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Background: Although most individuals effectively control herpesvirus infections, some suffer
from severe and/or recurrent infections. A subset of these patients possess defects in NK cells,
lymphocytes which recognize and lyse herpesvirus-infected cells; however, the genetic etiology is
rarely diagnosed. PLCGZ2encodes a signaling protein in NK cell and B cell signaling. Dominant-
negative or gain-of-function variants in PLCGZ cause cold urticaria, antibody deficiency, and
autoinflammation. However, loss-of-function variants and haploinsufficiency have not been
reported to date.

Objective: We aimed to identify the genetic cause of NK cell immunodeficiency in two families,
and herein describe the functional consequences of two novel loss-of-function variants in PLCGZ.

Methods: We employed whole exome sequencing in conjunction with mass cytometry,
microscopy, functional assays, and a mouse model of PLCGZhaploinsufficiency to investigate
two families with NK cell immunodeficiency.

Results: We identified novel heterozygous variants in PLCGZ in two families with severe and/or
recurrent herpesvirus infections. In vitro studies demonstrated that these variants were loss-of-
function due to haploinsufficiency with impaired NK calcium flux and cytotoxicity. In contrast to
previous PLCGZ variants, B cell function remained intact. Plcg2+/— mice also displayed impaired
NK cell function with preserved B cell function, phenocopying human disease.

Conclusions: PLCGZ haploinsufficiency represents a distinct syndrome from previous variants
characterized by NK cell immunodeficiency with herpes virus susceptibility, expanding the
spectrum of PLCGZ-related disease.

Clinical Implication: We identified PLCG2 heterozygous variants in 2 families with severe
and/or recurrent herpesvirus infections. This report demonstrates the impact of PLCG2
haploinsufficiency.

Capsule Summary

Dominant-negative and gain-of-function variants in PLCGZ2 have been previously reported to
cause cold urticaria, antibody deficiency, and autoinflammation. PLCGZ haploinsufficiency is a
distinct and novel immunodeficiency leading to NK cell dysfunction and is associated with severe
and/or recurrent herpesvirus infections.

Keywords
NK cell; PLCGZ2; haploinsufficiency; immunodeficiency; herpes virus

Introduction

Nearly all individuals will encounter herpesviruses such as herpes simplex virus 1 (HSV1)
or cytomegalovirus (CMV) in their lifetime (1). Although most will present with only
limited recurrences, some patients will continue to have unusually severe and/or recurrent
herpesvirus infections (2). A subset of these patients possess defects in natural killer (NK)
cells, innate lymphocytes which recognize and lyse herpesvirus-infected cells (3-5). NK
cell deficiency (NKD) can result from either aberrant NK cell development (classical NKD)
or reduced NK cell function (functional NKD), typically evaluated by measuring NK cell
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killing and CD107 degranulation after incubation with K562 target cells (3). Despite these
diagnostic tools, there is minimal understanding of the genetics underlying functional NKD
with only one previously reported genetic cause (FCGR3A) (6, 7), and most patients do not
receive a definitive diagnosis. Herein, we present a novel syndrome of functional NK cell
immunodeficiency caused by heterozygous loss-of-function variants in PLCG2.

NK cells recognize herpesvirus-infected cells using an array of germline-encoded activating
receptors, such as CD16, NKG2D and 2B4 (8). Many activating receptors signal via a
pathway involving Src and Syk kinases, LAT, and PLCGZ2-induced secondary messengers
(8). PLCG2 (encoding phospholipase C-y2) is recruited to LAT, phosphorylated, and
subsequently cleaves PIP, into IP3 and DAG. This critical process initiates an increase in
cytosolic calcium via both the release of intracellular calcium stores as well as extracellular
influx, leading to the polarized mobilization of cytotoxic granules towards the target cell
(9). PLCGZis expressed in hematopoietic cells and is related to the ubiquitously-expressed
PLCGI1. While PLCG1 is sufficient for many signaling pathways including mitogen and
TCR signaling, PLCGZ2is uniquely necessary for NK cell and B cell signaling, as
demonstrated by their profound disruption in Plcg2-/- mice (10-12). Although PLCGZ2

is traditionally thought of as a NK- and B- cell signaling molecule, it also plays a

role in several other cell types including platelets (13), neutrophils (14), monocytes, and
macrophages (15).

Variants in PLCGZ2 have been previously reported in a separate domain (the C-terminal SH2
domain, cSH2), causing the syndromes PLAID and APLAID. PLAID is caused by exonic
deletions compromising the cSH2 domain and results in gain-of-function at sub-physiologic
temperatures (16-18). At normal temperatures, PLAID acts in a dominant-negative manner
to dysregulate immune signaling. While NK cell degranulation is reduced in PLAID, B

cell and mast cell dysregulation underlie the predominant clinical phenotypes in these
patients, including antibody deficiency and cold urticaria (16-18). APLAID is caused by

a constitutive gain-of-function variant (S707Y) and results in autoinflammation and B cell
immunodeficiency (perhaps as a result of substrate depletion) (19). Herein, we demonstrate
that heterozygous loss-of-function variants in PLCGZresult in a clinical phenotype distinct
from PLAID and APLAID, extending the spectrum of disease seen with human variants in
PLCG?.

Methods

Data Availability Statement

With the exception of whole-exome sequencing data, the distribution of which may
compromise research participant privacy and/or consent, the data that support the findings of
this study are available from the corresponding author upon reasonable request.

Patients and Sample Collection

All human samples were obtained using written informed donor consent and were used
with the approval of either the Washington University School of Medicine Institutional
Review Board or the Baylor College of Medicine Institutional Review Board for the

J Allergy Clin Immunol. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alinger et al.

Page 4

Protection of Human Subjects. All samples were obtained in compliance with the
Declaration of Helsinki. Peripheral blood mononuclear cells (PBMC) were isolated by
density centrifugation over Ficoll-Paque according to manufacturer’s instructions prior to
liquid nitrogen cryopreservation in fetal bovine serum and DMSO.

Animal Studies

Plcg2 mice were generated by Jim lhle (St. Jude Children’s Research Hospital) (10) and
backcrossed onto a C57BL/6 background for 10 generations by Marco Colonna (Washington
University) (11). Mice were maintained under specific pathogen—free conditions and used
between 8 and 14 weeks of age. Mouse experiments were performed in both male and
female mice with equivalent results. All experiments were approved and conducted in
accordance with Washington University Animal Care and Use Committee guidelines for
animal care and use.

Exome Sequencing

For kindred A, exome sequencing was performed as previously described (48). Briefly,
genomic DNA was extracted from whole blood or saliva and coding regions enriched

using SureSelect All Exon (Agilent Technologies) followed by next-generation sequencing
(IMumina) at St. Louis Children’s Hospital through the Genome Technology Access Center
at Washington University. For kindred B, whole exome sequencing was performed on
genomic DNA by Baylor Genetics as previously described (49, 50). After quality control,
alignment and variant calling, exome data was analyzed using institution-specific pipelines
to identify potential variants. Medium or high impact variants (i.e., non-synonymous
changes, early stops, frameshifts and splice site variants) with minor allele frequencies

less than 0.01 in EXAC (29) were prioritized and potential variants were cross-referenced
between kindreds. Both kindreds were negative for variants in known genes associated with
immunodeficiency and immunodysregulation (51), including HLH variants (52) and NK cell
associated variants in MCM4, GATAZ, IRF8, FCGR3A (CD16) and KLRCZ2 (NKG2C) (3,
53-56).

Transfection Experiments

293T cells (ATCC CRL-3216) were cultured in Dulbecco’s modified eagle media
supplemented with 10% fetal bovine serum. Cells were transfected with a mammalian
expression vector driven under MND promoter containing N-terminal FLAG tagged PLCGZ2
(WT or relevant variant) using Lipofectamine LTX (Invitrogen) and incubated for 24 hours.
Cells were then stimulated with 100uM pervanadate and either lysed with RIPA buffer

or fixed using 1.6% formaldehyde 15 minutes post-stimulation. Western blot analysis of
protein expression was performed using anti-FLAG (Sigma, clone M2) or Actin (Santa Cruz
Biotechnology, clone C-11). PLCGZ phosphorylation was analyzed by flow cytometry as
described below using PE anti-PLCG2 Y759 (clone K86-689.37, BD).

NK Cell Cytotoxicity Assays

PBMCs isolated as described above were thawed and allowed to rest for 1 hour in
Roswell Park Memorial Institute (RPMI) media supplemented with 20% FBS, pyruvate,
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non-essential amino acids, glutamine and HEPES. Cells were then seeded into 96 well
U-bottom plates along with CellTrace Violet (Invitrogen) labeled K562 (ATCC, CCL-243)
tumor target cells at a PBMC: K562 ratio of 50:1. After incubation for 4 hours, 7-AAD (BD)
was added, and target cell death was quantified using flow cytometry. Mouse NK cell assays
were performed similarly except that NK cells were isolated from spleen using EasySep
Mouse NK Cell Enrichment (Stem Cell Technologies) and then mixed with CellTrace Violet
labeled YAC-1 (ATCC, TIB-160) or RMA-S cells (kind gift from Wayne Yokoyama).

For analysis of NK-target cell conjugates, fixed cell confocal microscopy was performed
using patient NK cells and K562 erythroblast target cells. 3 X 106 PBMC from patient or
heathy donor were incubated with K562 target cells for 45 minutes then fixed, permeabilized
and stained with anti-perforin Alexa Fluor 488 (clone dg9), anti-tubulin biotin followed by
Pacific Blue conjugated streptavidin, and phalloidin Alexa Fluor 568. Images were acquired
on a Zeiss AxioPlanll with a Yokogawa CSU-10spinning disk and Hamamatsu ORCA-ER
camera. Excitation lasers (405 nm, 488 nm, 561 nm, 647 nm) were merged through a
Spectral Applied Research laser merge. Images were taken throughout the volume of cell
conjugates using 0.5um steps. Acquisition and analysis were performed using Volocity
software (PerkinElmer). For measurement of actin accumulation, analysis was performed
as described previously (57). Briefly, area and intensity of F-actin at the immunological
synapse were measured for a defined area. Cortical F-actin intensity from both NK and
target cells was subtracted from this measurement to generate a quantitative measure of
specifically accumulated actin at the synapse. For MTOC polarization, MTOC were defined
as the highest intensity staining of a-tubulin and the distance between this and the center

of the immunological synapse was measured for 30 conjugates each from patient and
healthy donor. Granule convergence was analyzed as previously described (58). Distance
between individual lytic granules and the MTOC were measured and the mean of these was
calculated for each cell.

Mass Cytometry

Mass cytometry is a high-dimensional single cell analysis technique based on flow
cytometry but differs in its use of metal tagged antibodies in lieu of fluorophores. Procedure
performed as described previously (59, 60) and acquisition was performed using a CyTOF
instrument (Fluidigm). Data was analyzed and viSNE was performed using Cytobank

(38, 61). Briefly, for the panel in Table E1A (See Table E1A in Online Repository),

PBMCs were isolated, thawed and rested as detailed above. Cells were stained with
cisplatin to track cell viability. Between 1x108 and 3x108 PBMCs per time point were
stained with metal conjugated extracellular antibodies (Fluidigm), seeded in 96-well U
bottom plates and stimulated with either a cocktail of A) 500U/mL IFNa (Peprotech),
500ng/mL LPS (Invivogen), 50ng/mL IL-12 (Peprotech), and 500U/mL IL-2 (Proleukin),
and CD16/CD3/IgM crosslinking (using surface staining antibodies followed by anti-mouse
IgG, Biolegend) for 0, 3 and 15 minutes. Cells were then fixed in 1.6% formaldehyde and
permeabilized in 100% methanol. After washes, intracellular staining was performed before
DNA staining using Cell-ID Intercalator-Ir (Fluidigm). For the panel in Table E1B, cells
were stained with cisplatin to track cell viability. Between 1x108 and 3x108 PBMCs were
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unstimulated or mixed with 1:1 K562 cells and 500U/mL IL-2 (Proleukin) in the presence
of GolgiStop (BD), GolgiPlug (BD) and metal-conjugated CD107 antibody (Fluidigm).
Cells were then stained with conjugated extracellular antibodies (Fluidigm) or antibodies
conjugated to the desired metal using Maxpar Antibody Labeling Kit (Fluidigm). Cells were
fixed in CytoFix/CytoPerm (BD), washed in Perm Buffer (eBioscience) and stained with
intracellular antibodies before DNA staining using Cell-1D Intercalator-Ir (Fluidigm).

Flow Cytometry

ELISA

Where indicated, flow cytometry was performed using either surface staining alone at room
temperature for 15 minutes or surface staining in combination with methanol permeabilized
intracellular staining at room temperature for 60 minutes before acquisition using a Fortessa
X-20 (BD). Data analysis performed using Cytobank (61) or FlowJo. Human antibodies
used in this study: APC CD56 (clone 5.1H11, Biolegend), Pacific Blue CD3 (clone OKT3,
Biolegend), APC Cy7 CD14 (Clone HCD14, Biolegend), FITC NKG2D (clone 1D11,
Biolegend), FITC CD16 (clone 3G8, BD), PE NKp44 (clone P-44-8, Biolegend), PE

2B4 (clone C1.7, Biolegend), PE-Cy7 CD19 (clone HIB19, Biolegend), APC IgM (clone
MHM-88, Biolegend), APC-Cy7 HLADR (clone L243, Biolegend), and Alexa Fluor 488
total PLCG2 (clone K86-1161, BD). Mouse antibodies used in this study: BV786 CD45
(clone 30-F11, BD), Bv421 NK1.1 (clone PK136, BD), BV510 IgM (clone R6-60.2, BD),
FITC CD11b (clone M1/70, Biolegend), PE-Cy7 CD27 (clone LG3A10, Biolegend), PE
CD4 (clone GK1.5, Biolegend), PerCP IgD (clone 11-26¢.2a, Biolegend), APC B220 (clone
RA3-6B2, BD), APC-Cy7 CD3 (clone 17A2, Biolegend), APC-R700 CD8 (clone RPA-TS,
BD), FITC CD43 (clone S11, Biolegend), PE CD24 (clone 30-F1, Biolegend), PE-Cy7
CD11b (clone M1/70, BD), PE Ly49H (clone 3D10, BD), and APC-Cy7 CD19 (clone 1D3,
BD).

Human serum IgG and IgM levels were analyzed using commercially available ELISA Kits
(Invitrogen) according to manufacturer instructions. Briefly, ELISA plates were coated with
capture antibody overnight before washing, blocking and incubation with diluted patient
sera or standard. Plates were then washed again, incubated with HRP-conjugated detection
antibody, washed again and incubated with TMB substrate solution. Solution was then
stopped with 1M phosphoric acid and absorbance was measured at 450nm.

Calcium Flux Analysis

For human samples, NK cells were enriched using RosetteSep Human NK Cell Enrichment
(Stem Cell Technologies). 1-2x108 enriched NK cells were then loaded with Indo-1 dye
(Invitrogen) and labeled with PE or FITC conjugated mouse 1gG antibodies against the

NK cell receptors 2B4 and NKG2D. Kinetic measurements of calcium flux were obtained
using a BD Fortessa X-20 at baseline and then upon antibody crosslinking using anti-mouse
1gG. Mouse calcium flux analysis was similarly performed: NK cells were isolated from
spleen using EasySep Mouse NK Cell Enrichment (Stem Cell Technologies), loaded with
Indo-1, labelled with APC NK1.1 followed by crosslinking and acquisition as above. Patient
B.11.4 was performed similarly except that expansion beforehand was required due to limited
patient sample and anti-NKp44 and anti-NKG2D were used for crosslinking. NK cells were
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expanded as previously described (28). Briefly, 108 PBMCs from patient B.I1.4 or healthy
control were co-incubated with 108 irradiated (100Gy) K562-mblL15-41BBL (Kind gift
from Dario Campana, National University of Singapore) for 7 days. After 7 days, cells were
removed and assessed for purity. T cells (CD3*) were present at less than <1%. 100U/mL
of recombinant IL-2 (Proleukin) was added to the culture and incubated for 7 more days
with partial media exchange every 2 days. After 14 days total, NK cells expanded 10 to
15-fold with >95% purity (CD56*CD3") and were then used for cytotoxicity and calcium
flux assays. For murine B cell calcium flux analysis, naive B cells were gated on in whole
splenocytes (B220*CD277) and treated as above, with the exception of using anti-mouse
IgM as the crosslinking antibody. Human B cell calcium flux analysis was performed from
PBMCs (gated as CD19+) with the exception of using anti-human IgM as the crosslinking
antibody. For Epstein-Barr virus-transformed lymphoblastoid cell lines, lymphocytes from
a healthy female control were cultured with EBV as previously published (62), cultured

in RPMI 1640 media + 10% fetal bovine serum, and nucleofected with Nucleofector Kit

V (Lonza) using program O-017 for 24 hours before calcium flux analysis. Successful
nucleofection was confirmed by GFP fluorescence, and cells were loaded with Indo-1 dye as
detailed above before crosslinking with anti-human IgM.

Normal internal reference ranges for human NK cell cytotoxicity and mass cytometry
were determined using 25 healthy controls; outliers were removed using ROUT (Robust
regression and Outlier removal) and the central 951" percentile was determined. Upper
and lower bounds are visualized by dashed lines. Unless normality was established after
D’Agostino & Pearson omnibus test for normality, pairwise comparisons are made using
Mann-Whitney U test with Bonferroni correction for multiple comparisons Where noted,
comparisons between healthy controls and patients are performed using age and gender
matched healthy control donors. All statistics performed using GraphPad Prism.

Molecular Dynamics, Structural Analysis, and Conservation Analysis

Structural diagrams were generated using PyMOL v2.0 (PyMOL Molecular Graphics
System). Conservation analysis of the G595 and L183 residues were generated using M-
Coffee with ESPript secondary structure analysis (63—65). For molecular dynamics, 134.9us
of aggregate simulation time of the SH2 domain (107 aa) with wild-type (69.4ps) and
G595R mutant (65.5us) sequences was ran with GROMACS 2016.1 at 300K using the
AMBERQO03 force field with explicit TIP3P solvent (66—68). Salt was added to neutralize
the system and create a solution concentration of 100mM (13 Na*/14 CI~ for wild-type,
16 Na*/18 CI~ for G595R). Simulations were prepared by placing the starting structure
for each sequence in a dodecahedron box that extended 1.0A beyond the protein in any
dimension. Each system was then energy minimized with the steepest descent algorithm
until the maximum force fell below 100 kJ/mol/nm using a step size of 0.01 nm and a
cutoff distance of 1.2 nm for the neighbor list, Coulomb interactions, and van der Waals
interactions. For production runs, all bonds were constrained with the LINCS algorithm
and virtual sites were used to allow a 4fs time step (69). Cutoffs of 1.0 nm were used

for the neighbor list, Coulomb interactions, and van der Waals interactions. Before being
run in production, systems were equilibrated with position restraints for all heavy atoms
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for 1ns. The Verlet cutoff scheme was used for the neighbor list. The stochastic velocity
rescaling (v-rescale) thermostat was used to hold the temperature at 300 K. Conformations
were stored every 10ps (70). The initial structure for both simulations was a homology
model of Swiss Model threading the human PLCGZ sequence onto 4EYO0, a crystal structure
of the close human paralog, PLCGI (31). The human paralog was used (rather than the
murine homolog) because the crystal structure contains both nSH2 and cSH2 domains and
so provided more information about the course of the C-terminal amino acids of the nSH2
domain than the murine homolog structure 2DX0(30). A microstate decomposition was built
using khybrid clustering with a radius of 1.5A and 5 rounds of kmedoids updates on the
entire 135ps dataset using backbone atoms (C, C,, N, O) and Cg (except residue 595) to
produce 2314 states (71). Using the cluster centers derived in this way, the data for the
wild-type and the mutant was reassigned separately and generated separate Markov state
models on this shared state space. Transition probabilities were fit with the transpose method
(72). The state space had near complete coverage for both sequences with the wild-type
sampling 2204/2315 states and the mutant sampling 2150/2315 states. The lag time was 1.5
ns and was determined using the implied timescales test.

Genomic Analysis of PLCG2

Results

Genomic variants filtered from the gnomAD database are compared by CADD (Combined
Annotation-Dependent Depletion) Score using a previously published visualization
software, PopViZ (20).

We identified patients from two unrelated nonconsanguineous families with autosomal
dominant immunodeficiency, characterized by recurrent infections and reduced NK cell
killing. In family A (Figure 1A), patient A.1.2 is a CMV/HSV1-seronegative 52-year-old
Caucasian female with a history of arthralgias, antiphospholipid syndrome, and late-onset
recurrent Staphylococcal septicemia. Her daughter, A.11.3, is a 19-year-old female with a
history of arthralgias and autoimmunity (positive antinuclear antibody and type 1 diabetes),
as well as recurrent HSV1 gingivostomatitis requiring prophylactic valacyclovir. Family B
(Figure 1B) consists of patient B.11.4, a 9-year-old Qatari male with a history of CMV
myocarditis, as well as adenoviral hepatitis. There was no history of immunodeficiency

or autoimmunity in any other family members including his mother, B.1.2. Clinical NK
cell testing in both families revealed reduced NK cell K562 killing (Figure 1C), despite
intact CD107 degranulation against K562 cells and normal cytotoxic granule contents
(Tables E2 & E3). Flow cytometry of peripheral blood demonstrated normal NK cell
percentages (Figure 1D) and absolute counts inconsistent with classical NKD (Tables E2
& E3). Further clinical immunology evaluation of immunoglobulin levels (IgM, 1gG, IgA,
and IgE), protective antibody titers, T cell mitogen stimulation, and immune subpopulation
analysis was also unremarkable (Tables E2 & E3).

The two index patients and their parents underwent Trio whole-exome sequencing (WES)
which revealed novel heterozygous PLCGZ2 missense variants in both families. These results
were validated with Sanger Sequencing. Patients A.1.2 and A.I1.3 possessed heterozygous
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variants (c.1783G>A, p.G595R) in PLCGZ, located in the N-terminal SH2 domain (nSH2)
(Figure 1E). A CADD (Combined Annotation Dependent Depletion) score of 26 was
calculated, indicating this variant is likely to be highly deleterious (20). An additional
healthy HSV1-seropositive 17-year-old sister (A.I1.2) with the G595R variant was identified
by Sanger sequencing; however, her borderline-normal NK cell killing suggests incomplete
penetrance, a common feature of autosomal dominant immune syndromes (21) and is
frequently seen in Inborn Errors of Immunity (IEI). Patient B.11.4 and his mother (B.1.2)
possessed a different heterozygous variant in PLCGZ2 (c.547C>T, p.L183F), located in the
EF hand domain of PLCGZ2 (Figure 1E), which is critical for membrane targeting and
enzymatic activity in other Phospholipase C isozymes (22, 23). A CADD score of 24.4 was
calculated for this variant, indicating its highly probable deleteriousness as well. His mother,
B.1.2, also possessed this L183F variant but was reportedly healthy and unfortunately, she
was not available for further evaluation. The locations of these variants and other reported
PLCGZ2variants are diagrammed in Figure 1E. Given the two family members with apparent
incomplete penetrance, we have included an Excel document (Table E4AA-F: Abridged WES
Data) in the Online Repository. Tabs A-F include WES data for both families; 3 family
members each. We have thoroughly re-evaluated these lists and have not identified a second
known disease-causing gene that would modify the phenotype in affected individuals.

As immunodeficiencies commonly arise from aberrant immune cell development or
signaling, mass cytometry (CyTOF, see Methods and Tables E1A & E1B) was employed

to analyze these processes in the peripheral blood. Consistent with clinical studies, NK

cell abundance, as well as the distributions of immunomodulatory CD56B119M and cytotoxic
CD56PIM NK cells, were intact (Figure 2A). Family A demonstrated reduced B cells with
preserved naive to class-switched memory B cell percentages, suggesting a defect in B

cell output but not activation (Figure 2B). In support of this, serum immunoglobulins,
seroconversion, and IgM-induced calcium flux were normal (Figure 2C-D, Tables E2 &
E3). T cell development (See Figure E1A in the Online Repository) and T cell calcium

flux (Figure E1B) were unperturbed. Furthermore, clinical T cell functional assessment

was normal (Table E3). Although total number of T cells were normal, the distribution of

T follicular-helper cells (TgH) was altered with increased Tgpo cells and decreased T
cells in both families (Figure E2A), a pattern seen previously in human autoimmunity (24).
Although autoimmunity and NK cell function has been correlated in various disease contexts
previously, the link between these is not well established (25). The number of monocytes
and dendritic cells, but not other myeloid cells (i.e., granulocytes), was reduced in both
families as well (Figure E2B, Table E2). Human monocyte activation with macrophage
colony stimulating factor (MCSF) is dependent on PLCGZ2induced calcium flux, possibly
contributing to the observed monocytopenia and bacterial susceptibility in patient A.1.2 (15)
(Table E2).

CyTOF analysis of NK cell signaling revealed hypophosphorylation of PLCGZ2in both
families (Figure 3A). Family A demonstrated a reduction in the magnitude of PLCG2
phosphorylation while family B displayed a slower accumulation of phospho-PLCGZ.
PLCGZhypophosphorylation was also confirmed by flow cytometry in patients A.l1.2
and A.11.3; however, patient A.11.2 had near normal PLCGZ phosphorylation (Figure E3)
consistent with her borderline-normal NK cell killing (Figure 1C). Upstream Btk/Itk,

J Allergy Clin Immunol. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alinger et al.

Page 10

ZAP70/Syk, and Lck phosphorylation was intact, suggesting an intrinsic defect in PLCG2
(Figures 3B and E4). MAPKAPK?2, activated by PKC downstream of PLCGZ-induced
DAG, was similarly hypophosphorylated (Figure E4) (26). Total PLCGZ2 protein levels

in family A were analyzed to establish whether hypophosphorylation was the result of
functional inhibition or reduced protein expression. Total PLCGZ protein levels were normal
in both CD56PIM and CD56B9Mt NK cells (Figure 3C), as well as in monocytes, T cells,
and B cells (Figure E5). This suggests that the G595R variant compromises function

and not protein expression. Analysis of PLCGZ protein levels in patient B.11.4 was not
feasible due to limited samples. The G595R patients revealed differential PL CGZ2 expression
between immune cell subsets, including an approximately 50% lower PLCGZ expression in
monocytes and CD56P'M NK cells than in T cells, B cells, and CD56B"9M NK cells (Figure
E5).

The catalytic activity of PLCGZis initiated by phosphorylation, leading to calcium flux

and granule movement and polarization. Consistent with PLCGZ2 hypophosphorylation,
calcium flux in patient A.11.3 was stably reduced in CD56PI™ NK cells after NKG2D

and 2B4 receptor crosslinking (Figure 3D). Notably, CD56B"9 NK cells, which express
higher levels of PLCGZ protein (Figure E5), demonstrated comparable calcium flux with
NKG2D and 2B4 crosslinking in patient versus control samples (Figure E6A). Calcium
flux in CD16-crosslinked NK cells was also normal, consistent with the ability of CD16 to
signal through both PLCG1 and PLCGZ2 (Figure E6B) (27). Limited patient sample required
expansion of patient B.11.4 NK cells using K562-mbIL15-41BBL cells and IL-2 before
analysis (28). Expanded patient B.11.4 NK cells (with A.Il.3 and A.l.2 as controls) also
showed partially reduced calcium flux (Figure E6C), although this expansion process largely
restored NK cell cytotoxicity (Figure E6D) in comparison with Figure 1C.

To establish that G595R and L183F are loss-of-function variants, wildtype or mutant
FLAG-PLCG2was expressed in 293T cells (which do not natively express PLCG2) and
analyzed for protein expression and pervanadate-induced phosphorylation. Although both
mutants expressed PLCG2 protein at normal levels (Figure 3E), FLAG-PLCGZ59R and
FLAG-PLCGZ-183F were hypophosphorylated compared to FLAG-PLCG2VldYPe (Figure
3F). These data demonstrate that the G595R and L183F variants are loss-of-function variants
and contribute to PLCGZ2 haploinsufficiency.

Bioinformatic and structural analyses of G595R and L183F suggest that these residues

are intolerant to mutation. The G595R and L183F variants occur at highly-conserved sites

in the nSH2 domain and EF-hand domain of PLCGZ, respectively (Figure E7A). Only

two other individuals in EXAC are reported to have missense variants at G595R, while

no missense variants in L183F have been reported (29). Although no structure exists for

the EF hand domain, nSH2 structures from murine PLCGZ2 (30) and human PLCG1(31)
facilitated analysis of the G595R variant with molecular dynamics (MD), which has been
used to understand the structural effects of variants previously (32, 33). Simulations of
wildtype and G595R sequences were analyzed by this approach and revealed conformational
disturbances in the nSH2 BD-BE loop, potentially compromising the LAT phosphotyrosine
binding site (Figure E7B, E7C). In support of the pD-BE loop being critical in SH2 function,
a structurally-analogous variant (G60R) in the loop of SHP-2 has been previously reported
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as pathogenic and this loop serves as a protein-protein interaction site in the nSH2 of
PLCGI (34, 35).

Cytotoxic granule movement was analyzed by microscopy in NK cells conjugated to K562
target cells (Figure 4A). The microtubule organizing center (MTOC) to granule distance
(MGD) and MTOC to synapse distances (MSD) were quantified. Both distances were
increased in patient A.11.3, indicating dysregulated cytotoxic granule movement (Figure
4B). Synaptic actin accumulation, regulated independently of PLCGZ, was unchanged
(Figure 4B). In T cells, calcium flux kinetics and DAG localization influence the path

and directionality of granule movement, respectively (36, 37). The observed defect in NK
killing despite intact CD107 degranulation (Figure 4C) suggests that defects in both of these
processes may lead to delayed or adirectional degranulation. Due to limited patient samples,
we were not able to analyze granule movement in the B.11.4 index patient; however, normal
CD107a degranulation (in response to PMA and lonomycin) was observed (Figure E8A and
Table E3) in B.11.4. As well, a defect in NK cell killing was observed (Figure 1C), which
suggests that a similar process is occurring in B.1l.4. Although methods to monitor DAG

are limited, the defect in MAPKAPK2 phosphorylation downstream of PKC implies that
this branch of PLCGZsignaling is dysregulated in both (A.11.3 and B.11.4) patients (Figure
E4). Additionally, activated NK cell IFN-y secretion was unchanged in either family A or B
(Figures E8B & EB8C), suggesting that NK cell cytotoxicity is the primary pathway affected
by these variants.

CyTOF was also used to examine NK cell development and receptor expression (panel in
Table E1B). Clustering of NK cells with visual stochastic neighbor embedding (ViSNE)
enabled visualization of this high-dimensional data, whereby each point represents a cell
and groups represent subpopulations which may be identified by marker expression (38).
Activating and inhibitory receptor expression were comparable between patient A.11.3

and control (Figure E9); however, patient NK cell density was increased in the ViSNE
region corresponding to CD57* maturation stages 3 and 4, indicating increased NK cell
maturity (Figure 4D). This phenotype was also noted by flow cytometry in patient B.11.4
(Figure E10). CD57* acquisition is typically cytokine-driven and associated with increased
cytotoxicity, suggesting either persistently-elevated cytokine levels (perhaps from increased
viral burden) or a potential compensatory mechanism to increase NK cell killing (39).
Additionally, a distinct subpopulation of NKG2C* NK cells was absent in patient A.I1.3
(Figure 4E). In most individuals, NKG2C* NK cells expand during CMV infection and
persist thereafter, referred to as the adaptive NK cell response (40-42). The absence of this
population despite CMV seropositivity in the G595R index patient, A.11.3, suggests this
process may be impacted.

To establish that PLCG2 haploinsufficiency is sufficient to cause NKD, a mouse model

of haploinsufficiency was validated by comparing wildtype (Plcg2+/+) and Plcg2+/- mice.
While Plcg2-/- mice have been previously described with severe B cell and NK cell defects,
defects in Plcg2+/- mice have not been previously reported (10, 11). Subpopulation analysis
was performed using flow cytometry and ViSNE. As expected, major perturbations were
seen in Plcg2-/- mice, including altered B cell development; however, B cell and NK

cell development were intact in Plcg2+/— mice (Figure 5A-B). Similar to our patients, NK
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cell maturation was increased in Plcg2+/— mice (Figure 5C). Calcium flux analysis was
performed in both B cells and NK cells. Although IgM-induced calcium flux was normal

in Plcg2+/- B cells, NK1.1-induced calcium flux was attenuated in Plcg2+/- NK cells
(Figure 5D). Correlating with reduced calcium flux, NK cell killing of RMA-S target cells
was inhibited in Plcg2+/- mice (Figure 5E). Similar decreased killing was observed with
YAC-1 target cells (Figure E11). Also similar to our human patients, heterozygous Plcg2
mice displayed normal degranulation against YAC-1 targets (Figure 5F). This combination
of enhanced NK cell maturation, decreased NK cell calcium flux (while maintaining normal
calcium flux in B cells), and decreased NK cell killing in the context of normal levels of NK
cell degranulation phenocopies our patients and demonstrates that one-copy loss of PLCG2
is sufficient to cause functional NK defects.

Together, these data demonstrate the G595R and L183F variants are loss-of-function
variants resulting in functional PLCGZ haploinsufficiency and NK cell functional defects
without significant perturbance of B cells.

Discussion

The heterozygous loss-of-function variants presented herein result in PLCG2
haploinsufficiency, NK cell dysfunction, and herpesvirus infections. We acknowledge

this haploinsufficient phenotype may be more complex in its pathophysiology. We have
examined possible contributions by other cell types that may impact the PLCG2 loss

of function seen in our patients. Despite the role of PLCGZ2in B cells, these cells are
functionally intact in PLCGZ haploinsufficiency. Based on the differential regulation of
PLCGZexpression among lymphocytes, we propose a threshold model wherein cell types
with homeostatically low levels of PLCG2 (i.e., CD56PI™ NK cells and monocytes) are
uniquely susceptible to further reductions in PLCGZ function. In contrast, T cells are likely
shielded from PLCG2 haploinsufficiency by virtue of their high PLCGZ2 expression and use
of alternative pathways (i.e., PLCGIin T cells). We have shown that despite the presence
of the G595R PLCG2 variant, T cells have normal CD4 and CD8 numbers and normal T
cell calcium flux. This model suggests that PLCG2 may serve as a rate-limiting checkpoint
against erroneous cytotoxicity in NK cells, which express lower levels of PLCG2, requiring
strong PLCGZ activation for accurate and directional degranulation. Extrapolating this
model further, monocytopenia was also observed in all four of the patients (Figure E2B),
and monocytes express the lowest levels of PLCGZ2 of all cell types examined in our study
(Figure E5A). While the role of monocytopenia to the observed clinical phenotypes is not
clear, this may also contribute to certain features of disease, including herpesvirus and
bacterial susceptibility.

Despite a number of similarities (Tables E2 & E3), family A and B each possess unique
features as well. Notably, B cell output was reduced in family A (including A.11.2),

but not family B although this may be influenced by other genetic background effects.
Families A and B also differed in the nature of their phosphorylation defect. Family A
had reduced magnitude of PLCGZ phosphorylation while family B displayed a slower
increase of phospho-PLCGZ2. An analysis of each domain’s function provides insight into
this difference. The L183F variant in family B lies within the EF-hand domains, which
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facilitates PLCGZ catalysis and targeting to the membrane (22, 23). Upon reaching the
membrane, the nSH2 domain (affected by G595R in family A) binds to phosphorylated LAT,
enabling assembly of the NK cell signalosome and interaction of PLCGZ2 with its kinase
(Btk/Itk) (43, 44). Therefore, PLCGZ2 with diminished membrane localization (e.g, variants
in the EF-hand domain) would be capable of normal signalosome interaction, but diffusion-
limited. In contrast, PLCGZ2lacking a functional nSH2 domain would be blocked from
signalosome interaction and phosphorylation altogether, reducing the magnitude of calcium
flux. This hypothesis is consistent with the patterns observed in our patients and suggests
that PL CGZ2loss-of-function variants may have domain-specific phenotypes. Nonetheless,
future studies are needed to further delineate the exact mechanisms by which these variants
diminish PLCGZfunction.

Pathogenic variants are commonly modifiable by both genetic and environmental factors.
Genetic epistasis likely plays a role in the incomplete penetrance and variable expressivity
observed in many autosomal dominant syndromes (21). Immunologic context, such as the
cytokine environment, may also modulate cellular and clinical phenotypes. For example,
IL-2 incubation partially reverses NK cell killing defects in STXZ1-deficient patients (45),
reminiscent of the substantial restoration of patient NK cell killing after IL-15/1L-2 cytokine
exposure herein (Figure E6D). The use of collateral immunologic pathways may also alter
phenotypes. For example, the versatile use of either PLCG1 or PLCG2by some NK cell
receptors (i.e., CD16) may allow compensatory signaling through these pathways. Moreover,
the variable nature of the adaptive immune response may compensate for innate defects to
different degrees. A combination of these likely contributes to the phenotypic differences
and incomplete penetrance seen in PLCGZ haploinsufficiency. This manipulability may also
present an opportunity to therapeutically modify defects, for example with modulation of
IL-15 signaling using ALT-803, an investigational drug previously shown to rectify NK cell
cytotoxicity defects in vivo and aid CMV clearance in humans (46).

Whereas PLAID and APLAID represent the autosomal dominant manifestations

of dominant-negative and gain-of-function variants, the present patients illustrate
haploinsufficiency and expand the spectrum of PLCGZ-related disease. A fourth possibility,
autosomal recessive loss-of-function, remains either undiscovered or is incompatible

with life. While these three syndromes may be mechanistically distinct, there remains
unexplained overlap (i.e., autoimmunity) that merits further investigation. Nonetheless,
PLCGZ haploinsufficiency results in clinical phenotypes distinct from PLAID and_APLAID
and requires a different diagnostic and therapeutic approach. PLAID, APLAID and PLCG2
haploinsufficiency are compared in Table 1.

At present, the lack of a clear etiology complicates the management of many patients with
unusually severe and/or recurrent herpesvirus infections. This study highlights a potential
role for PLCGZ2variants in these patients, provides insight into the regulation of human NK
cell cytotoxicity, and unifies PLCGZ2-associated disease along a clinical spectrum that now
includes PLAID, APLAID, and PLCGZ haploinsufficiency. Unlike PLAID and APLAID,
which require deletions or variants at specific locations, loss-of-function variants could
plausibly occur in many domains beyond the SH2 and EF hand domains, including the
catalytic, SH3 and C2 domains. Of the 60,000 healthy exomes in EXAC, only 402 of
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1265 residues in PLCGZ have been reported with non-synonymous variants (29), which
are graphically represented by minor allele frequency and CADD score in Figure E12.

The relative lack of variants suggests evolutionary pressure against deleterious variants

in PLCGZ2, which can also be statistically assessed using publicly-available pLI scores
(probability of a given gene being loss-of function intolerant) deposited in gnomAD; pLlI
scores above 0.9 are extremely loss-of-function intolerant and PLCGZhas a pLI score

of 0.996, indicating PLCGZis under significant evolutionary negative selection(47). This
evolutionary pressure against variants in PLCGZ2implicates a number of residues where
novel variants may disrupt PLCGZ function. As a result, heterozygous PLCGZ2 variants
should be considered in the differential diagnosis of patients with a number of presentations
beyond cold urticaria, antibody deficiency, and autoinflammation, including but not limited
to NK cell immunodeficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Familial NK Cell Deficiency Associated with Novel Heterozygous PLCG2 Variants
(A) Pedigree of family A; affected heterozygotes are shown in black symbols while

unaffected or unevaluated heterozygotes are shown in gray or white, respectively. WT,
wild-type allele. Sanger-sequencing chromatograms are shown for patients and unaffected
relatives. Arrow denotes site of heterozygosity. (B) Pedigree and Sanger sequencing of
family B is displayed as in subFigure A. (C) NK cell killing against K562 cells is
quantified after incubation for four hours at a peripheral blood mononuclear cell (PBMC)
to K562 ratio of 50:1. Upper and lower internal reference ranges are displayed with dashed
lines. See Online Repository for generation of reference ranges, Table E3. Each point
represents a unique biologic replicate, either a separate blood draw (patients) or a separate
individual (controls). (D) Flow cytometry evaluation of NK cells (CD3~ CD56%) in healthy
control (HC) versus patients A.1.2, A.11.2, A.11.3 and B.11.4. Percentage of NK cells in the
lymphocyte gate is displayed. Internal normal NK cell reference range, 2.8% to 15.5%. (E)
The location of variants, including previously reported PLAID (Exon 19 or 20-22 deletions)
and APLAID (S707Y) variants are displayed with the domain structure of PLCGZ. PH,
Pleckstrin homology; nSH2, N-terminal Src Homology 2; cSH2, C-terminal SH2; SH3, Src
Homology 3. Except where limited by patient sample availability (B.11.4 in subFigures C
and D), all data is representative of two or more independent experiments. All error bars
represent standard deviation from the mean.
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Figure 2: Analysis of NK Cells and B Cells in PLCG2 Haploinsufficiency )
(A) Mass cytometry was performed to quantify total (CD3~CD56"), CD56Br9ht and

CD56P'M NK cells in the peripheral blood of HC (healthy controls), G595R patients A.1.2,
A2, A.11.3 and L183F patient B.11.4. Internal reference ranges are shown as visualized
by dashed lines (see Methods). NK cell reference range, 2.8% to 15.5%. Each patient

data point represents a unique biological replicate from a different blood draw. (B) B

cells (HLADR* CD19%) are quantified and displayed as a percentage of PBMCs. Memory
formation and class-switching is assessed by quantification of CD27* IgM~ cells within
the B cell compartment. Normal B cell reference range, 6.2% to 20.2%. Each patient data
point represents a unique biological replicate from a different blood draw. (C) ELISA
quantification of serum IgG and IgM obtained from HC versus patients A.1.2, A.Il.2 and
A.11.3 (pooled above). Reference ranges courtesy of Mayo Clinic; 1gG 487-1,327 mg/dL
and IgM 37-286 mg/dL. Error bars represent standard deviation from the mean. (D)
Indo-1 analysis of calcium flux in primary B cells (gated CD19* from peripheral blood
mononuclear cells) after crosslinking with anti-lgM.
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Figure 3: Loss-of-Function Variants in PLCG2 and Haploinsufficiency Cause NK Cell
Dysregulation )
(A) PLCGZ phosphorylation in CD56P™M NK cells after CD16 crosslinking is quantified by

CyTOF, normalized to time 0 using an arcsinh transformation in three healthy controls
(HC; two females, one male), two G595R patients (A.I11.3 and A.l.2) and one L183F
patient (B.11.4). A.R.M., Arcsinh ratio of mean. Error bars represents standard deviation
from the mean. (B) Btk/Itk phosphorylation is shown as in subfigure A. (C) Total PLCG2
levels in CD56PIM NK cells is quantified by flow cytometry in a healthy control versus
G595R patients. Isotype, Isotype control (dotted black line). HC, healthy control (solid
black line). A.11.3, G595R patient (solid red line). Patient A.1.2, G595R patient, (dotted
red line). (D) Indo-1 calcium flux analysis in G595R patient A.I1.3 was assessed in naive
enriched human CD56P™ NK cells after crosslinking with NKG2D and 2B4. Open and
closed red circles represent two unique blood samples acquired one year apart. (E) Western
blot analysis for PLCGZ protein expression in HEK293T cells transfected with wildtype or
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mutant FLAG-tagged PLCGZ or EV, empty vector. (F) Phosphorylation of FLAG-tagged
wildtype or mutant PLCGZ after 15 minutes of pervanadate stimulation in 293T cells is
quantified using phospho-flow cytometry. EV, empty vector. Except where limited by patient
sample availability (B.11.4 in subfigures A and B), all data is representative of two or more
independent experiments.
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Figure 4: PLCG2 Haploinsufficiency Alters Cytotoxic Granule Mobility, NK Cell Maturation,
and the Adaptive NK Cell Response

(A) Representative immunofluorescence of cytotoxic granule microscopy upon K562 target
conjugation in healthy versus patient A.I11.3 NK cells. (B) Quantification of microtubule
organizing center (MTOC) to granule distance (MGD), MTOC to synapse distance (MSD),
and synaptic actin accumulation in healthy control (HC) versus patient A.11.3. * £<0.001,
Mann-Whitney U Test. (C) CD107 Degranulation against K562 target cells is quantified

by CyTOF after 1:1 incubation with healthy control or patient A.11.3 PBMCs for 6 hours.
(D) viSNE on NK cells (CD3~ CD56") overlaid with maturity subpopulations identified by
traditional bivariate gating (top) with density visualized by contour (bottom) in both gender/
age-matched healthy control (HC) and patient A.11.3. Stage 1, NKG2A~CD57~; stage 2,
NKG2A*CD577; stage 3, NKG2A*CD57*; stage 4, NKG2A™ CD57*. tSNE, distributed
stochastic neighbor embedding. (E) Similar graphical representation as in subFigure D is
shown for the adaptive NK cell response marker NKG2C. All data is representative of two
or more independent experiments using two patient blood samples drawn more than 1 year
apart. All error bars represent standard deviation from the mean.
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Figure 5: Heterozygous Plcg2 Mice Phenocopy Human PLCG2 Haploinsufficiency
Analysis of mouse immune cell subpopulations in the bone marrow (A), spleen and

peripheral blood (B) of PlcgZwildtype (+/+), heterozygous (+/-), and homozygous (-/-)
littermates using flow cytometry and displayed using viSNE clustering as in Figure 4D.
Color key for cell types identified by traditional bivariate is located beneath each subFigure.
tSNE, tdistributed stochastic neighbor embedding. (C) Analysis of splenic murine NK cell
maturity in wildtype littermate control versus heterozygous Plcg2 mice using CD27 and
CD11b expression. DP, double positive. SP, single positive. Example bivariate gating of
murine NK cell maturation is shown. Each point represents a unique biologic replicate. *
£<0.05, Mann Whitney U Test. (D) Indo-1 calcium flux analysis of littermate Plcg2 +/+,
+/-and —/- mice is displayed after crosslinking with anti-lgM antibody (B cells gated
from whole splenocytes) or anti-NK.1.1 antibody (NK cells enriched from spleen). (E) NK
cell killing against RMA-S target cells was analyzed in littermate wildtype control versus
heterozygous PlcgZ mice using enriched splenic NK cells at NK to target ratios of 1:10, 1:1
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and 10:1. Similar results were seen with the use of YAC-1 cells (Figure E9). (F) CD107
Degranulation staining of purified NK cells from WT (wildtype, black) and Plcg2 +/— mice
(purple), after 6 hours of incubation mixed 1:1 with YAC-1 targets. Pairwise comparisons
at each time point performed using £test, * £<0.05, after test for normality. All data is
representative of two or more independent experiments. All error bars represent standard
deviation from the mean.
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Table 1:

Clinical Characteristics of PLAID, APLAID and PLCGZ2 Haploinsufficiency

Page 26

PLAID(18)

APLAID(19)

PLCG2 Haploinsufficiency

Variant

cSH2 Deletions

S707Y

G595R, L183F

Mechanism of Disease

Dominant-negative or Gain-
of-function ™

Gain-of-function

Loss-of-function
(haploinsufficiency)

Cold Urticaria + - -
Inflammatory Skin Lesions and Cutaneous + + _
Granulomas
Allergic Disease + - -
Arthralgias - + +
Autoantibodies/Autoimmunity + - +
Bacterial Susceptibility + + +
Herpesvirus Susceptibility - - +
NK Cell Count Decreased Normal Normal
NK Cell Killing NR NR Decreased
NK Cell Degranulation Decreased NR Normal
NK Cell Calcium Influx Decreased NR Decreased
B Cell Count Decreased NR Normal/Decreased
B Cell Class Switching Decreased Decreased Normal
1gG/1gA/IgM levels Decreased Normal Normal
B Cell Calcium Influx Decreased/Increased Increased Normal
Mast Cell Degranulation Normal/Increased NR NR

NR, not reported. PLAID, PLCGZ-associated Antibody Deficiency and Immune Dysregulation. APLAID, Autoinflammation & PLCGZ2-associated

Antibody Deficiency and Immune Dysregulation.

*
Temperature dependent mechanism.
#

degranulation are increased.
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At 37°C, B cell calcium is inhibited while mast cell degranulation is unchanged. At subphysiologic temperatures B cell calcium and mast cell
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