
UC Berkeley
UC Berkeley Previously Published Works

Title
ILC3 deficiency and generalized ILC abnormalities in DOCK8‐deficient patients

Permalink
https://escholarship.org/uc/item/34z8t9v0

Journal
Allergy, 75(4)

ISSN
0001-5148

Authors
Eken, Ahmet
Cansever, Murat
Okus, Fatma Zehra
et al.

Publication Date
2020-04-01

DOI
10.1111/all.14081
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/34z8t9v0
https://escholarship.org/uc/item/34z8t9v0#author
https://escholarship.org
http://www.cdlib.org/


ILC3 Deficiency and Generalized ILC Abnormalities in DOCK8 
Deficient Patients

Ahmet Eken, PhD1,2, Murat Cansever, MD3, Fatma Zehra Okus, MSc1,2, Serife Erdem, 
MSc1,2, Ercan Nain, MD4, Zehra Busra Azizoglu, MSc1,2, Yesim Haliloglu, MSc1,2, Musa 
Karakukcu, MD3, Alper Ozcan, MD3, Omer Devecioglu, MD5, Guzide Aksu, MD6, Zeynep 
Arikan Ayyildiz, MD7, Erdem Topal, MD8, Elif Karakoc Aydiner, MD9,10, Ayca Kiykim, MD9,10, 
Ayse Metin, MD11, Funda Cipe, MD12, Aysenur Kaya, MD13, Hasibe Artac, MD14, Ismail 
Reisli, MD15, Sukru N. Guner, MD15, Vedat Uygun, MD16, Gulsun Karasu, MD16, Hamiyet 
Dönmez Altuntas, PhD1, Halit Canatan, PhD1,2, Mohamed Oukka, PhD17, Ahmet Ozen, 
MD8,9, Talal A. Chatila, MD, MSc18,19, Sevgi Keles, MD15,§, Safa Baris, MD8,9,§, Ekrem Unal, 
MD3,*, Turkan Patiroglu, MD3,*

1Erciyes University School of Medicine, Department of Medical Biology, Kayseri, Turkey

2Betül-Ziya Eren Genome and Stem Cell Center (GENKOK), Kayseri, Turkey

3Erciyes University School of Medicine, Departments of Pediatrics, Division of Pediatric 
Hematology and Oncology, Kayseri, Turkey

4Sanliurfa Ministry of Health Training and Research Hospital, Sanliurfa, Turkey

5Department of Pediatric Hematology and Oncology, Memorial Atasehir Hospital, Istanbul, Turkey

6Department of Pediatric Rheumatology, Ege University, Izmir, Turkey

7Medical Park Izmir Hospital, Department of Pediatrics, Izmir, Turkey

8Inonu University, Department of Allergy, School of Medicine, Malatya, Turkey

9Marmara University School of Medicine, Department of Pediatrics, Division of Allergy and 
Immunology, Istanbul, Turkey

10Istanbul Jeffrey Modell Diagnostic and Research Center for Primary Immunodeficiencies, 
Istanbul, Turkey

11Department of Pediatric Allergy and Immunology, Ankara Children’s Hematology Oncology 
Training and Research Hospital, Ankara, Turkey

*Correspondence to Ekrem Unal, MD, Erciyes University School of Medicine, Department of Pediatrics, Division of Pediatric 
Hematology-Oncology, Kayseri, Turkey, ekremunal@erciyes.edu.tr & drekremunal@yahoo.com.tr, Phone: +90 352 2076666 ext. 
25475. *Correspondence to Turkan Patiroglu, MD, Erciyes University School of Medicine, Department of Pediatrics, Division of 
Pediatric Hematology-Oncology, Kayseri, Turkey, turkanp@erciyes.edu.tr, Phone: +90 352 2076666 ext. 25455.
§These authors contributed equally.
Author Contributions: AE, EU, SB, MO, HC, HDA conceptualized the study. AE wrote the manuscript. AE, FZO, SE, ZBA, YH 
performed the experiments. MK, MC, AO, OD, GA, ET, EK, AK, AM, EN, FC, AK, HA, IR, SNG, VU, GK, AO, SK, TC, SB, EU, 
TP cared for patients, provided samples, intellectually contributed to the manuscript and discussions. TC performed WES for samples. 
All authors read the manuscript, contributed to the revision and discussions.

Disclosure of potential conflict of interest: The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Allergy. Author manuscript; available in PMC 2021 April 01.

Published in final edited form as:
Allergy. 2020 April ; 75(4): 921–932. doi:10.1111/all.14081.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12Istanbul Health Sciences University, Kanuni Sultan Suleyman Training and Research Hospital, 
Istanbul, Turkey

13Istinye University, Division of Pediatric Allergy and Immunology, Istanbul, Turkey

14Selcuk University, Division of Pediatric Allergy and Immunology, Konya, Turkey

15Necmettin Erbakan University, Meram School of Medicine, Division of Pediatric Allergy and 
Immunology, Konya, Turkey

16Department of Pediatric Bone Marrow Transplantation Unit, Medical Park Antalya Hospital, 
Antalya, Turkey

17University of Washington, Department of Immunology, Seattle, WA, USA

18Division of Immunology, Boston Children’s Hospital, Boston, MA, USA

19Department of Pediatrics, Harvard Medical School, Boston, MA, USA

Abstract

Background: Dedicator of cytokinesis 8 (DOCK8) deficiency is the main cause of the autosomal 

recessive hyper IgE syndrome (HIES). We previously reported the selective loss of group 3 innate 

lymphoid cell (ILC) number and function in a Dock8-deficient mouse model. In this study, we 

sought to test whether DOCK8 is required for the function and maintenance of ILC subsets in 

humans.

Methods: Peripheral blood ILC1-3 subsets of 16 DOCK8-deficient patients recruited at the pre-

transplant stage, and seven patients with autosomal dominant (AD) HIES due to STAT3 mutations, 

were compared to those of healthy controls or post-transplant DOCK8-deficient patients (n=12) by 

flow cytometry and real time qPCR. Sorted total ILCs from DOCK8- 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 

IL-23 cytokines and were more prone to apoptosis compared to those of healthy controls.

Conclusion: DOCK8 regulates human ILC3 expansion and survival, and more globally ILC 

cytokine signaling and proliferation. DOCK8 deficiency leads to loss of ILC3 from peripheral 

blood. ILC3 deficiency may contribute to the susceptibility of DOCK8-deficient patients to 

infections.

Keywords

DOCK8; Hyper-IgE syndrome (HIES); ILC; ILC3; STAT3

INTRODUCTION

Dedicator of cytokinesis 8 (DOCK8) is a guanine nucleotide exchange factor for the Rho 

family member GTPase Cdc42, a prominent regulator of cytoskeleton in eukaryotic cells(1). 
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In humans, DOCK8 deficiency results in a combined immunodeficiency, the autosomal 

recessive form of hyper IgE syndrome (HIES)(2,3). DOCK8-deficient patients exhibit high 

eosinophilia, elevated IgE levels, and have impaired T and B cell immune responses, and are 

prone to broad spectrum of infections, and also manifest allergic reactions(4). DOCK8 

functions in both innate and adaptive immune cells. Accordingly, DOCK8 deficiency results 

in functional defects in dendritic cells(5), T cells(6), Treg cells(7–9), NK cells(10,11), and B 

cells(12) in both humans and mice. The migration of several immune cells was shown to be 

affected by the absence of DOCK8, which results in a defective cytoskeletal organization at 

the leading-edge membrane(13,14). Similarly, defective immune synapse formation, NK 

cytotoxic activity has been reported in DOCK8 deficiency(5,9,10). Moreover, DOCK8 was 

shown to interact with STAT3 and STAT5, therefore regulate cytokine signaling(9,12,15). 

Indeed, DOCK8-deficiency leads to impaired Th17 cell responses, as demonstrated by 

reduced IL-6 and IL-21 signaling; impaired Treg cell function as characterized by impaired 

IL-2 signaling(15).

Group 3 innate lymphoid cells (ILC3s) are a recently defined ROR-γt+ IL-23R+ innate 

lymphoid cell population enriched at the murine and human mucosal surfaces(16,17). 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(17–19). With remarkable resemblance to Th17 

cells, ILC3s can produce IL-17A, IL-22, IFN-γ and GM-CSF cytokines in a subset and 

stimulus-dependent fashion(16,20–22). In 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 Reg3γ, Reg3β and calprotectin(23–25). 

Recently, in Dock8pri/pri mice, we have shown that Dock8 deficiency led to a substantial 

reduction in ILC3 numbers and function, particularly IL-7 and IL-23 signaling was 

impaired(26). Consequently, those mice became susceptible to enteropathogenic Citrobacter 
rodentium infections. However, to date, whether DOCK8-deficient patients have any 

abnormalities in the number and/or function of ILC subsets, including ILC3s, have not been 

addressed. Such a determination is especially relevant given that ILC function may become 

critical in immunodeficient individuals 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.

METHODS

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, 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 
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was requested. All methods for human studies involving human samples were performed in 

accordance with the relevant guidelines and regulations.

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 manufacturer’s instructions and directly used for 

experiments without cryopreservation. The ILC polarizing conditions: ILC1:IL-2, IL-7, 
IL-23, IL-1β, IL-12; ILC2: IL-2, IL-7, IL-23, IL-1β, IL-4; ILC3: IL-2, IL-7, IL-23, IL-1β; 

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), essential and non-essential 

amino acids, all purchased from Gibco. Cells were stained for the relevant antibodies after 

blocking 5 min with Human TruStainFcX (BioLegend) in Staining Buffer (2 % FBS in PBS) 

according to supplier’s dilution guidelines. Data acquisition was performed via FacsAriaIII. 

And the ILC subsets were sorted based on the protocol by Mjosberg et al(16). FlowJo or 

Diva software were used for the analysis of the flow cytometry data. Singlets were gated on 

FSC-H/ FSC-A chart as shown in Fig 1A. List of antibodies were given in Supplementary 

Methods.

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 yield, 

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 ΔΔCT 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.

Phospho-flow:

Briefly, sorted ILCs were stimulated in 100μl of complete medium with IL-7, or IL-12 or 

IL-23 (each 20ng/ml) for 20 min. The samples were fixed with 100μl of 4% PFA for 15 min, 

then washed (with staining buffer) and permeabilized with methanol for 30 min on ice. 

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 ThermoFisher for 30 min.

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 <0.05 is accepted as statistically significant.
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RESULTS

Human ILC subsets express DOCK8

We recruited sixteen DOCK8-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. DOCK8 deficiency was identified by sequence 

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 (27,28). They had 

elevated IgE levels and eosinophilia. The patients also showed slightly reduced CD4+ T cell 

frequencies, consistent with DOCK8 deficiency. The features and blood work for the 

patients were summarized in Table S2.

ILC3s are reduced in DOCK8-deficient HIES patients

Blood samples from DOCK8-deficient patients and healthy controls 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(16) (Figure 1A). More recently, this population has 

been shown to contain ILC precursors which can give rise to all ILC subsets(29). 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, C). Similar to our 

previous report(26), which showed absence of ILC3s in Dock8pri/pri mice, circulating blood 

ILC3s were dramatically and significantly reduced in DOCK8-deficient patients both in 

frequency and in absolute numbers compared to the controls, or DOCK8 post-transplanted 

patients (Figure 2A, S1–2). ILC2 (defined as CD3−Lineage−CD161+CD127+CRTH2+) were 

also reduced by numbers and frequency. On the other hand, the percentage of ILC1 

significantly increased due to loss of cells in the ILC3 quadrant, 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 DOCK8-deficient patients with respect to the expression of various ILC3-

associated cytokines (Figure 2B). By real time qPCR, TOX, ID2, TCF7, IRF7, GMCSF, 
IL17A, CCR6, IFNG and IL23R mRNAs were shown to be expressed at significantly lower 

levels in the total ILC fraction obtained from DOCK8-deficient patients compared to 

control, consistent with the loss of blood ILC3s in flow data.

Previous studies using mixed bone marrow chimera from WT and Dock8pri/pri mice have 

shown a requirement for DOCK8 in the generation and function of ILC3s(26). DOCK8-

deficient patients require hematopoietic stem cell transplantation (HSCT)(1). To show that 

DOCK8 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 reconstitution. 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 DOCK8-deficient patients 
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that we have examined post transplantation have had complete restoration of their blood 

ILC3s (Figure 2A, 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 

DOCK8 deficiency in the hematopoietic compartment.

DOCK8-deficient ILCs have defects in proliferation, cytokine signaling and survival

To gain insight into the mechanism of how DOCK8 deficiency causes a reduction in human 

ILC3s, we first compared the ex vivo proliferative capacity of sorted human ILC subsets 

obtained from DOCK8-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 polarizing cytokines for 21 days based on the protocol 

of Lim et al.(31). 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 S3A). Additionally, in the ILC1 condition, IFN-γ 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 

DOCK8 MT patients. Our group previously demonstrated that IL-7-dependent Stat5 and 

IL-23-dependent Stat3 phosphorylation are affected by the absence of Dock8 in murine 

ILC3s(26). In human DOCK8-deficient Th17 cells, Keles et al. showed a reduction in IL-6 

or IL-21-dependent STAT3 phosphorylation(15). 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 DOCK8 MT patients compared 

to healthy controls (Figure 3C, D and S3B). Surprisingly, IL-12-dependent STAT4 

phosphorylation was also found to be defective (Figure 3C, D). Impaired signaling 

downstream of IL-12 suggests a defective ILC1 function in DOCK8-deficiency as observed 

with other STAT molecules, including STAT5 and STAT3. 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-apoptotic genes in the total ILC 

population sorted from healthy controls and DOCK8-deficient HIES patients. Expression of 

the anti-apoptotic BCL2 family member genes MCL1and BCL2L1, and the transmembrane 

BAX inhibitor motif containing 4 gene (TMBIM4) was down-regulated in DOCK8-deficient 

subjects (Figure 4A). Consistent with these results, there was a significantly higher 

frequency of DOCK8-deficient ILCs that stained positive for the apoptotic markers 

ANNEXIN V and BAX as compared to control ILCs. Reciprocally, DOCK8-deficient ILCs 

stained lower for the pro-survival marker BCL2 compared to those of healthy controls, 

suggesting reduced survival in the absence of DOCK8 (Figure 4B–C). Collectively, these 

results argue that DOCK8-deficient ILCs have proliferative and survival defects, possibly 

due to impaired cytokine signaling.
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DOCK8 mutations lead to loss of surface IL-7 receptor α expression

We, then, compared IL-7Rα protein expression by the total ILCs of DOCK8 MT patients 

and healthy controls as this might explain the reduction in STAT5 phosphorylation upon 

IL-7 stimulation and survival. Previously, reduced IL-7Rα expression was reported in 

DOCK8-deficient T cells(7). Similar to T cells, there was a significant decrease in the mean 

fluorescence intensity of IL-7Rα in the peripheral blood total ILCs of DOCK8 MT patients 

compared with healthy controls (Figure 5A, S4), or ILCs reconstituted in patients following 

transplantation. Due to almost absence of ILC3s in DOCK8 MT samples, we could not test 

if DOCK8 deficiency also reduces surface IL-23R levels in exclusively total ILCs or 

specifically ILC3s. How DOCK8 may regulate IL-7Rα expression is not known. IL-7Rα 
expression is regulated transcriptionally and post-transcriptionally(32). In the absence of 

CDC42, which is activated by DOCK8, the transcriptional repressor GFI-1 was shown to 

bind IL-7Ra promoter and reduce T cell survival and IL-7Rα expression(33). Another 

repressor of IL7RA promoter is FOXP1(34). Other transcription factors that bind IL7RA 
promoter and positively regulate its transcription include ETS-1(35,36), FOXO1(37) and 

GABPA(38,39). Thus, we quantified the gene expression of these transcription factors that 

were shown to regulate IL7RA promoter activity including GFI1, FOXO1, FOXP1, ETS1 
and GABPA or PAK1(32) in ILCs and T cells sorted from DOCK8-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 DOCK8 

deficiency 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.

AD- HIES patients have normal ILC subsets with normal IL-7Rα expression

The autosomal dominant (AD) form of HIES is caused by loss of function mutations in 

STAT3(40,41). To explore whether the depletion of ILC3s observed in DOCK8 deficiency is 

also shared by AD-HIES, we checked ILC subsets in the peripheral blood of seven 

autosomal dominant HIES patients with STAT3 mutations. Absolute number and 

percentages of peripheral ILC subsets were comparable to that of healthy controls (Figure 

6A). Additionally, we have not seen a reduction in IL-7Rα levels on the surface of ILCs 

(Figure 6B). IL-7-induced STAT5 phosphorylation was also comparable to controls (not 

shown). The cytokine cocktail we used to polarize total ILCs to ILC3 (which included IL-7, 

IL-2 and IL-1β) did not result in differential expansion between control and STAT3 mutant 

ILCs (Figure 6C). These results suggest that numeric deletion of peripheral blood ILC3 and 

ILC2 subsets is unique to DOCK8 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/IL-1B/IL-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.
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DISCUSSION

In this study, we demonstrate for the first time that DOCK8 deficiency results in dramatic 

loss of circulating ILC3s, and to lesser extend of ILC2s in human subjects. These findings 

extend our observations in the Dock8pri/pri mice, in which DOCK8 deficiency leads to the 

global loss of ILC3s, including at the mucosal sites as well. Whether DOCK8-deficiency in 

humans is also associated with ILC3 loss in tonsils and intestines or other organs remains to 

be established due to the difficulty of obtaining tissues from DOCK8-deficient patients. 

ILC3 subsets include lymphoid tissue inducer (LTi) cells and adult NCR+ (Nkp44+) and 

NCR− (NKp44−) ILC3 populations. LTi cells are critical in lymphoid tissue 

organogenesis(42). The presence of lymph nodes and Peyer’s patches in the Dock8pri/pri 

mice suggests that in humans LTi development may not be affected by DOCK8 

deficiency(26). 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 provides insights into the mechanism of how DOCK8 may cause a severe 

reduction in human ILC3s. Singh et al. demonstrated that IL-7-dependent Stat5 and IL-23-

dependent Stat3 phosphorylation in ILC3s are affected by the absence of DOCK8 in 

mice(26). In human Th17 cells, Keles et al. demonstrated a reduction of IL-6 and IL-21-

dependent STAT3 phosphorylation in DOCK8-defective patients(15). In B cells and Treg 

cells STAT3 and STAT5 was shown to interact with DOCK8(9,12,15) as shown by 

immunoprecipitation 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-γ 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 RORGT, and do not produce IL-22, IL-17A(31,43). Our real time q-PCR and 

ELISA(43) results also confirm this by showing very low Ct values for IL23R, RORC, IL22 
or undetectable protein levels for IL-22 and IL-17A, respectively. Thus, it has been difficult 

to demonstrate the impact of DOCK8 deficiency on the expression of these genes by blood 

ILC3. Recently, CD3− Lin−c-kit+CD127+ ILC3 gate was proposed to contain precursors for 

all ILC subsets that may seed the tissues(31). Loss of cells in the peripheral blood ILC3 gate 

also suggests that ILC subsets in other organs might be diminished. Importantly, reduction in 

IL-7R expression and impaired IL-12 signaling suggest that DOCK8 deficiency have 

repercussions beyond ILC3s culminating in functional or numeric deficits in ILC2 and ILC1 

subsets.

IL-7 is another cytokine critical for the generation, survival, proliferation and maintenance 

of ILC3s in vitro and in vivo(44–49). In this study, we show that DOCK8 deficiency results 

in reduced IL-7Rα 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, thus, reduced ILC survival might be as a result 

of impaired IL-7-mediated signaling in DOCK8-deficient ILCs. Defective proliferation and 
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survival for DOCK8-deficient T cells, or murine ILC3s have been shown previously(6,26). 

Our data on human ILCs corroborates those observations. More importantly, our data 

provide evidence as to how DOCK8 may result in a reduction in IL-7Rα expression. 

Positive regulators of IL-7Rα transcription FOXO1 and ETS-1 appear to be reduced in 

DOCK8-deficient ILCs which may partly account for reduced IL-7Rα levels on ILCs and T 

cells. Whether DOCK8 deficiency promotes IL-7Rα downregulation by posttranscriptional 

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 proportion 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 polarizing 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(50). However, in our work, seven patients tested so far did not show a significant 

numeric reduction in ILC3 number or frequency, suggesting that decreased STAT3 activity, 

common to both DOCK8 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 play a more important 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 STAT3 signaling modules, among others).

In addition to DOCK8, autosomal recessive form of HIES may result from mutations in 

PGM3 and ZNF341(2,27,41,51–57). Whether observed ILC3 defects apply to PGM3 

deficiency or to the more recently reported ZNF341(56,57), which more closely 

phenocopies AD STAT3 deficiency, require further studies.

In summary, our work shows for the first time that DOCK8 regulates ILC3 function and 

maintenance in humans, and more broadly impacts the function of all three ILC subsets. We 

propose that the absence of ILC3s in the DOCK8-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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Abbreviations

DOCK8 Dedicator of cytokinesis 8

HIES Hyper-IgE syndrome

IL interleukin

ILC Innate lymphoid cells

ILC1 group 1 ILC

ILC2 group 2 ILC

ILC3 group 3 ILC

PGM3 Phosphoglucomutase 3

STAT signal transducer and activator of transcription
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Figure 1. 
Human ILCs express DOCK8. 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 naïve T cells. 

DOCK8 expression was quantified as fold expression over that of T cells. C) DOCK8 

intracellular staining in ILC1 and ILC3 or CD3+ T cells sorted from human peripheral blood 

and tonsils.
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Figure 2. 
ILC3s are reduced in DOCK8-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 patient plots were shown in Figure S1. DOCK8-deficient patients (n=16), Healthy 

Eken et al. Page 15

Allergy. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



controls (n=14-17), Parents (n=22), post-transplant DOCK8 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 DOCK8-deficient 

patients (n=3-4 per group). Expression of indicated genes were assessed via real time qPCR. 

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<0.05, ** p<0.01, *** p<0.001, ns: not significant.
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Figure 3. 
Impaired proliferation and cytokine signaling of DOCK8-deficient human ILCs. A) Equal 

number of sorted total ILCs (CD3−Lin−CD161+CD127+) from DOCK8-deficient patients 

and healthy controls were cultured for 21 days with indicated cytokine ILC subset polarizing 

cocktails, proliferation of ILCs were 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 days. * indicates p-value <0.05. DOCK8-deficient patients (n=3), healthy controls 
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(n=4). C) IL-7R, IL-12R and IL-23R signaling in DOCK8-deficient human ILCs are 

impaired. Sorted ILCs (CD3−Lin−CD161+CD127+) from control and DOCK8 patients were 

cultured overnight and stimulated with indicated cytokines for 20 minutes. 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 five (5) DOCK8 MT patients and six (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 2 different patients used (2 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 <0.05, ns: not significant.
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Figure 4. 
DOCK8-deficient human ILCs are more prone to apoptosis. A) Sorted total ILCs (CD3−Lin
−CD161+CD127+) from DOCK8-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 
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shown. C) Quantification of ANNEXIN V, BAX or BCL2 staining in patients and controls 

(three-patients per group). * p<0.05 ns: not significant.
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Figure 5. 
Reduced IL-7Rα 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-7Rα 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 

DOCK8 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-7Rα expression. Results are expressed as 

fold change over the average of related mRNA levels in controls. * p<0.05, ** p<0.01, *** 

p<0.001, ns: not significant.
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Figure 6. 
Blood ILC3 numbers and IL-7Rα levels are not altered in STAT3 MT HIES patients. A) 
PBMCs from STAT3 mutant patients and controls were stained and gated as shown in 

Supplemental Figure 1. The percentage (upper panel) and absolute number (lower panel) of 

ILC subsets among CD3−Lin−CD161+CD127+ cells. B) Mean fluorescent intensity of 

IL-7Rα 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 
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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.
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