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Ras-related C3 botulinum toxin substrate 2 (RAC2), through interactions with reduced

® E62K is a dominant
activating mutation of
the small GTPase,
RAC2; patients with
RAC2[E62K] have
lymphoid and myeloid
defects.

® Rac2+/E62K mice
phenocopy the T- and
B-cell lymphopenia,
increased neutrophil
F-actin, and excessive
superoxide production
seen in patients.

NAD phosphate oxidase component p67r"°%, activates neutrophil superoxide production,
whereas interactions with p21-activated kinase are necessary for fMLF-induced actin
remodeling. We identified 3 patients with de novo RAC2[E62K] mutations resulting in
severe T- and B-cell lymphopenia, myeloid dysfunction, and recurrent respiratory infec-
tions. Neutrophils from RAC2[E62K] patients exhibited excessive superoxide production,
impaired fMLF-directed chemotaxis, and abnormal macropinocytosis. Cell lines transfected
with RAC2[E62K] displayed characteristics of active guanosine triphosphate (GTP)-bound
RAC2 including enhanced superoxide production and increased membrane ruffling. Bio-
chemical studies demonstrated that RAC2[E62K] retains intrinsic GTP hydrolysis; however,
GTPase-activating protein failed to accelerate hydrolysis resulting in prolonged active GTP-
bound RAC2. Rac2+/862K mice phenocopy the T- and B-cell lymphopenia, increased neutrophil
F-actin, and excessive superoxide production seen in patients. This gain-of-function mutation
highlights a specific, nonredundant role for RAC2 in hematopoietic cells that discriminates

RAC2 from the related, ubiquitous RAC1. (Blood. 2019;133(18):1977-1988)

Introduction

Ras-related C3 botulinum toxin substrate 2 (RAC2) is a small
guanine nucleotide-binding protein in the Rho subclass of RAS
superfamily GTPases encoded by RAC2 and expressed primarily
in hematopoietic cell lineages. Functionally, it was first identified
as the GTPase involved in reduced NAD phosphate (NADPH)
oxidase activation' as well as actin cytoskeleton remodeling.2
Additionally, RAC2 is involved in membrane ruffling,® Fcy
receptor-mediated phagocytosis, and phagocytic cup and
macropinosome formation.* The RAC2 dominant loss-of-
function mutation, p.D57N, has been reported in 2 infants, 1 with
severe phagocyte immune deficiency® and the other with ab-
sent T-cell receptor excision circles (TRECs) detected by
newborn screening.® Both patients had severe phagocyte defects,
including defective superoxide O, formation and adhesion,
proving essential roles for RAC2 in those processes. More re-
cently, a pair of consanguineous siblings was described with
homozygous null RAC2 alleles (p.W56X), who had lymphopenia

and recurrent sinopulmonary infections, clinically diagnosed
as common variable immunodeficiency.” Last, both Rac2/~
and Rac2*/~ mice exhibit decreased neutrophil chemotaxis with
decreased F-actin® and NADPH oxidase formation in response
to fMLF.?

The nucleotide-bound state of RAC GTPases is tightly regulated,
determining the activation state of RAC. Activation generally
requires release of inactive, guanosine diphosphate (GDP}-bound
RAC2 from a guanine nucleotide dissociation inhibitor (GDI),
RhoGDl, followed by association with a guanine exchange fac-
tor (GEF), such as TIAM1.7° This activation occurs only after an
appropriate stimulus such as the chemoattractant, fMLF. The
RAC2/GEF interaction releases GDP, allowing binding of guanosine
triphosphate (GTP) and resulting in active RAC2. RAC2-GTP drives
diverse cellular functions through association and activation of
downstream effector proteins including p67°P"" and PAK1."2
Activation of these downstream targets leads to O," production,’
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actin cytoskeleton rearrangement,? thymic T-cell selection,” and
p38 kinase activation.> GTPase-activating proteins (GAPs) such as
PSORhoGAP™ associate with RAC2-GTP to stimulate GTP hydro-
lysis, resulting in the inactive RAC2-GDP, which again associates
with RhoGDI.

Primary immune deficiencies (PIDs) often underlie oppor-
tunistic infections or aberrant responses to infection. Next-
generation sequencing applied to PID patients has identified
important mutations, even in adults. Identification and char-
acterization of a gain-of-function RAC2 mutation in PID pa-
tients demonstrated a critical requirement of RAC2 cycling
between inactive GDP and active GTP bound states to reg-
ulate O," production, lymphocyte development, and actin
cytoskeletal remodeling.

Methods

Study patients

Study participants or their parents provided written informed
consent to participate in an institutional review board-approved
protocol at the National Institute of Allergy and Infectious Dis-
eases (NIAID), National Institutes of Health.

Rac2+/E¢2< Mice

Mice were maintained under specific pathogen-free housing
conditions at an American Association for the Accreditation of
Laboratory Animal Care-accredited animal facility at NIAID,
housed in accordance with procedures outlined in Guide for the
Care and Use of Laboratory Animals under a NIAID Animal Care
and Use Committee—approved protocol. Three- to 4-week old
superovulated C57BL/6 mice were used as embryo donors and
were mated with C57BL/6 males. Fertilized embryos were col-
lected from the oviducts and microinjected with a mixture of
Cas9 (10 ng/plL), single guide RNA (10 ng/pL), and 121b ss-oligo
nucleotide (20 ng/pL). Microinjected embryos were transferred
into oviducts of CD1 pseudo-pregnant mothers, resulting pups
were weaned at 3 weeks; ear punch biopsies were used for

genotyping.

Sequencing

Genomic DNA from peripheral blood leukocytes or ear punch
biopsies was amplified using gene-specific primers and se-
quenced using Big Dye Terminators v3.1. Resulting chromato-
grams were compared with National Center for Biotechnology
Information reference sequences, NM_002872.4, human;
NM_009008.3, mouse) using Sequencher.

Cell culture and transfections

pcDNA3.1 expression vectors for RAC2 wild-type (WT) or RAC2
[E62K], gp?1Ph/NOX2, p67rhex, pd7rhox, and GFP were trans-
fected into COS-7 or Raw264.7 cells using Lipofectamine-3000 or
Lipofectamine-LTX-Plus (Thermo Fisher Scientific), respectively.

Reactive oxygen species assay

Cells, with or without phorbol 12-myristate 13-acetate (PMA)
stimulation, were harvested 48 hours posttransfection. Cell sus-
pension diluted with Diogenes reagent was measured at 1-minute
intervals for 30 minutes on a Luminoskan Ascent plate reader
(Thermo Fisher Scientific).
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Immunostaining and confocal microscopy

After 48 hours of expression, cells in glass-bottom dishes were
washed, fixed with 4% paraformaldehyde, permeabilized with
0.3% Triton X-100, and stained for F-actin and RAC2. Cells were
counterstained with 4’,6-diamidino-2-phenylindole nuclear marker
and mounted with Prolong antifade.

RAC2 PBD-binding assays and western blot
Glutathione S-transferase (GST)-PAK1 p21 binding domain (residues
70-117) fusion protein (Addgene, deposited by Jonathan Chemoff)
was isolated from transformed Escherichia coli using glutathione-
sepharose beads.’”> COS-7 cells transfected with RAC2-WT or
RAC2[E62K] were lysed; lysates were cleared by centrifugation.
Supernatants were incubated with purified GST-p21 protein
binding domain (PBD) linked to glutathione-agarose beads. A
total of 25 g protein lysates or 25 L of eluted precipitates were
used for westem blot analysis of GST-PBD-bound RAC2. West-
ern blot analysis was performed by standard protocols us-
ing RAC2 (Millipore), AKT, phosphorylated AKT (pAKT), and
glyceraldehyde-3-phosphate dehydrogenase (Cell Signaling) pri-
mary antibodies and HRP-conjugated (Sigma Aldrich) secondary
antibodies.

Neutrophil analysis

Neutrophils were isolated from heparinized blood by standard
procedures. F-actin staining—polymorphonuclear leukocyte
(PMNs; 1 X 10¢) were incubated with 37% formaldehyde, 5 U/mL
phalloidin, and 1 mg/mL dry lysophosphatidylcholine, and
washed and analyzed on BD Canto Il flow cytometer.

Chemotaxis—isolated PMNs (5 X 103 cells) and fMLF were added
to appropriate wells of an EZ-TAXIScan instrument. Digital
images were acquired every 30 seconds for 1 hour. Images were
converted to stacks using ImageJ software (version 1.46r, National
Institutes of Health), MTrackJ plug-in was used to track in-
dividual cell migration, and track measurements were analyzed
using Microsoft Excel.

Macropinocytosis PMNs were incubated with AlexaFluor-488-
labeled Dextran (Molecular Probes) for 10 minutes. Cells were
washed, fixed, placed on slides, and air dried.

Extracellular O, production by cytochrome

c reduction

PMNs (0.25 X 10¢/mL) were incubated with 100 mM cytochrome ¢
for 15 minutes after addition of either buffer, PMA (100 ng/mL),
or fMLF (10~7 M). The supernatant was analyzed spectropho-
tometrically for O," -dependent reduction of cytochrome c. For
kinetic study, basal or stimulated O," production was monitored
every 15 seconds for 30 minutes.

Purification of recombinant proteins

Plasmids containing the catalytic GAP domain of p50RhoGAP
(amino acids 244-431) and PAK-PBD were gifts from Keith
Burridge, University of North Carolina, Chapel Hill); catalytic
GEF domain of TIAM1 (amino acids 1033-1406 was a gift from
Sondek Laboratory, University of North Carolina, Chapel Hill).
Full-length RAC2-WT (Origene) was mutated to create RAC2
[E62K]. Plasmids were transformed into E coli cells, pro-
tein expression induced overnight, and proteins isolated as

HSU et al

20z Aey 61 uo ysanb Aq Jpd-8z0988P00IA/8LZESS L/LLEL/8LIEEL/HPA-B10lE/POO|gAeU SUOREDIqNdYSE//:d)Y WOl papeojumoQ



previously described.'® GDP exchange and GTP hydrolysis assays
were performed as previously described.”

Flow cytometric analysis of mouse peripheral blood
Single-cell suspensions of peripheral blood were obtained as
previously described.'® Cells were stained with 1:500 dilution of
live/dead dye for 10 minutes, blocked with rat anti-mouse CD16/
32 and 0.5% bovine serum antigen, and then surface stained
using fluorescently conjugated antibodies against mouse CD45
(30-F11), CD19 (1D3), NK1.1 (PK136) (eBioscience), CD3e (145-
2C11; BD Biosciences), CD4 (GK1.5), and CD8 (53-6.7) (BioLegend).
Cells were collected on an LSR Il Fortessa and data were analyzed
using FlowJo. Cell numbers were quantified using phycoerythrin-
conjugated fluorescent counting beads.

Isolation of murine neutrophils from bone marrow
Neutrophils were isolated from mouse bone marrow using
Histopaque gradient separation as described."”

Results

Study patients

Patient 1 presented to the National Institutes of Health Clinical
Center at age 37 for recurrent pulmonary infections. Since the
age of 2 years, she had pancytopenia, recurrent sinusitis, and
pneumonia, including 1 episode of Neisseria meningitidis type Y
pneumonia and sepsis, lymphadenitis, varicella zoster infection,
urinary tract infections, and cellulitis. (Cell counts, proliferation
studies, and immunoglobulins are outlined in Table 1.) Splenec-
tomy at 22 years for pancytopenia showed littoral cell angioma.
Neutrophil and platelet counts improved postsplenectomy,
but recurrentinfections required multiple hospitalizations and
intravenous antibiotics despite immunoglobulin replacement.
Bronchiectasis was complicated by Aspergillus spp., Staphylococcus
aureus, Mycobacterium abscessus, and Mycobacterium avium
complex. Whole exome sequencing identified a novel, hetero-
zygous variant in RAC2, c.184G>A, p.E62K (Figure 1A). The
equivalent representation of mutant and WT reads and suffi-
cient read depth (98) plus absence of the variant in both parents
suggest a de novo mutation. A matched unrelated donor hema-
topoietic stem cell transplant at age 42 years led to full immune
reconstitution and improved lung function.

Patient 2 was identified with low TRECs (13/uL; normal value
>22/pl) and reduced peripheral CD3* T-cell counts on new-
born screening (Table 1). She had normal proliferation to both
phytohemagglutinin and pokeweed mitogen at 3 weeks and
8 months. A targeted immunodeficiency gene panel (Invitae
Primary Immunodeficiency Panel) identified de novo heterozy-
gous RAC2 c.184G>A, p.E62K. By age 9 months, she had acute
bronchitis with persistent wheezing. At 1 year, she remained
lymphopenic (CD3, <100 cells), leading to successful hematopoietic
stem cell transplantation at age 2 from a matched sibling donor.

Patient 3 was referred at age 14 years for lymphopenia, recurrent
herpes stomatitis, and recurrent otitis media. He had a vesicular
eruption with fever after varicella vaccination and developed
shingles at age 3. He had chronic rhinitis and cough with negative
testing to environmental allergens, normal to elevated serum
immunoglobulin G (IgG), low IgM, and normal IgA, with marked
diminution in all lymphocyte subsets (Table 1). Antibodies to

RAC2 MUTATION CAUSING LYMPHOID AND MYELOID DEFECTS

tetanus, varicella, and a few pneumococcal serotypes were
adequate with poor response to Haemophilus influenzae
type b. Targeted in-house immunodeficiency gene panel at
Lurie Children’s Hospital identified de novo heterozygous
RACZ2 c.184G>A, p.E62K.

Identification of RAC2 mutation

Whole exome sequencing was performed on patient 1. Coding
variants not present in the Single Nucleotide Polymorphism
Database (dbSNP), version 135, were filtered against the In-
ternational Union of Immunologic Societies (IUIS) gene list. Only
RAC2 was associated with a dominant phenotype, and functional
testing was pursued. The novel, heterozygous variant in RAC2,
c.184G>A, p.E62K, was Sanger confirmed in all cases. This
variant is not present in the Genome Aggregation Database
(gnomAD), nor has it been seen in any other patient in our
cohort.

Glutamate 62 (E62) lies within the Switch Il domain of RAC2
(Figure 1B) and is highly conserved across the RAC and RAS
GTPases.?° Additional reported Switch Il variants are noted by
asterisks within the protein alignment, including somatic mutations
at RAC1[Qé61]?" and RAC2[Dé63J?? as well as the recently described
germline CDCA42[Y64C].Z The crystal structure of the closely related
RAC1 is shown in Figure 1C, with the Switch Il domain highlighted
in blue, the previously reported RAC2[D57N] in magenta, and
RAC2[E62K] in red.

RAC2[E62K] patient neutrophils have aberrant
macropinocytotic vesicles

Abnormal neutrophils were apparent in all 3 patients by light
microscopy. Large vacuoles were present in many of the neutrophils
(Figure 2A) as well as some lymphocytes (data not shown). These
vacuoles were clearly seen by transmission electron microscopy
(Figure 2B) and were absent in healthy controls. Strikingly, patient
3 had “toxic vacuolation” on a manual complete blood count. His
cells (supplemental Figure 1A, available on the Blood Web site)
showed enlarged macropinocytotic vesicles in lymphocytes as
well as neutrophils.

Recognizing that RAC molecules are involved in phagosome*
and macropinosome?* formation, and that RAC2[D57N] mutation
inhibited macropinocytosis,® we hypothesized the large neutrophil
vacuoles were macropinosomes. Neutrophils from healthy
controls, patient 2, (Figure 2C) and patient 3 were incubated with
fluorescein isothiocyanate (FITC)-dextran to measure fluid en-
docytosis by macropinocytosis. Measuring individual cell fluo-
rescence and correcting for background, cells from patients
contained significantly more FITC-dextran than those from
healthy controls (Figure 2D; supplemental Figure 1B). Further, it
appears the FITC is contained in well-defined compartments
similar to the vacuoles seen by light microscopy.

RAC2[E62K] results in enhanced neutrophil

O," production

RAC2 is the small GTPase associated with the NADPH oxidase
complex in hematopoietic cells.” Neutrophils from Rac2~/~ mice
exhibited impaired O," production in response to both PMA
and fMLF,® whereas RAC2[D57N] patients do so only in response
to fMLF.>¢ To assess cytochrome c reduction by O," in RAC2
[E62K] patient neutrophils, we evaluated temporal O;" release
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Table 1. Immunologic findings

Age 37y 38y 2 wk 8 mo 17 mo 4y 14y
CD3* 79 (708-2227) | 209 (714-2266) | 295 (2500-5500) 235 128 193 (1051-3031) 137
CD3*CD4* 36 (479-1445) | 124 (359-1565) | 270 (1600-4000) 192 103 84 (548-1720) 47
CD3*CD8* 20 (225-753) 81 (178-853) 20 (560-1700) 21 16 113 (332-1307) 90
CD19* 8 (68-444) 13 (59-329) 115 (300-2000) 160 117 80 (203-1139) B
CD3-CD16*CD56* 7 (48-474) 9 (126-729) 50 (170-1100) 52 27 87 (138-1027) 75
Mitogen proliferation (PHA) Normal ND ND Normal Normal Normal (10 y) ND
Antigen proliferation Absent ND ND Absent SI, 1.3 (>18)* ND
(Candida)
TREC ND ND 13 (>22) ND ND ND ND
Serum IgG, mg/dL ND 176 (231-1411) 405 1400 (572-1474) (7 y) | 1110 (716-1711)
Serum IgA, mg/dL ND 75 (91-499) ND 60 (16-83) | 58 (14-105) [ 43.1 (69-309) (7 y) 53.6 (68-378)
Serum IgM, mg/dL ND 14 (34-342) ND 26 (0-145) | 67 (19-146) | 19.5 (53-334) (7 y) 11.9

CD3* T cells, with CD4* and CD8* subsets, CD19* B cells, and CD3-CD16*CD56* NK cells were measured in the patients at the ages indicated. Counts per milliliter of blood are listed as
well as the normal reference range for the testing laboratory. Where available, results for mitogen and antigen proliferation, T-cell receptor excision circle measurements, and

immunoglobulin levels are included.
ND, not tested; PHA, phytohemagglutinin; Sl, stimulation index.

*SI was low; however, basal proliferation was high, skewing interpretation of results.

and accumulation in the supernatant. Similar to the RAC2[D57N]
patients, RAC2[E62K] patient neutrophils responded normally
to PMA (data not shown). After stimulation with fMLF, control
neutrophils produced increasing amounts of Oy" until, by
4 minutes, production ceased, and the detected O," remained
relatively constant. In contrast, patient neutrophils produced
Oy" with an increased rate and duration (Figure 2E). The cu-
mulative O;" production from patient neutrophils was three- to
fourfold greater than healthy controls (Figure 2F).

RAC2[E62K] neutrophils have

abnormal chemotaxis

Because neutrophils from both Rac2~/~ mice and the previously
reported RAC2[D57N] patients had impaired chemotaxis in
response to fMLF,*252¢ we evaluated fMLF-directed chemotaxis
in patient neutrophils. Time-lapse video of cells from patient 1
(supplemental Video 1) demonstrated drastically impaired che-
motactic velocity toward fMLF compared with healthy control cells
(supplemental Video 2). Individual cell tracking from patients 1 and
2 showed both fewer patient cells moving and decreased distance
traveled per cell (Figure 2G; supplemental Figure 1C). Control
cells completed chemotaxis across the chamber within 30 to
40 minutes, whereas few patient cells had migrated halfway
across the chamber after 60 minutes (Figure 2H). Interestingly,
patients 2 and 3 reported normal Boyden chamber chemotaxis
assays before National Institutes of Health referral, highlighting
the importance of direct tracking of individual cells in this
chemotactic defect.

RAC2 is involved in the cycling of actin between monomeric

(G-actin) and filamentous (F-actin) states through interactions
with both cofilin and the ARP2/3 complex.?” Neutrophils from
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patient 1 (supplemental Figure 1D) exhibited an increased
F-actin content. Considering actin remodeling as a dynamic
process, we compared neutrophil F-actin following fMLF
stimulation between controls and patient 3. Although control
neutrophils had a transient increase in F-actin, peaking be-
tween 10 and 15 seconds followed by rapid decline, cells from
patient 3 peaked at 30 seconds and maintained high levels of
F-actin even at 60 seconds (supplemental Figure 1E). These data
suggest impaired actin cycling, which may explain their che-
motactic defect.

Transfected cells recapitulate the RAC2[E62K]
cellular phenotype

Three unrelated patients with the same de novo mutation in
RAC2 strongly suggested genetic causality. To prove RAC2
[E62K] was responsible for the patient cellular features, COS7
cells were cotransfected with expression constructs for members
of the NADPH oxidase and either RAC2[WT], RAC2[E62K], or
GFP. Reactive oxygen species (ROS) production over time was
measured under basal and PMA-stimulated conditions. RAC2
[WT] cells showed minimal basal ROS production that increased
after PMA addition (Figure 3A, top). In contrast, RAC2[E62K]-
transfected cells showed elevated basal ROS production with
significant augmentation after PMA (Figure 3A, middle); cells
transfected with GFP alone did not produce ROS (Figure 3A,
bottom). These data were quantified using integrated
30-minute chemiluminescence (Figure 3B) and are consistent
with the increased ROS production observed in patient
neutrophils.

RAC2-GTP interacts with PAK1 PBD to mediate the actin cy-
toskeletal rearrangement that occurs during phagocytosis.*
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Figure 1. RAC2 mutation occurs within the highly conserved Switch Il domain. (A) Sanger sequence of RAC2 exon 3 demonstrating c.184G>A in patient 1 (*) and
wild-type sequence in both parents. (B) Amino acid alignment of select members of human RHO family of GTPases. Reference sequences (RAC2 NP_002863.1, RAC1

NP_008839.2, RAC3 NP_005043.1, CDC42 NP_001782.1) are from the National Center for Bi

iotechnology Information and aligned using Clustal W. Underline, conserved Switch |

and Switch Il regions; open box, E62; *Q61, D63, and Yé4. (C) Three-dimensional structure of the related RAC1 (3TH5)*; blue, Switch II; pink, D57 residue; and red, E62.

C, C terminus; N, N terminus.

Given the abnormal chemotaxis, altered F-actin staining, and
increased macropinocytosis in patient neutrophils, we hypothesized
that RAC2-PAK1 interactions were increased. Using lysates
from transfected cells, we precipitated proteins that bound the
purified GST fusion protein of the PAK1-PBD immobilized on
glutathione-agarose and probed the resulting blot for RAC2.
Quantifying the immunoblot by densitometry and normalizing for
RAC2 content showed increased levels of PAK1-PBD-associated
RAC2 in the Eé2K-transfected cells compared with WT (Figure 3C),
suggesting more RAC2[E62K] is in its active GTP-bound form than
RAC2[WT].

RAC2 MUTATION CAUSING LYMPHOID AND MYELOID DEFECTS

Active, GTP-bound RAC2 interacts with PAK1, resulting in the
PAK1-C-terminal domain becoming a scaffold for AKT and lead-
ing to membrane translocation and phosphorylation of AKT
(PAKT).% Expression of the dominant-negative RacN'” inhibited
PAK1-induced pAKT, whereas expression of the constitutively
active RacV'? increased association of AKT with PAK1.28 We
examined the effect of RAC2[E62K] on AKT using lysates from
transfected COS-7 cells by immunoblot and quantified the total
AKT and pAKT levels using densitometry. After normalizing for
total AKT levels, cells transfected with RAC2[E62K] showed in-
creased pAKT compared with RAC2[WT] (Figure 3D).
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Figure 2. Neutrophils from patients have large macropinocytotic vesicles, excess superoxide production and diminished fMLF-induced chemotaxis. (A) Light microscopy
images of blood smears from health control (HC), patient (PY)1, and Pt2. Large vacuoles are clearly present within the neutrophils of Pt1 and Pt2 (arrows). Images acquired from a CellaVision DM1200.
Original magnification X100. (B) Transmission electron microscopy of neutrophils from HC, Pt1, and Pt2. *Large vacuoles are seen in both patients. Paucity of specific granules in Pt1 compared
with HC. Images were acquired using a Hitachi H7600 transmission electron microscope and an AMT XR41B digital camera. Original magnification of HC and Pt2, X3000; original magnification
of Pt1, x2500. (C) Neutrophils from HC either fresh (left) or shipped along with the patient sample (middle) and Pt2 (right) were incubated with FITC-dextran for 15 minutes. Cells were fixed
and viewed using Images and were acquired using EVOS FL system with X40 and X 100 magnification and analyzed with ImageJ software to determine the cell area, integrated density,
and mean. Corrected total cell fluorescence = integrated density — (area X mean of background readings). (D) Total fluorescence of FITC-dextran cells corrected for background
fluorescence. Calculations from 10 to 30 individual cells from each sample were plotted. P values were calculated using 1-way ANOVA correcting for multiple comparisons. ****P <
.0001. (E) Neutrophil extracellular superoxide production kinetics measured every 15 seconds after fMLF treatment of cells from Pt1 (red) and Pt2 (green) compared with 6 HCs (blue line with
error bars) showing superoxide production over 30 minutes, evaluated every 15 seconds. (F) Cumulative superoxide production after 30 minutes. (G) Net chemotactic velocity of 10 individual
cells from patients 1 and 2 compared with 2 HC with buffer alone (left) or fMLF (right). Two-way analysis of variance (ANOVA) correcting for multiple comparisons was used for calculating
significance. ****P < .0001. (H) Individual cell tracings from Pt1 (right) and HC (left) tracking movement and colored by 10-minute increments. AU, arbitrary unit; O.D., optical density.

The increased PAK1 binding and pAKT seen in RAC2[E62K]- | Cognate GEF and GAP proteins fail to

transfected cells are associated with membrane ruffling and regulate RAC2[E62K]

macropinosome formation. Using confocal microscopy, we ex- E62 is a conserved residue within the Switch Il domain found in
plored the effects of transfection of RAC2[WT] or RAC2[E62K] on all Rho GTPases; previous work on RAS and RhoA demonstrated
RAW264.7 or COS-7 cells. RAC2[E62K]-transfected RAW264.7 cells | that mutation to either alanine or lysine resulted in disruption of
showed increased membrane ruffling (Figure 3E, top; supplemental GEF-mediated guanine nucleotide exchange.? Isolated GTPases
Figure 2, top 2 rows), a precursor to macropinocytosis and driven by have a slow intrinsic rate of nucleotide exchange, significantly in-
RAC2-PAK1-pAKT interaction near the cell membrane. Distinctively, | creased by GEF binding. We compared intrinsic and TIAM1-associated
the RAC2[E62K]-transfected COS-7 cells exhibited large vesicles GDP dissociation rates using RAC2 preloaded with ™GDP, which
(Figure 3F, bottom; supplemental Figure 2, bottom 2 rows) similar to fluoresces when bound to RAC2. Exchange of ™™GDP for unlabeled
the macropinosomes seen in patient neutrophils. GDP causes decreased fluorescence measured over time. Both
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Figure 3. Transfection of RAC2[E62K] drives increased ROS production, increased RAC2[E62K] association with PAK-protein binding domain, increased pAKT, and
increased membrane ruffling and macropinocytosis. (A) Diogenes assay to measure ROS production in COS-7 cells transfected with NADPH oxidase components (gp91°hex,
p47°"ox, p67°") and either RAC2[WT] (top), RAC2[E62K] (middle), or GFP (bottom) without stimulation (left) or after addition of 1 uM PMA (right). (B) Cumulative ROS production
without (open bar) or with (filled bar) PMA stimulation; graph shows average + standard error of the mean (SEM) of 1 representative experiment. (C) Immunoprecipitation of
COS-7 cells transfected with RAC2[WT] or RAC2[E62K] using PAK1-PBD. Graph shows average + SEM of 3 independent experiments. ***P = .0004. (D) Lysates from COS-7
cells transfected with RAC2[WT], RAC2[E62K], or untransfected were immunoblotted and stained for total AKT (tAKT) or phospho-AKT (S473). Bands were quantified by
densitometry and the ratio of active, phospho-AKT/tAKT was plotted. Graph shows average = SEM of 3 independent experiments (supplemental Figure 2B-D). (E) Confocal
images of RAW264.7 cells (top, original magnification X 333) or COS-7 cells (bottom, original magnification x235) transfected with RAC2[WT] (left) or RAC2[E62K] (right) and
GFP as a transfection control. Cells were stained with Alexa-594-phalloidin (orange) to detect F-actin and Alexa-647-anti-RAC2 (red). Images were captured by a Zeiss LSM
880 confocal microscope and processed using the ZEN 2.3 lite program.

RAC2[WT] and RAC2[E62K] demonstrated similar intrinsic rates
of GDP exchange (open circles, Figure 4A). However, in the
presence of TIAM1, RAC2[WT] exchanged the majority of
preloaded m=GDP (filled red circles), whereas RAC2[E62K]
(filled blue circles) increased only slightly over the intrinsic rate.
The calculated m"GDP dissociation rates from RAC2[WT] were
significantly greater than RAC2[E62K], indicating impaired GDP
release or exchange (Figure 4B).

We next examined intrinsic and p50RhoGAP-mediated GTP
hydrolysis to determine whether p5SORhoGAP enhanced RAC2

RAC2 MUTATION CAUSING LYMPHOID AND MYELOID DEFECTS

[E62K] GTP hydrolysis. As with GDP exchange, intrinsic rates of
GTP hydrolysis were similar between RAC2[WT] and RAC2[E62K]
proteins (Figure 4C). Unlike RAC2[WT] protein (filled red circles),
the addition of p5SO0RhoGAP failed to drive GTP hydrolysis of
RAC2[E62K]. The addition of p50RhoGAP increased RAC2[WT]
GTP hydrolysis sixfold, whereas RAC2[E62K] hydrolysis remained
at the intrinsic rate despite the presence of p50RhoGAP (quan-
titated in Figure 4D). Taken together, these data show that
RAC2[E62K] impairs GAP-mediated GTP hydrolysis, resulting
in sustained GTP association and prolonged RAC2-driven acti-
vation of downstream effectors.
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Figure 4. RAC2[E62K] has altered TIAM1-mediated GDP exchange and p50RhoGAP-mediated GTP hydrolysis. (A) GDP exchange assay using RAC2[WT] (red) and RAC2
[E62K] (blue) preloaded with fluorescent ™ GDP and incubated with unlabeled GDP. Intrinsic nucleotide exchange (open circles) and TIAM1-mediated exchange (filled circles)
are shown. Ratio TIAM1:RAC2 = 1:1. (B) ™™GDP dissociation rate of RAC2[WT] and RAC2[E62K] with and without TIAM1 calculated from panel A. Number of replicates, N = 4
for intrinsic dissociation and N = 2 for TIAM1-mediated dissociation. ***P < .0005. (P value calculated using the 1-way ANOVA followed by Tukey multiple comparison test).
(C) GTP hydrolysis of RAC2[WT] and RAC2[E62K] preloaded with GTP without and with p5S0RhoGAP (1:500, pSORhoGAP:RAC2). Colored as in panel A. (D) GTP hydrolysis rate
of RAC2[WT] and RAC2[E62K] preloaded with GTP, calculated from panel C. Data acquired in triplicate. **P < .005 (P value calculated as in panel B).

Rac2+/862X mice have lymphopenia and excess
neutrophil O;" production

To further evaluate the effects of RAC2[E62K] in lymphoid and
myeloid cells in vivo, we generated Rac2*/E2< mice by using
CRISPR/cas9 to introduce Rac2[E62K] into C57BL6 mouse
embryos.

All RAC2[E62K] patients identified to date had T- and B-cell
lymphopenia (Table 1); 2 patients, 1 reported here and 1 RAC2
[D57N] patient, both identified through newborn screening,?
had reduced newborn TRECs. We used peripheral blood from
8- to 10-week-old Rac2™* and Rac2*/E4?¢ mice to analyze
lymphocyte subsets. Rac2*/£¢2< mice had profoundly decreased
circulating lymphocytes compared with Rac2*/*(Figure 5A).
There was a >20-fold decrease in CD3™" T cells, reflecting decreases
of both CD4" and CD8* cells. The Rac2*/#2 B-cell compartment
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was reduced, with fewer NK1.1* cells (supplemental Figure 3A) in
the Rac2*/52K mice, although the differences did not reach statistical
significance.

To further explore the peripheral lymphopenia, splenic lym-
phocyte subsets from 18-week-old mice were examined. Al-
though total cellularity was not different between the Rac2*/E¢62¢
and Rac2*/* spleens (supplemental Figure 3B), there was a
profound increase in Mac1* cells (Figure 5B) with high side scatter,
consistent with neutrophilia. Splenic B cells were not significantly
decreased; however, T-cell receptor o * (TCRaB*) cells were lower
in Rac2*/%2K mice even though TCRy3* cell numbers were pre-
served (Figure 5B). Both single positive T-cell subsets were de-
creased, with CD8" T cells exhibiting a larger decrease than CD4™*
T cells (Figure 5C). Given the profound lymphopenia, we examined
thymic T-cell subsets. Similar to the spleen, total cellularity was
equivalent. Percentages of double-negative (DN), double-positive,
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Figure 5. Rac2*/E¢2X mice recapitulate cytopenias, superoxide production, and increased neutrophil F-actin content seen in patients. (A) Peripheral blood cells from
Rac2*/* and Rac2/5?< mice stained for lineage markers (n = 4 each group). Top, from left: CD3* T cells, CD3*CD4* T cells, CD3*CD8" T cells, and CD20* B cells (P value
calculated using Student t test with Welch correction). (B) Splenic cell populations from Rac2*/* and Rac2*/#6? mice identified by noted markers. Two-way ANOVA with Sidak
multiple comparison test was used to determine significance. (C) Splenic T-cell subsets from Rac2*/* and Rac2*/£62< mice identified by noted markers. Two-way ANOVA with
Sidak multiple comparison test was used to determine significance. (D) Superoxide production after addition of fMLF in bone marrow neutrophils from Rac2*/* (black lines) and
Rac2"/E?< mice (red lines). Results combined from 2 independent experiments. (E) Phalloidin staining for F-actin in mouse bone marrow neutrophils from Rac2*/* and Rac2+/E6<

mice (n = 4 each group). Results combined from 2 independent experiments.

and CD4* and CD8* single-positive cells were also similar between
the 2 groups (supplemental Figure 3C). Gross thymic size indicated
that traffic from the bone marrow was not limiting and so did not
explain the peripheral lymphopenia. Similarly, maturation from DN,
through double positive to single positive cells appeared intact in
the Rac2*/#% mice, indicating that the lymphopenia did not arise
during thymic maturation.

Given the neutrophil defects seen in patient cells, we examined
fMLF-induced O" production and F-actin content in bone
marrow neutrophils. Similar to patients, we observed increased
O3" production in response to fMLF in Rac2*/592< compared with
Rac2*/* mouse marrow cells (Figure 5D). Likewise, bone mar-
row neutrophils from Rac2*/#2< mice exhibit elevated F-actin
as demonstrated by increased phalloidin staining (Figure 5E).
Therefore, Rac2*/62¢ mice recapitulate the lymphocyte and
neutrophil defects identified in 3 patients with the RAC2[E62K]
mutation.

Discussion

We identified de novo RAC2 p.E62K in 3 unrelated patients, 2 of
whom had recurrent upper respiratory infections and immu-
nodeficiency, whereas the third was detected by newborn

RAC2 MUTATION CAUSING LYMPHOID AND MYELOID DEFECTS

screening. Unlike the previously reported RAC2 loss-of-function
mutation, p.D57N, or the homozygous null p.W56X mutation,
RAC2[E62K] is a gain-of-function mutation that prevents hydroly-
sis of the GTP nucleotide, resulting in prolonged activation of
downstream effectors, such as p67°Phx and PAK1.

RAC2[E62K] is an activating mutation

Increases in Oy production, macropinocytosis, membrane
ruffling, and altered cellular migration in patient and transfected
cells are most consistent with RAC2[E62K] being an activating
mutation. This is consonant with other activating Switch Il mutations
in the RAC family, RAC2[Q61L],*® RAC2[D63V],?? and CDC42
[Y64C], %= which impair GDP exchange and GTP hydrolysis. Nota-
bly, the crystal structure of Rac1 bound to the GAP domain of
Salmonella sptP identifies the 4 conserved amino acids, Qé1, E62,
D63, and Y64, in direct contact with the GAP protein domain,*'
suggesting that mutations at these amino acids could inhibit GAP
binding to the activated Rac molecule leading to extended RAC
activation. Somatic, activating RAS family mutations, including
those of Q61, are the most common driver mutations in multiple
malignancies (Catalogue of Somatic Mutations in Cancer database
[COSMIC], https://cancer.sanger.ac.uk), occurring in 27% of all
human cancers.32 Pharmacologic efforts to target these activating
mutations with small molecule inhibitors rely on mutation-positive
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cancer-derived cell lines. The Rac2*/?¢ mouse could provide
a model for testing these inhibitors in the setting of germline rather
than somatic mutation. These related Switch Il mutations with similar
biochemical features, both germline and somatic, underscore the
dominant effect caused by prolonged activation of RAC2[E62K].

RAC2 binds to effector proteins p67rh°x and PAK1

Studies in mouse Rac2~/~ neutrophils have demonstrated different
effector proteins involved in O," production (p677"9 and cell
migration (Pak1), indicating that multiple pathways are affected by
the loss of Rac2 in these cells.253334 The ability of RAC2 to cycle
between GDP- and GTP-bound forms allows it to act as a molecular
switch because only active RAC2-GTP can bind to p67°" or
PAK1.2 Activation of PAK1 after stimulation leads to its relocation
to areas of active cytoskeletal rearrangement,®¢ while transfection
of a mutant, activated PAK1 induces membrane ruffles and accu-
mulation of F-actin.2 Ex vivo studies using patient neutrophils
demonstrated prolonged production of O,", suggesting an
extended p67p"<RAC2-GTP association. Likewise, we found in-
creased RAC2[E62K]-PAK1 association in RAC2[E62K]-transfected
cells, indicating an increased proportion of RAC2[E62K] in the
active GTP-bound state compared with RAC2[WT].

Activated RAC2[E62K] impairs actin remodeling
Inactivation of RAC is required for F-actin disassembly and
phagocytic cup closure.® Using cells transfected with a photo-
activated RAC1, Fujii et al** produced membrane ruffling and
unclosed premacropinosomes when the cells were activated by
exposure to blue light. When the light was turned off, inactivating
RACT, the ruffling ceased and the macropinosomes closed and
acquired maturation markers, demonstrating the requirements of
RAC-GTP/GDP cycling for completion of the process. Impaired
GAP-mediated RAC2[E62K]-GTP hydrolysis maintains the active
state and interferes with on/off cycling. Accumulation of F-actin
in patient and mouse cells and membrane ruffling in transfected
RAW264.7 cells is consistent with prolonged activation of this
RAC2 mutant. In contrast to RAC2[E62K]-transfected cells, the
dominant loss-of-function RAC2[D57N] inhibited membrane
ruffling and macropinosome formation in primary murine bone
marrow—derived macrophages.® Likewise, elevated F-actin seen
in patient cells indicates a breakdown in actin cycling within
RAC2[E62K] neutrophils. Decreased cycling between F-actin
and G-actin is expected to result in impaired chemotaxis and
macropinosome closure, both of which we observed in patient
neutrophils.

Effects of RAC2 mutations on

lymphocyte development

All RAC2 patients so far identified have exhibited profound
lymphopenia. The resolution of lymphopenia posthematopoietic
stem cell transplant in patient 1 indicates this is a hematopoietic cell
intrinsic defect and not caused by a functional defect in thymic
epithelial cells. In Rac2~/~ mice, T-cell development occurs nor-
mally, most likely from functional redundancy between Rac1 and
Rac2.%” This is apparent in Rac2™/~ Rac1fo¢fox mice crossed with
CD2- or CD19-driven Cre recombinase mice lacking both Rac1
and Rac2 in their T or B cells,? respectively. Loss of both Rac1
and Rac2 in mouse T cells resulted in decreased total thymocyte
number and altered T-cell maturation from DN through single
positive. In Rac1/Rac2-deficient CD19 cells, bone marrow B-cell
development appeared preserved across genotypes. However,
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Rac1/Rac2-deficient mice exhibited drastically reduced splenic
and circulating mature B cells. These 2 studies provide evidence
for the requirement of Rac2 during T- and B-cell maturation.

Although RAC2[E62K] patients and Rac2 /542K mice exhibit both
T- and B-cell lymphopenia, thymic cellularity in the Rac2*/Eé2K
mice provides evidence the T lymphopenia is not the result of
bone marrow emigration into the thymus. Likewise, T-cell maturation
within the thymus appears to be maintained. Several mutations
affecting actin remodeling have been implicated in T-cell lympho-
penia, including cofilin (Cf1),° coronin 1a (CORO1TA),** Dock8,*
WASp (WAS),*® and ARPCTB,* each affecting thymocyte devel-
opment differently. Nonfunctional cofilin leads to a developmental
arrest during DN2 to DN3 stage of thymocyte maturation resulting
from failure of TCRB surface expression.*® Different mutations
within CoroTa cause lymphopenia by different mechanisms;
T cells from Ptcd mice have impaired thymic egress, whereas Koy
mice, with unstable Corola protein, have reduced thymocyte
survival.*® Dock8%™<™ mice have thymic accumulation of
CD4* cells and decreased survival of both CD4* and CD8* cells.*®
Recently, decreased TRECs in patients and mice with WAS
mutations were demonstrated along with decreased F-actin in
patient T cells,** emphasizing the critical role of actin remodeling
throughout thymic development and output. Additional experi-
ments such as synchronized intrathymic injections of thymocytes
to establish timing and location of T-cell loss or microscopy of
thymic sections to examine individual cell trafficking may help
elucidate the mechanism of Rac2"/5¢?¢ [ymphopenia.

The majority of RAC2 studies have focused on analysis of
Rac2~/~ mice, inferring the function of Rac2. The patient gen-
otypes now identified, dominant RAC2[D57N] loss of function,
recessive RAC2[W57X] null, and dominant RAC2[E62K] gain of
function, as well as the Rac2*/8¢2K mouse clarify distinct roles
of RAC2 in hematopoiesis and actin cytoskeleton remodeling in
immune cells. These data also support the inclusion of RAC2 on
primary immune deficiency sequencing panels for patients with
low/absent TRECs, T-cell lymphopenia, or CVID.
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