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EKEN ET AL.

mouse model. In this study, we sought to test whether DOCKS is required for the
function and maintenance of ILC subsets in humans.

Methods: Peripheral blood ILC1-3 subsets of 16 DOCKS8-deficient patients recruited
at the pretransplant stage, and seven patients with autosomal dominant (AD) HIES
due to STAT3 mutations, were compared with those of healthy controls or post-
transplant DOCK8-deficient patients (n = 12) by flow cytometry and real-time qPCR.
Sorted total ILCs from DOCKS8- or STAT3-mutant patients and healthy controls were
assayed for survival, apoptosis, proliferation, and activation by IL-7, IL-23, and IL-12 by
cell culture, flow cytometry, and phospho-flow assays.

Results: DOCK8-deficient but not STAT3-mutant patients exhibited a profound
depletion of ILC3s, and to a lesser extent ILC2s, in their peripheral blood. DOCK8-
deficient ILC1-3 subsets had defective proliferation, expressed lower levels of IL-7R,
responded less to IL-7, IL-12, or I1L-23 cytokines, and were more prone to apoptosis
compared with those of healthy controls.

Conclusion: DOCKS regulates human ILC3 expansion and survival, and more globally
ILC cytokine signaling and proliferation. DOCKS8 deficiency leads to loss of ILC3 from
peripheral blood. ILC3 deficiency may contribute to the susceptibility of DOCKS8-
deficient patients to infections.
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GRAPHICAL ABSTRACT

Peripheral blood ILC3 and ILC2s are reduced in DOCK8 but not STAT3 mutant HIES patients. DOCKS8 deficient human ILCs have reduced
IL-7 receptor expression, impairedIL-7, IL-23 and IL-12 signaling and are more prone to apoptosis. DOCKS is required for maintenance and
function of human peripheral blood ILC3s. ILC3 depletion may contribute to susceptibility of DOCKS8 deficient patients to infections.
Abbreviations: AR, Autosomal recessive; AD, Autosomal dominant; DOCKS8, Dedicator of cytokinesis 8; HIES, Hyper-1gE syndrome; ILC,
Innate lymphoid cells, STAT, signal transducer and activator of transcription

1 | INTRODUCTION

prominent regulator of cytoskeleton in eukaryotic cells.! In humans,

DOCKS deficiency results in a combined immunodeficiency, the au-

Dedicator of cytokinesis 8 (DOCKS8) is a guanine nucleotide ex- tosomal recessive form of hyper-IgE syndrome (HIES).>® DOCKS-

change factor for the Rho family member GTPase Cdc42, a deficient patients exhibit high eosinophilia and elevated IgE levels,
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have impaired T- and B-cell immune responses, are prone to broad
spectrum of infections, and also manifest allergic reactions.* DOCKS8
functions in both innate and adaptive immune cells. Accordingly,
DOCKS deficiency results in functional defects in dendritic cells,”
T cells,® Treg cells,”? NK cells,’®'! and B cells 2 in both humans and
mice. The migration of several immune cells was shown to be affected
by the absence of DOCKS, which results in a defective cytoskeletal
organization at the leading-edge membrane.’®* Similarly, defective
immune synapse formation, NK cytotoxic activity has been reported
in DOCK8 deﬁciency.s'c”’10 Moreover, DOCKS8 was shown to interact
with STAT3 and STATS5, therefore regulate cytokine signaling.”'?1°
Indeed, DOCKS deficiency leads to impaired Th17 cell responses, as
demonstrated by reduced IL-6 and IL-21 signaling, and impaired Treg
cell function as characterized by impaired IL-2 signaling.15

Group 3 innate lymphoid cells (ILC3s) are a recently defined
ROR-yt *IL-23R * innate lymphoid cell population enriched at the mu-
rine and human mucosal surfaces.'®Y” ILC3s play an important role
in mucosal barrier function. Importantly, ILC3s are also implicated in
the protective immunity to bacterial and/or fungal infections, as well
as in the pathogenesis of various chronic inflammatory diseases.*’?
With remarkable resemblance to Th17 cells, ILC3s can produce
IL-17A, 1L-22, IFN-y, and GM-CSF cytokines in a subset and stimu-
lus-dependent fashion.'®2%22 |n this context, IL-22 was shown to be
critical for maintaining a healthy barrier by acting on epithelial cell
and subsequently stimulating production of antimicrobial peptides
such as Reg3y, Reg3p, and calprotectin.?>2> Recently, in Dock8?™
Pri mice, we have shown that Dock8 deficiency led to a substantial
reduction in ILC3 numbers and function; particularly, IL-7 and 1L-23
signaling was impaired.?® Consequently, those mice became suscep-
tible to enteropathogenic Citrobacter rodentium infections. However,
to date, whether DOCKS8-deficient patients have any abnormalities
in the number and/or function of ILC subsets, including ILC3s, has
not been addressed. Such a determination is especially relevant
given that ILC function may become critical in immunodeficient indi-
viduals whose adaptive immunity is already compromised.

In this study, we report, for the first time, that DOCK8-deficient
patients have quantitative and qualitative defects in blood ILC3s
that distinguish them from patients with the autosomal dominant
form of HIES (AD-HIES) due to STAT3 loss of function mutations.

2 | METHODS
2.1 | Human samples

Peripheral blood samples were taken from patients, relatives, or
healthy donors at the respective clinics participating in this study.
The three of the DOCK8-mutant patients were assessed before and
after transplantation, and the remaining post-transplant patients
received transplantation prior to this study. The study protocol
was approved by the local ethics committee of Erciyes University
(#2018/388), and a written informed consent was obtained from

all parents. Due to the young age of our patients, a simple oral

description of the study was presented to participating children in
the presence of their parent(s) and a verbal assent was requested.
All methods for human studies involving human samples were per-

formed in accordance with the relevant guidelines and regulations.

2.2 | Isolation, culture, and staining of cells

Peripheral blood mononuclear cells (PBMCs) were isolated from
blood via Ficoll-Paque Plus (GE17-1440-03) based on the manufac-
turer's instructions and directly used for experiments without cryo-
preservation. The ILC polarizing conditions are the following: ILC1:
IL-2, IL-7, IL-23, IL-1p, and IL-12; ILC2: IL-2, IL-7, IL-23, IL-1p, and IL-4; and
ILC3: IL-2, IL-7, IL-23, and IL-15, 20 ng/mL each. All cytokines were
purchased from BioLegend. Cells were cultured in Iscove's Modified
Dulbecco's Medium (IMDM) supplemented with 10% fetal bovine
serum (FBS), L-glutamine, Antibiotic-Antimycotic (Anti-Anti), and es-
sential and nonessential amino acids, all purchased from Gibco. Cells
were stained for the relevant antibodies after blocking 5 minutes
with Human TruStainFcX (BioLegend) in Staining Buffer (2% FBS in
PBS) according to supplier's dilution guidelines. Data acquisition was
performed via FacsArialll. And the ILC subsets were sorted based on
the protocol by Mjosberg et al'® FlowJo or Diva software was used
for the analysis of the flow cytometry data. Singlets were gated on
FSC-H/ FSC-A chart as shown in Figure 1A. List of antibodies was
given in Supplementary Methods.

2.3 | Real-time qPCR

Sorted ILC subsets were spun and lysed with lysis buffer from RNeasy
kit (Qiagen). Due to very low number of ILC isolated from DOCK8-MT
patients, to increase total RNA vyield, 3-5 samples were combined
after lysis. We performed the same for sorted control ILCs samples.
Then, total RNA was extracted. cDNA was synthesized using iScript
cDNA Synthesis Kit (Bio-Rad). Primer sequences are shown in Table
S1. LightCycler® 480 (Roche) Instrument and SYBRGreen (Bio-Rad)
method were used to detect PCR products. Relative gene expression
was calculated by AACT method. Expression was normalized over
18S ribosomal RNA message. mRNA levels of indicated genes for all
patients were determined as fold change over the mRNA levels of

controls.

2.4 | Phospho-flow

Briefly, sorted ILCs were stimulated in 100 pL of complete medium
with IL-7, or IL-12 or IL-23 (each 20 ng/mL) for 20 minutes. The sam-
ples were fixed with 100 pL of 4% PFA for 15 minutes, then washed
(with staining buffer) and permeabilized with methanol for 30 min-
utes on ice, and then stained with p-STAT5(Y694) (cat: 12-9010-42),
p-STAT4(Y693) (cat: 12-9044-42), or p-STAT3(Y705) (cat: 17-9033-

42) from Thermo Fisher for 30 minutes.
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FIGURE 1 Human ILCs express DOCKS8. A, Gating strategy for human ILCs, representative plots for control and patient blood. Blue,
green, orange, and red gates indicate ILC3, ILC2, ILC1, and natural cytotoxicity receptor (NCR)+ ILC3s, respectively. B, DOCK8 gene
expression by sorted human ILC subsets or monocyte-derived dendritic cells (moDC) or naive T cells. DOCKS8 expression was quantified as
fold expression over that of T cells. C, DOCKS intracellular staining in ILC1 and ILC3 or CD3" T cells sorted from human peripheral blood and

tonsils

2.5 | Statistics

GraphPad Prism 6 software was used for statistical analyses. Two-
tailed, unpaired Student's t test and 1-way ANOVA with Dunnett's
post-test analysis were used for significance analyses. P value <.05 is

accepted as statistically significant.

3 | RESULTS

3.1 | Human ILC subsets express DOCKS8

We recruited sixteen DOCKS8-deficient patients who have been
diagnosed at different clinics across Turkey. Four of the patients
were siblings, born to two unrelated families. The remaining twelve
patients were unrelated. DOCKS8 deficiency was identified by se-
quence analysis or copy number analysis and, where indicated, was
confirmed at the protein level by immunoblotting or flow cytometry
(Table S2). All of the patients presented with HIES scores above 30
and have been hospitalized due to recurrent infections.?”28 They
had elevated IgE levels and eosinophilia. The patients also showed
slightly reduced CD4" T-cell frequencies, consistent with DOCKS8
deficiency. The features and blood work for the patients were sum-

marized in Table S2.

3.2 | ILC3s are reduced in DOCK8-deficient
HIES patients

Blood samples from DOCKS8-deficient patients and healthy con-
trols were first examined for the presence of previously defined
ILC subsets. In the past, blood ILC3s were defined as CD3 Lineage”
CD161°CD127*c-kit"CRTH2™ population, and blood ILC3s lack
natural cytotoxicity receptor (NCR) NKp44¢ (Figure 1A). More re-
cently, this population has been shown to contain ILC precursors
which can give rise to all ILC subsets.?? DOCK8 gene and protein
expression by sorted human ILCs from tonsils and cord blood were
confirmed by real-time qPCR and intracellular staining (Figure 1B,
1). Similar to our previous report,26 which showed the absence of
ILC3s in Dock8P"P" mice, circulating blood ILC3s were dramatically
and significantly reduced in DOCK8-deficient patients both in fre-
quency and in absolute numbers compared with the controls, or
DOCKS8 post-transplanted patients (Figure 2A, Figure S1-2). ILC2
(defined as CD3 Lineage'CD161"CD127"CRTH2") was also reduced
by numbers and frequency. On the other hand, the percentage of
ILC1 significantly increased due to loss of cells in the ILC3 quad-
rant; however, absolute number of ILC1 was comparable between
controls and DOCK8-deficient patient blood. Next, we compared
the sorted and pooled CD3 Lin"CD161"*CD127" population (total
ILCs) obtained from control and DOCKS8-deficient patients with
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respect to the expression of various ILC3-associated cytokines at significantly lower levels in the total ILC fraction obtained from
(Figure 2B). By real-time gqPCR, TOX, ID2, TCF7, IRF7, GM-CSF, IL- DOCKS8-deficient patients compared with control, consistent with
17A, CCR6, IFNG, and IL-23R mRNAs were shown to be expressed the loss of blood ILC3s in flow data.
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FIGURE 2 ILC3s are reduced in DOCKS8-deficient HIES patients. A, PBMCs of DOCK8-deficient patients (pre- and post-transplant),
mothers and fathers of patients, and control subjects were stained and gated as shown in Figure 1. CD3'Lin'CD161"CD127" cells were gated
as total ILCs and analyzed by c-kit and CRTH2 expression. Percent of ILC subsets among total ILCs, and total ILCs among CD3'Lin CD161"
cells were shown in the top panel. Absolute number of ILC subsets or total ILCs per ml blood were shown in the bottom panel. Individual
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DOCKS patients (n = 10). In absolute number graphs, CTRL includes healthy controls and healthy parents. B, Reduced human blood ILC3-
associated gene expression levels in DOCK8-deficient patients. CD3” Lin"CD161'CD127" cells were sorted from peripheral blood of control
and DOCKS8-deficient patients (n = 3-4 per group). Expression of indicated genes was assessed via real-time gPCR. Results are expressed as
fold change over the average of related mRNA levels in controls. Sorted and lysed cells for each group were pooled; five technical replicates
run for each group. * P < .05, ** P < .01, *** P < .001, ns: not significant
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Previous studies using mixed bone marrow chimera from WT
and Dock8P"P mice have shown a requirement for DOCKS in the
generation and function of 1LC3s.2 DOCK8-deficient patients re-
quire hematopoietic stem cell transplantation (HSCT).! To show that
DOCKS deficiency in the hematopoietic compartment is exclusively
responsible for the loss of peripheral blood ILC3s, we assessed
whether blood ILC3s were reconstituted following HSCT and the
association between the transplant regimen and ILC3s reconstitu-
tion. The latter is also important because the recent work by Vély F
et al reported that SCID patients with JAK3 or IL2RG mutations, who
also have an ILC deficiency due to requirement of these genes for the
development of the ILC lineage, did not restore their ILC numbers
post-HSCT if the patients did not undergo myeloablation.30 All ten
DOCKS8-deficient patients that we have examined post-transplanta-
tion have had complete restoration of their blood ILC3s (Figure 2A,
Figure S1C). Three of the patients have been tested prior to and after
HSCT. Their ILC subsets have been separately analyzed and showed
complete restoration of ILC3 and ILC2 numbers (Figure S2). All of
these patients received a myeloablative regimen with busulfan/
fludarabine/thymoglobulin. These results argue that peripheral ILC3

loss is due to DOCKS deficiency in the hematopoietic compartment.

3.3 | DOCKS8-deficient ILCs have defects in
proliferation, cytokine signaling, and survival

To gain insight into the mechanism of how DOCKS deficiency causes
a reduction in human ILC3s, we first compared the ex vivo prolifera-
tive capacity of sorted human ILC subsets obtained from DOCKS8-
deficient patients and controls. Due to the loss of ILC3 and ILC2
cells in patients, we sorted total ILCs (not subsets) from patients and
controls and cultured in the presence of ILC1, ILC2, and ILC3 po-
larizing cytokines for 21 days based on the protocol of Lim et al.3!
DOCK8-mutant (MT) ILCs showed little proliferation under all three
conditions, underlining a significant proliferative defect in response
to cytokine stimulation (Figure 3A-B and Figure S3A). Additionally,
in the ILC1 condition, IFN-y gene expression was reduced in line with
impaired IL-12 signaling (data not shown).

Next, we assessed IL-7, IL-12, and IL-23 signaling in total ILCs
sorted from control and DOCKS8-MT patients. Our group previ-
ously demonstrated that IL-7-dependent STAT5 and IL-23-depen-
dent STAT3 phosphorylation are affected by the absence of Dock8
in murine 1LC3s.?% In human DOCK8-deficient Th17 cells, Keles
et al showed a reduction in IL-6-dependent or |L-21-dependent
STAT3 phosphorylation.'® As expected, in line with the murine
model, IL-7-dependent STAT5 phosphorylation and IL-23-dependent
STAT3 phosphorylation were impaired in the total ILCs sorted from
DOCKS8-MT patients compared with healthy controls (Figure 3C-D
and Figure S3B). Surprisingly, IL-12-dependent STAT4 phosphoryla-
tion was also found to be defective (Figure 3C-D). Impaired signaling
downstream of I1L-12 suggests a defective ILC1 function in DOCK8
deficiency as observed with other STAT molecules, including STAT5

and STATS3. Defective signaling of all three aforementioned cytokine

receptors may also explain the proliferative defects observed in
ILC1, ILC2, and ILC3 conditions of DOCK8-deficient ILCs.

Lastly, we compared the expression of various pro- and anti-apop-
totic genes in the total ILC population sorted from healthy controls
and DOCKS8-deficient HIES patients. Expression of the anti-apop-
totic BCL2 family member genes MCL1 and BCL2L1, and the trans-
membrane BAX inhibitor motif containing four genes (TMBIM4) was
down-regulated in DOCK8-deficient subjects (Figure 4A). Consistent
with these results, there was a significantly higher frequency of
DOCKS8-deficient ILCs that stained positive for the apoptotic mark-
ers ANNEXIN V and BAX as compared to control ILCs. Reciprocally,
DOCKS8-deficient ILCs stained lower for the pro-survival marker
BCL2 compared with those of healthy controls, suggesting reduced
survival in the absence of DOCKS8 (Figure 4B-C). Collectively, these
results argue that DOCK8-deficient ILCs have proliferative and sur-

vival defects, possibly due to impaired cytokine signaling.

3.4 | DOCKS8 mutations lead to loss of surface IL-7
receptor o expression

We, then, compared IL-7Ra protein expression by the total ILCs of
DOCKS8-MT patients and healthy controls as this might explain the
reduction in STAT5 phosphorylation upon IL-7 stimulation and sur-
vival. Previously, reduced IL-7Ra expression was reported in DOCK8-
deficient T cells.” Similar to T cells, there was a significant decrease
in the mean fluorescence intensity of IL-7Ra in the peripheral blood
total ILCs of DOCK8-MT patients compared with healthy controls
(Figure 5A, Figure S4), or ILCs reconstituted in patients following
transplantation. Due to almost absence of ILC3s in DOCK8-MT
samples, we could not test whether DOCKS8 deficiency also re-
duces surface IL-23R levels in exclusively total ILCs or specifically
ILC3s. How DOCK8 may regulate IL-7Ra expression is not known.
IL-7Ra expression is regulated transcriptionally and post-transcrip-
tionaIIy.32 In the absence of CDC42, which is activated by DOCKS,
the transcriptional repressor GFI-1 was shown to bind IL-7Ra pro-
moter and reduce T-cell survival and IL-7Ra expression.®® Another
repressor of IL7RA promoter is FOXP1.3* Other transcription factors
that bind IL7RA promoter and positively regulate its transcription
include ETS-1,%>3¢ FOX01,*” and GABPA.*®%? Thus, we quanti-
fied the gene expression of these transcription factors that were
shown to regulate IL7RA promoter activity including GFI1, FOXO1,
FOXP1, ETS1, and GABPA or PAK1 %2 in ILCs and T cells sorted from
DOCKS8-deficient patient and healthy controls' blood (Figure 5B).
Consistently, DOCK8-deficient ILCs had significantly lower FOXO1,
FOXP1, and ETS1 gene expression compared with ILCs sorted from
healthy controls. DOCK8-deficient T cells, following their activation
with anti CD3/CD28, also have reduced ETS1 and FOXO1 in addition
to GABPA FOXP1 on the other hand was very highly expressed in
activated T cells. Collectively, these results show that DOCKS8 defi-
ciency leads to IL-7R expression loss in human blood ILCs and that
this might be mediated by reduced expression of positive regulators
of IL7RA transcription FOXO1 and ETS1.
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FIGURE 3 Impaired proliferation and cytokine signaling of DOCK8-deficient human ILCs. A, Equal number of sorted total ILCs (CD3Lin
CD161*CD127") from DOCKS8-deficient patients and healthy controls were cultured for 21 d with indicated cytokine ILC subset polarizing
cocktails, and proliferation of ILCs was quantified by area of growth. (n = 3-5 per group). B, Sorted total ILCs (CD3'Lin"'CD161°CD127")

or CD3'Lin"'CD161"CD127 cells were labeled with Tag-it-violet and cultured with same ILC3 subset polarizing cytokine cocktail for 5 d. *
indicates P-value <.05. DOCKS8-deficient patients (n = 3), healthy controls (n = 4). C, IL-7R, IL-12R, and IL-23R signaling in DOCK8-deficient
human ILCs is impaired. Sorted ILCs (CD3 Lin"CD161*CD127") from control and DOCKS patients were cultured overnight and stimulated
with indicated cytokines for 20 min. Respective STAT phosphorylation was examined via phospho-flow. Percent or MFI indicates mean
fluorescence intensity. Representative histograms belong to one patient. D, Percentages of pSTAT5 in sorted total ILCs of (5) DOCKS8-

MT patients and (6) controls upon IL-7 stimulation for 20 min (left); STAT4 phosphorylation mean fluorescent intensity (MFI) upon IL-12
stimulation for 20 min (middle), total ILCs from two different patients used (two technical replicates for one patient); MFI of STAT3
phosphorylation upon IL-23 stimulation for 20 min (right) (technical replicates of one patient, the other patient's histogram was presented in
Figure S3 in the Online Repository). * indicates P-value <.05, ns: not significant
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FIGURE 4 DOCKS8-deficient human ILCs are more prone to apoptosis. A, Sorted total ILCs (CD3 Lin"CD161"*CD127*) from DOCKS8-
deficient and sufficient donors were used to assess the expression of anti-apoptotic genes. Results are expressed as fold change over

the average of related mRNA levels in controls. Sorted total ILCs from three patients or controls were pooled. B, Sorted ILCs (CD3'Lin
CD161*CD127") from control and DOCK8-MT HIES patients were stained for ANNEXIN V, BAX, or BCL2; a representative plot per patient is
shown. C, Quantification of ANNEXIN V, BAX, or BCL2 staining in patients and controls (three patients per group). * P < .05 ns: not significant

3.5 | AD-HIES patients have normal ILC subsets of ILC3s observed in DOCKS8 deficiency is also shared by AD-HIES,
with normal IL-7Ra expression we checked ILC subsets in the peripheral blood of seven autoso-

mal dominant HIES patients with STAT3 mutations. Absolute num-
The autosomal dominant (AD) form of HIES is caused by loss of ber and percentages of peripheral ILC subsets were comparable

function mutations in STAT3.4%%! To explore whether the depletion to that of healthy controls (Figure 6A). Additionally, we have not
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FIGURE 5 Reduced IL-7Ra expression on ILC surface in DOCK8-mutant patients. A, Blood samples from DOCK8-deficient patients,
controls, and patients after transplantation were stained and gated as shown in Figure 1. CD3 Lin"CD161°CD127" total ILCs or CD3"* T cells
with or without CD161 expression were gated, and mean fluorescent intensity (MFI) of IL-7Ra was analyzed. Individual plots were shown

in Figure S4. DOCK8-deficient patients (n = 16); CTRL includes both healthy controls (n = 12) and healthy parents (n = 22); post-transplant
DOCKS patients (n = 10). B, Sorted total ILCs (CD3 Lin CD161'CD127") and CD3" T cells from DOCK8-deficient patients and control donors
were used to assess the expression of various transcription factors that regulate IL-7Ra expression. Results are expressed as fold change
over the average of related mRNA levels in controls. * P < .05, ** P < .01, *** P < .001, ns: not significant

seen a reduction in IL-7Ra levels on the surface of ILCs (Figure 6B).
IL-7-induced STAT5 phosphorylation was also comparable to con-
trols (not shown). The cytokine cocktail we used to polarize total
ILCs to ILC3 (which included IL-7, IL-2, and IL-1p) did not result in
differential expansion between control and STAT3-mutant ILCs
(Figure 6C). These results suggest that numeric deletion of periph-
eral blood ILC3 and ILC2 subsets is unique to DOCKS8 deficiency but
not common to STAT3 mutants although STAT3-mutant ILC3s may
still be dysfunctional especially at the mucosal sites and skin, or in
response to stimuli that activate exclusively STAT3 as in the case of
IL-23 (Figure 6D). Nevertheless, in response to stimulation with IL2/
IL-7/1L-1B/1L-23, ILCs derived from STAT3-mutant patients’ blood
showed no difference with respect to proliferation compared with
control ILCs and behaved healthier than DOCK8-deficient ones.

4 | DISCUSSION

In this study, we demonstrate for the first time that DOCKS8 de-

ficiency results in dramatic loss of circulating ILC3s and to lesser

extent of ILC2s in human subjects. These findings extend our ob-
servations in the Dock8” P mice, in which DOCK8 deficiency
leads to the global loss of ILC3s, including at the mucosal sites as
well. Whether DOCKS8 deficiency in humans is also associated with
ILC3 loss in tonsils and intestines or other organs remains to be es-
tablished due to the difficulty of obtaining tissues from DOCKS8-
deficient patients. ILC3 subsets include lymphoid tissue inducer
(LTi) cells and adult NCR* (Nkp44*) and NCR™ (NKp44~) ILC3 popu-
lations. LTi cells are critical in lymphoid tissue organogenesis.*? The
presence of lymph nodes and Peyer's patches in the Dock8”"/P" mice
suggests that in humans LTi development may not be affected by
DOCKS deficiency.?® Human blood contains predominantly NKp44~
ILC3 subset which was diminished in DOCK8-deficient patients.
Though Dock8 deficiency reduces murine adult ILC3s regardless of
NCR expression, the case for human ILC3s is less clear due to limited
access to other organs or the scarcity of NCR * subset in the blood.

Our data also provide insights into the mechanism of how DOCK8
may cause a severe reduction in human ILC3s. Singh et al demon-
strated that IL-7-dependent STAT5 and IL-23-dependent STAT3
phosphorylation in ILC3s are affected by the absence of DOCKS in
mice.? In human Th17 cells, Keles et al demonstrated a reduction
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FIGURE 6 Blood ILC3 numbers and IL-7Ra levels are not altered in STAT3 MT HIES patients. A, PBMCs from STAT3-mutant patients
and controls were stained and gated as shown in Figure S1. The percentage (upper panel) and absolute number (lower panel) of ILC subsets
among CD3'Lin"CD161*CD127" cells. B, Mean fluorescent intensity of IL-7Ra protein expression by ILCs obtained from controls or STAT3
MT HIES patient blood. C, Sorted total ILCs (CD3'Lin"CD161*CD127") obtained from controls or STAT3 MT HIES patient blood were
cultured in ILC1, ILC2, and ILC3 conditions after labeling with tag-it-violet. At day 7, they were examined by flow cytometry. D, Sorted total
ILCs from controls or two STAT3 MT HIES patients were stimulated 20 min with media; IL-23 or IL-6 and pSTAT3 levels were measured by

phospho-flow

in IL.-6-dependent and IL-21-dependent STAT3 phosphorylation
in DOCK8-defective patients.15 In B cells and Treg cells, STAT3 and
STATS5 were shown to interact with DOCK8 2% as shown by im-
munoprecipitation assays. All of these pathways are instrumental in
human ILC3 survival and expansion. Importantly, our data provide
direct evidence for impaired IL-7, IL-12, and IL-23 signaling in DOCK8-
deficient human ILCs. IL-23-mediated STAT3 signaling is critical for
ILC3 expansion and function; thus, its dysfunction leads to impaired
IL-22, IL-17A, and IFN-y production and susceptibility to infections
with extracellular pathogens. Blood ILC3s are reportedly different

than mucosal ILC3s in that they express lower levels of IL-23R or
RORyt, and do not produce IL.-22 and IL-17A.3%*2 Our real-time gPCR
and ELISA #3 results also confirm this by showing very low Ct values
for IL23R, RORC, and IL22 or undetectable protein levels for [L-22
and IL-17A, respectively. Thus, it has been difficult to demonstrate
the impact of DOCKS8 deficiency on the expression of these genes
by blood ILC3. Recently, CD3" Lin c-kit"CD127" ILC3 gate was pro-
posed to contain precursors for all ILC subsets that may seed the
tissues.3! Loss of cells in the peripheral blood ILC3 gate also suggests

that ILC subsets in other organs might be diminished. Importantly,
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reduction in IL-7R expression and impaired IL-12 signaling suggest
that DOCKS8 deficiency have repercussions beyond ILC3s culminat-
ing in functional or numeric deficits in ILC2 and ILC1 subsets.

IL-7 is another cytokine critical for the generation, survival, prolifer-
ation, and maintenance of ILC3sin vitro and in vivo.***? In this study, we
show that DOCKS deficiency results in reduced IL-7Ra expression and
thus signaling in human ILCs. Given that IL-7 signaling regulates BCL-2
and MCL-1 expression in T cells 32 and that DOCK8-deficient ILCs have
reduced levels of IL-7R, BCL-2, and MCL-1, reduced ILC survival might
be as a result of impaired IL-7-mediated signaling in DOCKS8-deficient
ILCs. Defective proliferation and survival for DOCK8-deficient T cells
or murine ILC3s have been shown previously.“’*26 Our data on human
ILCs corroborate those observations. More importantly, our data pro-
vide evidence as to how DOCK8 may result in a reduction in IL-7Rx
expression. Positive regulators of IL-7Ra transcription FOXO1 and ETS-
1 appear to be reduced in DOCKS8-deficient ILCs which may partly ac-
count for reduced IL-7Ra levels on ILCs and T cells. Whether DOCK8
deficiency promotes IL-7Rax down-regulation by post-transcriptional
means requires further study.

Our study also has limitations. Due to scarcity of ILCs and their
subsets in the peripheral blood of DOCK8-deficient patients, we
used total ILCs instead of subsets. Therefore, the initial propor-
tion of ILC1 and ILC3 subset in total ILCs may reflect frequency
of IL-12 and IL-23-phosphorylation. In contrast, since IL-7R is pan
ILC marker, reduction in IL-7-dependent STAT5 phosphorylation
would reflect a true signaling defect. Similarly, reduced number of
ILC3, ILC2, or ILC1 among total sorted ILCs from patients may also
account for the proliferation defect observed in distinct ILC polar-
izing conditions.

In our study, AD-HIES patients with STAT3 mutations and control
subjects were found to have comparable ILC3s in number. Recently, a
case report revealed a reduction in a single patient.® However, in our
work, seven patients tested so far did not show a significant numeric
reduction in ILC3 number or frequency, suggesting that decreased
STATS3 activity, common to both DOCKS8- and STAT3-deficient ILC3,
does not account for their depletion.26 It should be noted however that
the presence of apparently normal numbers of ILC3s in the blood of
STAT3-mutant patients may not be reflective of the situation at the
mucosal sites, where IL-23 is highly expressed and plays a more import-
ant role in the expansion, activation, and maintenance of ILC3s. In fact,
IL-23-driven STAT3 phosphorylation is impaired in STAT3-deficient
ILC3s. This impairment may lead to defective IL-22 production, which
in turn may impact protective immune responses at the mucosal sites
or skin. Nevertheless, our results suggest that DOCK8 deficiency may
precipitate ILC3 deficiency by a distinct mechanism, possibly involving
a combination of signaling defects including IL-7R (and its downstream
STAT5 signaling module) and IL-6R/IL-23R (and their downstream
STATS3 signaling modules, among others).

In addition to DOCKS8, autosomal recessive form of HIES may
result from mutations in PGM3 and ZNF341.227415157 \Whether ob-
served ILC3 defects apply to PGM3 deficiency or to the more re-
cently reported ZNF341,°¢5” which more closely phenocopies AD
STAT3 deficiency, requires further studies.

In summary, our work shows for the first time that DOCKS8 reg-
ulates ILC3 function and maintenance in humans, and more broadly
impacts the function of all three ILC subsets. We propose that the ab-
sence of ILC3s in the DOCKS8-deficient patients, and the concurrent
deficits in the other ILC subsets, may aggravate the defects in the
adaptive immune compartment and contribute to the susceptibility of
those patients to recurrent fungal and extracellular bacterial infections.
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