) cells, including H-RS variants and mummified cells. Small lymphocytes
were seen admixed, which varied in density in different areas. Numerous histiocytes
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and scattered plasma cells and eosinophils were noted. Variable coagulative necrosis and
capsular thickening by fibrosis were also seen.

The neoplastic lymphocytes exhibited aberrant immunophenotype via immunohistochemical
(IHC) staining by (Figure 1D, panels 4-7): CD45*~, CD30*, CD15*/~, Pax5 (Paired Box
5) weak*, CD20~, CD79a", BCL6*/~ (B-cell lymphoma 6), BCL2*/~ (B-cell lymphoma 2),
MUMZ1* (multiple myeloma 1), and PD-L1* (programmed death ligand 1). The neoplastic
cells were Epstein-Barr virus (EBV) positive by Epstein-Barr virus-encoded small RNAs
in situ hybridization (EBER ISH)(Figure 1D, panel 8). The findings overall were indicative
of extensive involvement by a primary immunodeficiency-associated lymphoproliferative
disorder (IA-LPD), EBV* lymphoma with Hodgkin-like features. IA-LPDs comprise a
heterogeneous group of lesions with variable clinicopathologic features, which can share
similar pathologic features (histology, immunophenotype, and genetic features) despite
diverse clinical settings (33). Most typically, IA-LPDs are B-cell lymphoproliferative
disorders (B-cell LPDs), usually EBV positive, showing a spectrum of lesions, including
hyperplasias, polymorphic LPDs, and aggressive lymphomas.

The proband received treatment with rituximab (R) to address the EBV viremia also

present and continued chemotherapy switching to escalated EPOCH (Etoposide phosphate,
Prednisone, Vincristine sulfate (Oncovin), Cyclophosphamide, Doxorubicin hydrochloride
(Hydroxydaunorubicin)). After 2 cycles of R-EPOCH, restaging PET/CT showed stable
disease and the proband was enrolled on a phase 1b/2 clinical trial using the experimental
oral HDAC inhibitor VRx-3996 & Valganciclovir in combination with valganciclovir

in subjects with EBV-associated lymphoid malignancies at a different institution but
discontinued the treatment due to progressive disease. Subsequently, the proband was

then briefly treated with several lines of therapy, including rituximab in combination

with brentuximab (an anti-CD30 antibody-drug conjugate), pembrolizumab (an anti-PD-1
antibody), and ibrutinib (a BTK inhibitor) without response. This was followed by treatment
with three infusions of allogeneic EBV-specific cytotoxic T-lymphocytes (CTL), resulting in
clinical improvement in constitutional symptoms and transfusion requirements, but mixed
response on imaging studies. The proband succumbed to an episode of fungal pneumonia at
age 31.

Identifying a novel B actin variant in fNKD proband.

Trio exome sequencing of the proband and biological parents was used to identify any
genetic variants that may be affecting NK cell function. Although no known pathogenic
alterations were identified, a number of candidate genetic variants were considered based
upon their zygosity, heritability, prevalence in the population, and predicted damage to the
gene (Supplemental Fig. 1A). Of these, a novel de novo variant c.G1025A p.G342D in
actin was most compelling. This variant results in a substitution of a glycine residue for an
aspartic acid in the translated sequence affecting a highly conserved residue predicted to lie
at the base of a critical structural pocket for protein binding and monomeric conformational
changes (Supplemental Fig. 1 B,C) (34-37). Trio Sanger sequencing confirmed this variant
in the proband as de novo (Fig. 1D). Variants in B actin result in a clinical spectrum with

3 distinct rare diseases already classified: Baraitser-Winter Syndrome 1 (BRWS1), ACT7B-
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associated syndromic thrombocytopenia (ACTB-AST), and Beta actin deficiency (BAD)
(Table I). Few clinical cases of dystonia have been attributed to AC7B variants and are often
diagnosed under BRWSL1 (38-44). While most B actin variants were originally classified

as causing BRWS1, few have been reclassified as ACTB-AST, causing thrombocytopenia
and only moderate to mild cranio-facial malformations and developmental delay (42,45,46).
In an emerging ACTB allelic series, BRWS1 and ACTB-AST are genetically distinct in
that variant alleles associated with the former affects exons 1-4 and the latter exons 5

and 6. BAD is a longstanding, separate phenotype defined in a single proband having
characteristics of ACTB-AST along with a neutrophil defect causing immunodeficiency not
characteristic of either BRWS1 or ACTB-AST (47). Similar to BAD, our proband presents
clinically with a phenotype similar to ACTB-AST with both variants G342D (NKD) and
G364K (BAD) in exon 6 of B actin. Despite these similarities, our proband had an NK cell
phenotype not identified in previously described B actin variants.

G342D B actin impairs NK cell cytotoxicity without affecting lytic granule convergence or

polarization.

To evaluate if G342D P actin could cause an aberration of NK cell function, an immortalized
human NK cell line, YTS, was used to study the variant in isolation from the proband’s
broader genetic and clinical context. YTS cells were transduced with lentivirus containing
wildtype B actin (YTS-WT) or G342D B actin (YTS-NKD) and kept under puromycin
selection so that stably expressing lines could be generated and tested against a YTS control
cell line (YTS-C). The YTS-WT and -NKD cell lines demonstrated similar growth kinetics
and were propagated equivalently /n vitro, suggesting intact cell division and proliferation.

To determine any impact of the variant upon NK cell function, ®1Cr-release assay used with
721.221 target cells due to their susceptibility to YTS-mediated cytotoxicity (48). Across
varying effector to target (E:T) ratios, YTS-NKD cells had significantly less specific lysis

of target cells than YTS-C or YTS-WT (Fig. 2A). Expression of WT B actin did have

some slight effect on the killing relative to YTS-C, but both were >4-fold higher when
considering the number of YTS cells required to achieve a given percentage of target cell
lysis than YTS-NKD cells. Thus, YTS-NKD cells expressing G342D  actin recapitulate the
proband’s functional NK cell defect, aligning with the criteria for single patient studies, and
support further mechanistic investigation (49).

Overexpressing B actin in these cell lines had the potential to alter the expression of actin
isoforms. The B actin isoform can influence cell motility, increasing it when overexpressed,
unlike -y actin (10,50). Conversely, B actin knockdown decreases cell mobility and
availability of globular actin (51). To evaluate the effect of G342D P actin expression on

B and y actin homeostasis, YTS cell lines were evaluated by Western blot. No significant
relative difference of either p or -y isoforms were found in the transduced lines (YTS-WT
and -NKD) compared to the YTS-C (Supplemental Fig. 2). The G342D B actin variant nor
the expression of exogeneous WT f actin appeared to impact actin isoform homeostasis.

To evaluate the mechanism of cytotoxicity impaired by B actin G342D, the cytolytic
machinery and its function was studied. The actin cytoskeleton, in addition to its cellular
roles for mobility and development, is required for synapse formation and for polarization of
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specialized vesicles, lytic granules (LG). The LG contain perforin and granzymes which are
released onto the target cell during degranulation. Intracellular flow cytometric measurement
of key lytic effectors demonstrated that both perforin and granzyme B were not decreased
in YTS-NKD cells (Fig. 2B). Since the lytic effector molecules were present, and given the
known roles of actin in establishing a lytic immunological synapse required for cytotoxicity,
we next evaluated the cell biological stages of NK cell cytotoxicity. To determine if

these processes were affected by the presence of G342D p actin, YTS cell lines were
conjugated to 721.221 target cells to create lytic synapses, fixed, stained, and evaluated
using fluorescence confocal microscopy. Projections through the z-axis demonstrated that
LG convergence to the microtubule organizing center (MTOC) and LG polarization to the
synapse were occurring (Fig. 2C). These were quantified in individual conjugates derived
from multiple independent experiments. Measuring convergence as the mean distance of
the LG from the MTOC in individual cells identified no difference between any of the cell
lines (Fig. 2D, left). To measure polarization, the distance of the MTOC to the synapse

was defined in individual cells which was not significantly different in YTS-NKD cells
compared to the others (Fig. 2D, right). However, distance of MTOC to IS was decreased in
YTS-WT compared to YTS-C. Overall, the internal movement of lytic machinery appeared
intact in the presence of G342D in B actin.

One of the final actin dependent steps in positioning the lytic machinery is the secretion

of the lytic granule contents onto the target cell. This process, degranulation, requires lytic
granules to move through the F-actin of the lytic synapse. To evaluate whether degranulation
was impaired by G342D f actin, CD107a upregulation was measured by flow cytometry.
After co-incubation with 721.221 target cells, YTS-C, -WT and -NKD cells all demonstrated
CD107a upregulation which increased with prolonged conjugation times (Fig. 2E). There
were no significant differences in CD107a intensity between the cell lines at any given
timepoint. Thus, the function of cytolytic machinery was not affected by the presence of the
proband’s B actin variant.

G342D B actin increases cell spreading and impairs serial killing.

While Iytic granule polarization and degranulation were not altered by G342D f actin, there
are other actin-related functions that enable synaptic function, some delineated by primary
immunodeficiencies (15,16,52-54). To further evaluate synaptic actin, we studied cell
spreading on glass visualizing F-actin, which we have previously shown governs optimal
cytotoxicity (55). In order to simulate different types of synapses, we studied YTS cells on
glass surfaces coated with poly-L-lysine (PLL) for a hon-activating signal, anti-CD18 (2
integrin) for an adhesion signal, anti-CD28 as triggering for degranulation, and anti-CD18
and -CD28 together (both adhesion and triggering). The CD28 receptor on YTS cells is the
primary triggering receptor for cytotoxicity and is present on approximately 50% of mature
human NK cells (31,48,56). Minimal spreading of cells was seen without stimulation on
PLL (Fig. 3A). The engagement of CD18 gave rise to a larger F-actin footprint with some

of the central hypodensity characteristic of a maturing synapse. This was accentuated further
still with CD28 engagement or CD18/CD28. Some of the focal hypodensities in the synaptic
actin, which we have shown allow for lytic granule passage, were also more clearly visible
after CD28 engagement in YTS-C cells (15,57). When comparing the YTS-C cells (Fig. 3A,
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top) to the same conditions for YTS-WT (Fig. 3A, middle) and YTS-NKD (Fig. 3A, bottom)
cells, the general synaptic constructs did not appear different, but the synaptic interface
appeared larger in cells containing G342D p actin. This observation suggests that the variant
might have an impact on cell spreading as governed by F-actin structuring.

To quantify, synaptic actin per unit area of synapse, its mean fluorescence intensity (MFI) in
individual cells across independent experiments was measured. The MFI of phalloidin was
not significantly different across PLL, CD18, or CD28 conditions for YTS-C, -WT, or -NKD
cell lines (Supplemental Fig. 3A). Interestingly, YTS-NKD cells stimulated via CD18/CD28
had significantly lower phalloidin MFI than YTS-C or -WT cells. This indicates less F-actin
per unit area in these cells and suggests a more diffuse F-actin network. It should be noted
that while not significantly different, there was a large spread of values and lower mean

for the YTS-NKD cells activated via CD28 alone, suggesting the same indication as for
CD18/CD28 stimulated cells.

Given the F-actin MFI and cell appearance, we wanted to measure the overall size of

the synaptic interface as an indication of cell spreading. We quantified the total surface

area of phalloidin signal, irrespective of intensity, using F-actin as an indicator of the
synapse itself. YTS-C cells spread minimally on PLL or CD28 coated surfaces, which

was increased with CD18 ligation (Fig. 3B, left) (15). Thus, adhesion signals promoted
significant cell spreading as denoted by the size of the F-actin synaptic interface. The
expression of WT f actin, however, led to increased cell spreading when CD28 was engaged
by itself, in addition to the increased spreading induced by CD18. The YTS-NKD cells also
demonstrated both CD18 and CD28-induced cell spreading like YTS-WT cells. The surface
area of the synapse in YTS-NKD, however, was 20%, 41%, 37% and 42% larger than that
found in the YTS-WT cells when comparing PLL, CD18, CD28 and CD18/28, respectively
(p<0.01)(Supplemental Figure 3B). Thus, the G342D B actin variant increases synaptic
surface area and promotes likely greater cell spreading across all conditions. With increased
F-actin spreading, it is possible that YTS-NKD cells are not challenged in forming a synapse
nor completing a single cytotoxic event, but perhaps are challenged in re-organizing F-actin
after killing.

After the initial killing event, an NK cell terminates the synaptic connection and detaches
from the dying or deceased target cell. It then has the potential to progress to kill a
subsequent target cell, a process known as “serial killing”. To determine if serial killing
capabilities were affected by the expression of G342D B actin, a variation on the 4-hour
S1Cr-release assay was performed to assess for serial killing (20). Specifically, very low
ratios of YTS to target cells were used to allow each NK cell the opportunity to contact
multiple targets to potentially engage in serial killing. Even in the presence of vast excesses
of target cells, YTS-NKD cells were less effective than YTS-C or -WT cells (Fig. 4).

Thus, even in a very target rich environment, despite being saturated with opportunities

to kill multiple cells (while demonstrating normal cytotoxic mechanisms of convergence,
polarization, and degranulation), fewer were killed by YTS-NKD cells. This suggests that
G342D in B actin impairs an NK cell’s ability to kill multiple target cells via reduced serial
killing.
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G342D B actin increases synaptic conjugation time.

Given the increased cell spreading, decreased F-actin per unit area, and potentially reduced
serial killing attributed to G342D B actin, we wanted to evaluate the later stages of lytic
synapse, termination and detachment. To best visualize and measure the “end” of the
synapse, we performed long-term live cell imaging of YTS cells incubated with 721.221
target cells (1:2 E:T ratio) at low resolution and low magnification. YTS cell lines were
labeled with CellMask Red for identification, and 721.221 cells were labeled with Calcein
green to allow them to be identified as well to determine when they have died via loss of the
green fluorescence. Imaging was performed over 12 hours with images captured at 2-minute
intervals. Time lapse video sequences of the cytolytic process were generated to evaluate
individual conjugation events and representative images of YTS-WT and -NKD cells were
selected (Fig. 5A). Sequences from a representative video (Supplementary Video 1) of a
YTS-WT cell (red) killing a 721.221 target cell (green) identified initial conjugation in panel
2. Target cell membrane blebbing, an early indicator of cell death, was seen by panel 4. This
was followed by the elimination of the Calcein green signal in panel 5 signifying target cell
death and ultimately detachment of the YTS-WT from the deceased target in panel 6. At this
point an NK cell would be capable of binding to a new target cell to engage in serial killing.
Sequences from a representative video (Supplementary Video 2) of a YTS-NKD cell (red)
killing a 721.221 target cell identified conjugation in panel 1. The conjugation persisted
through target cell membrane blebbing and Calcein green signal loss in panel 3. In panels
4-6, the YTS-NKD cell moved positions, but failed to detach from the target cell prior to
the end of the assay. Thus, the YTS-NKD cell demonstrated impaired synapse termination as
detachment from the dead target cell did not occur. This would, in theory, limit the ability of
this YTS-NKD cell to mediate subsequent kills.

To quantify the biology depicted by the representative images, multiple conjugates were
evaluated across several experiments and the time of conjugate initiation to target cell
detachment or end of the assay was measured. YTS-NKD cells had significantly longer
conjugation times with 721.221 target cells on average than either YTS-C or YTS-WT
cells (Fig. 5B, left). The time from initial conjugation to target cell Calcein release was
also measured to determine the time required to mediate cell death. Despite longer total
conjugation times in YTS-NKD cells, there was no significant difference in conjugate
duration for target cell death when compared to YTS-C or -WT cells on average (Fig. 5B,
center). The time for a given YTS cell to form a conjugate with a new 721.221 target cell
after killing a previously conjugated target was also measured. YTS-C cells can form a
new conjugate with target cells at an average of 213 minutes (Fig. 5B, right). While this
increases in YTS-WT cells to an average of 303 minutes, it was significantly increased
further still in YTS-NKD cells to an average of 409 minutes. Thus, the presence of the
G342D B actin variant increases conjugation time and time to initiate a serial engagement.
Thus, G342D B actin increases conjugation time and time to initiate a serial engagement,
which we believe to be due to abnormal F-actin function, as evidenced by increased cell
spreading. The resulting abnormality in NK cell function induced by G342 B actin, therefore
occurs likely after the primary Kill by preventing effective serial killing.

J Immunol. Author manuscript; available in PMC 2024 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Reed et al. Page 12

Discussion

We have studied an individual with recurrent infection, severe MCV, and an EBV-associated
malignancy with longstanding functional NKD. They were found to have a G342D

variant in B actin which we believe to be causative. Distinct from other { actin related
disorders, the functional NK cell defect dominated the proband’s clinical phenotype

and aligns with those identified in other NKD cases (58,59). The previously identified
spectrum of disorders associated with p actin variants have not been, with one exception,
associated with immunodeficiency. Variants found in exons 1-4 cause BRWS1 which
presents with distinct cranio-facial malformations and developmental delay (42). ACTB-
AST presents with mild to moderate craniofacial malformations and developmental delay
with macrothrombocytopenia. This seemingly less severe phenotype is associated with
variants in exons 5 and 6. The molecular basis for AC7B-AST is impaired binding dynamics
to other actin binding proteins (ABP) such as non-muscle myosin lla (NM-lla), filamin

A, and a actinin (45). The single IEI related to ACTB, p actin deficiency, is caused by

an E364K B actin variant, but was defined by a neutrophil defect associated with their
migratory impairment. Our proband’s clinical phenotype, despite extra-immune phenotypic
overlap with ACTB-AST, was identified as a novel fNKD which we believe is a specific
feature of the G342D P actin variant.

B actin deficiency and the case we describe are within the broader category of actin-related
IEI referred to as actinopathies (60). Collectively, these have some common clinical
presentations of recurring bacterial and/or viral infections, cutaneous lesions, and pulmonary
infections (61). Some are also characterized by thrombocytopenia, which occurs with

the WASp-related, MYH%related, and ARPCIB syndromes, similar to our proband (62—
66). Importantly, our proband had macrothrombocytopenia like individuals with MYH9-
related disorders, which is distinct from the typical microthombocytopenia caused by
WASP and ARPCI1B variants. This speaks to potentially distinct pathophysiologies while
still being actin-related. Of note, our proband did not present with an inflammatory
phenotype associated with GTPase actinopathies such as CDC42, RHOG, and RHOH (67—
69). Furthermore, variants in ARPC1B, CORO1A, HEM1, WDR1, WASPand WIP have
all been associated with cell spreading abnormalities in their T cell immune synapses
defining specific lymphocyte abnormalities and turning attention to activation-induced actin
dynamics (70-76). Many have also been associated with defects in NK cell function
(6,53,77,78). This combined with the identification of defects in our own proband led us

to consider what the impact of the G342D variant in  actin was in the context of the many
known actin-dependent processes in NK cells (13).

A functional and regulated cytoskeleton, including actin, has been established as essential
for NK cell cytotoxicity. This network enables immune synapse formation, lytic granule
polarization, and degranulation alongside other cellular functions. While these roles have not
specifically been attributed to 8 actin in NK cells, they have been connected to the integrity
of F-actin and many related binding proteins, such as WASP, WIP, and coronin-1A. More
broadly, B actin is embryonic lethal when deleted from mouse genomes and functionally
contributes to normal motility and developmental functions within cells (10). With the
importance of actin in NK cell cytotoxic and cellular functions, we pursued variant G342D
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[ actin as causative for our proband’s decreased NK cell cytotoxicity. On a cellular level,
degranulation, which is also a more broadly actin-dependent function, occurred normally
as evidenced via CD107a upregulation in the presence of G342D b actin across a range of
conjugation times. Further, we identified increased synaptic surface area in YTS-NKD cells
containing the G342D variant. This was specifically visualized in our actin spreading assay
in which YTS-NKD cells demonstrated significantly larger F-actin footprints on activating
surfaces as compared to their YTS-C or -WT counterparts. In consideration of the potential
implications of this aberrant spreading, we functionally identified a serial killing defect in
variant expressing cells. We observed in live cell imaging that target cells are rapidly and
effectively Killed, but that detachment from the dead target cell was delayed or even not
observed. This resulted in YTS-NKD cells having prolonged conjugation with target cells
and a decreased ability to detach from them. We hypothesize the more diffuse but larger
cell spreading footprint observed when expressing B actin G342D leads to the inability to
effectively depolymerize and deconstruct the IS to detach from the deceased target cell.
Interestingly, protein modeling of B actin variant G342D, demonstrates the alteration of an
invariant residue proximal to that binding the actin depolymerization factor, cofilin-1 (79).
Thus, G342D b actin may affect actin remodeling and increases cell spreading at the IS
leading to abnormal detachment and IS termination. To our knowledge, this constitutes the
first NKD or IEI associated with an impaired termination phase of the lytic synapse.

Serial killing, the capability of NK cells to perform multiple cytotoxic events, has garnered
interest as a therapeutic strategy for cancer treatment by exploiting NK cell cytotoxicity. The
potential for multiple cytotoxic events varies amongst individual NK cells as well as across
different target cells although the exact reasons are unclear (19). When serial killing, NK
cells use, recycle, or reproduce their Iytic machinery and receptors although the process has
not been previously studied in YTS cells (20). In general, however, the potential for NK cell
serial killing is bolstered by effective detachment from a target cell following a cytotoxic
event (80). Preventing cytotoxicity in NK cells prolongs this conjugation, while the death of
the target cell triggers the detachment (81). If the NK cell detachment is impaired, it remains
activated with high levels of internal calcium and cytokine production, which can lead to
inflammatory clinical phenotypes (18). The G342D variant in our proband does not impair
killing mechanisms within the NK cell and the absence of an inflammatory phenotype in

the proband suggest the NK cell signaling may be downregulated following successful target
killing. Thus, G342D B actin appears to impair the internal mechanisms of detachment,
likely through actin restructuring via depolymerization. With this prolonged conjugation,
the potential for NK cell serial killing becomes dependent on both the NK cell and the
conjugated deceased target cell, limiting the efficacy of NK cytotoxicity. This effectively
results in an impairment of overall NK cell cytotoxic capacity and resulting host defense.
While B actin G342D impact on synaptic actin characteristics provides a new insight, the
specific mechanisms directing NK cell conjugate detachment remain an open area for future
study.

Specific roles for monomeric b actin could be considered outside of the proposed impact of
the G342D variant on increased F-actin spreading and synapse termination. These include

scaffolding roles for b actin in the context of its known essential integration in the dynactin
complex and participation in resulting dynein function (82,83). Since we found the dynein-
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dependent process of lytic granule convergence to be normal in the presence of G342D b
actin, this hypothesis is unlikely. Another consideration is for an impact of G342D b actin

on ratios of B:y actin since the maintenance of the monomeric actin pool is controlled by

B actin and would ultimately be important for F-actin functions (51). Along these lines
proportional increases of -y to B actin is associated with increased spreading, diffuse and
disorganized B actin bundles, and higher expression of ABPs such as Arp2/3, WAVEZ2, and
cofilin-1 (84). That said, the presence of variant G342D B actin in our experiments did

not alter B to -y actin ratios, de-emphasizing this hypothesis. The cellular data from our
experiments suggests initially normal but ultimately unrestrained cell spreading that hampers
the active detachment process from a dead target cell.

Expressing variant G342D f actin in NK cells increases the spreading capacity on all
surface types: neutral, adhesion, triggering, or adhesion and triggering. We hypothesized
with normal convergence, polarization, and degranulation, an initial killing event may be
unaffected by this variant, but instead the subsequent efficacy of cytotoxicity would be
limited. In live cell imaging of YTS-NKD cells, variant expressing cells have prolonged
conjugation to target cells despite normal time to perform cytotoxicity, killing the target
cell. We attributed this to increased spreading and impaired detachment from the target cell.
By prolonging the conjugation of a functional NK cell to a dead target cell, the potential
for subsequent target cell killing is limited and total cytotoxic function of NK cells over
time is decreased. We propose that 7 vivo this would result in NK cells unable to clear

a population of diseased cells before its expansion beyond what typically NK cells might
reasonably control. This could result in a reduced ability to handle viral infection while

T cells are preparing their defense as well as a reduced ability to provide surveillance for
malignant cells, ultimately giving susceptibility to early cancer development. These would
explain the clinical susceptibilities identified in our proband. Importantly, further studies
aimed at delineating the exact threshold at which target cells outpace NK cell serial killing
capabilities would allow for a better understanding of optimal killing requirements. These
could be useful in considering overall definitions of cytotoxic cell immunodeficiencies as
well as standards needed to be achieved in optimizing cellular therapeutic approaches to
cancer. The specific attributes of G342D p actin, however, define it as impairing particular
NK cell functions without debilitating other major immune mechanisms. This combined
with the proband’s clinical presentation led us to consider this particular variant of b actin
as a cause of fNKD thus expanding the spectrum of human genetic variants that have a
majority clinical immunodeficiency impact upon NK cells.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
IEI

ACTB
NK
NKD
cNKD
fNKD
1S
MTOC
LG
G-actin
ABP
MCV

ABVD

PET/CT
FDG
SuUvV

LN
IA-LPD

EPOCH

R-EPOCH

BRWS1
BAD

ACTB-AST- ACTB

Inborn errors of immunity

beta actin/ p actin

natural killer

natural killer cell deficiency
classical natural killer cell deficiency
functional natural Killer cell deficiency
immune synapse

microtubule organization center

Iytic granule

globular actin

actin binding proteins

Molluscum contagiousum virus

A — doxorubicin (Adriamycin) B — bleomycin. V —
vinblastine. D — dacarbazine (DTIC)

Positron emission tomography—computed tomography
fluorodeoxyglucose

standard uptake value

lymph node

immunodeficiency-associated lymphoproliferative disorder

E= Etoposide phosphate, P= Prednisone, O= Vincristine
sulfate (Oncovin), C= Cyclophosphamide, H= Doxorubicin
hydrochloride (Hydroxydaunorubicin)

R= Rituximab, E= Etoposide phosphate, P= Prednisone,
O= Vincristine sulfate (Oncovin), C= Cyclophosphamide,
H= Doxorubicin hydrochloride

Baraitser Winter Syndrome 1
Beta actin deficiency

associated syndromic thrombocytopenia
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Key Points

1. Variant G342D in B actin causes novel functional NK cell deficiency in our
proband.

2. Variant expression increases spreading area when cytotoxicity is activated.

3. NK cell serial killing is delayed by prolonged conjugate interaction.
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Figure 1: fNKD in association with a G342D ACTB variant.
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(A) The proband had numerous viral infections including severe Molluscum contagiosum
virus (MCV) at age 20. (B) PBMCs from a healthy donor and proband at age 24
evaluated for NK cells within a lymphocyte gate as CD3~CD56 cells with gated regions
specifying CD56PM9ht and CD569M populations. (C) NK cell cytotoxicity measured by
SICr-release assay using K562 target cells showing mean + SD for healthy control donors
(purple line, gray region n=205) and a lab control (black) and the proband (teal) at age

27 in which the proband is different via by Shapiro-Wilk test and paired ratio ¢test

(NS, not significant, *P<0.05). (D) Immunohistochemical staining of lymph node biopsy
samples defining primary immunodeficiency-associated lymphoproliferative disorder (IA-
LPD), EBV* lymphoma with Hodgkin-like features malignancy (individual stains and
magnifications are listed and the H&E 20 and 40X show different magnifications of the
same field). (E) Exome sequencing identified a c.G1025A ACTB alteration corresponding to
a p.G342D in B actin confirmed as de novoin the proband via Sanger sequencing.
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Figure 2: G342D ACTB variant impact in NK cells.
(A) Representative >1Cr-release assay measuring specific lysis of 721.221 target cells by

YTS control (C, black), WT B actin expressing (WT, teal), and G342D { actin expressing
(NKD, purple) cells (Shapiro-Wilk test and paired ratio ftest). (B) Flow cytometry mean
fluorescent intensity (MFI) of mature perforin and granzyme B in YTS-C, -WT, and -NKD
cell lines (Mann Whitney U test, mean of 3 independent experiments). (C) Representative
images of fixed cell conjugates between 721.221 target cells and YTS-C, -WT, and -NKD
(left to right) cells imaged after 45 minutes in conjugation, fixed, and stained for perforin
(lytic granules, green), a-tubulin (MTOC and microtubules, blue), phalloidin (F-actin,
white). Scale bar=15 pm. (D) Distance of lytic granules from the MTOC (defined by
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tubulin density) measuring convergence and distance of MTOC to IS measuring polarization
(Shapiro-Wilk test and Mann Whitney U test; outliers via ROUT test with Q= 1%, mean of
4 independent experiments with N=53-83 cells per condition). (E) CD107a MFI determined
by flow cytometry of YTS cell lines in conjugation with 721.221 target cells across times
from 30-240 minutes. Gates determined with YTS only control to exclude unconjugated
cells and YTS selected by CD3"CD56" cells. Across two independent experiments, YTS-
NKD showed no difference in CD107a expression from YTS-C or -WT at any timepoint.
(NS, not significant, *P<0.05, ***P<0.001, ****P<0.0001)
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Figure 3: G342D ACTB expressing NK cells demonstrate increased activation-induced
spreading.

(A) Representative images of YTS-C, -WT, and -NKD cells (top to bottom) incubated on
poly-L-lysine (PLL), CD18, CD28, and CD18/CD28 coated slides (left to right) and stained
with phalloidin (white) to bind F-actin and viewed at the plane of the glass. Scale bar=25
um. (B) Comparison of cell surface area (um?2) across cell lines and activation conditions
measured by the masked area of phalloidin signal at the plane of the glass. N=72-332

cells per condition obtained over 3 independent experiments. Outliers were determined by
ROUT test with Q= 1% and normality by Shapiro-Wilk test. Statistical significance was

J Immunol. Author manuscript; available in PMC 2024 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Reed et al.

Page 27

determined by Mann-Whitney U test. (NS=not significant, *P<0.05, **P<0.01, ***P<0.001,
****%P<0.0001)
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Figure4: Impaired serial killingin G342D variant expressing NK cells.

Low E:T ratios were used in 4-hour ®1Cr-release assay to increase the number of 721.221
target cells available for each YTS-C (black), -WT (teal), or -NKD (purple) cell in order

to evaluate serial killing ability. Points represent the means of technical triplicates from a
representative experiment that was independently repeated 3 times. Specific lysis was tested
by Shapiro-Wilk test and paired ratio ztest. (**P<0.005)
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Figure5: G342D variant expressing NK cellsineffectively terminate lytic synapses.
(A) Live cell fluorescent time lapse image sequence YTS-WT (top) and -NKD (bottom)

cells (red) incubated with Calcein green-labelled 721.221 cells for 12 hours (time, black).
Cell death can be visualized by calcein dye loss. In the WT sequence, conjugation begins in
panel 2, death in panel 5 and detachment in panel 6. In the NKD sequence conjugation is
seen in panel 1, death in panel 5 but detachment does not occur. (B) Measurement of total
conjugate time (left), time to target cell death (middle) and time for a new conjugate to form
(right) in 49-56 independent control (C), WT or NKD YTS cells with 721.221 target cells in
12h live cell imaging sequences. Outliers were determined by ROUT test with Q= 1% and
normality by Shapiro-Wilk test. Statistical significance was determined by Mann-Whitney U
test. (NS=not significant, *P<0.05, **P<0.01, ***P<0.001)
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Ejﬁ]gre 6: Model for G342D B actin impact upon NK cell cytotoxicity: impairment of serial
1ing.

Stepsgin normal NK cell cytotoxicity (left) or as proposed for the impact of G342D B actin
(right). (1) An NK cell (top cell) requires contact-mediated ligation and activation upon
receptor engagement with a target cell (bottom) to form a lytic immune synapse in the NK
cell, which induces actin reorganization and convergence of lytic granules to the MTOC (2).
Together, the lytic granules and MTOC polarize to the synapse (3) and identify conduits in
the synaptic actin network for degranulation and release their contents onto the target cell
(4). The target cell is then killed (5) after which a detachment event typically occurs (6) to
allow for serial killing and a repeat of the cycle. In the context of G342D B actin (right), the
NK cell spreads over the target cell to a greater extent (2-5) and is less able to detach (6) and
becomes a less effective serial killer.
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Table I:

Disorders and phenotypes associated with AC7B variants.

Page 31

killer cell deficiency
(NKD)

cell cytotoxicity
with normal NK
cell frequency and
phenotype

Disease Variant(s) Approximate# | Immunologic Clinical Phenotype Reference
of Cases defects
Baraitser Winter Primarily 39 Individual cases Craniofacial dysmorphisms, (39-44)
Syndrome | (BRWS1) variants in with malignancy microcephaly, moderate to severe
exons 1-4 development or developmental delay
repeat infections
ACTB-associated Variants in 7 Leukocytosis with Macrothrombocytopenia, mild (44,45)
syndromic exons 5-6 increased eosinophil craniofacial abnormalities,
thrombocytopenia counts microcephaly, mild developmental
(ACTB-AST) delay
Beta actin deficiency E364K 1 Decreased neutrophil | Thrombocytopenia, developmental | (44,46)
(BAD) motility delay, impaired leukocyte
migration
Functional natural G342D 1 Decreased NK Atypical viral infections, This

macrothrombocytopenia, mild
developmental delay, specific
antibody deficiency, Hodgkin’s
lymphoma

investigation

ACTB variants and associated disease classifications. Exon 1-4 variants: Baraitser-Winter Syndrome 1; exons 5-6 ACT7B-associated syndromic
thrombocytopenia (ACTB-AST); ACTB E364K, B-actin deficiency (BAD); and proband’s NKD attributed to ACTB G342D.
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