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Abstract

DOCK8 deficient patients are susceptible to skin infection with Staphylococcus aureus which 

is normally cleared by neutrophils. We examined the mechanism of this susceptibility in mice. 

Dock8−/− mice had delayed clearance of S. aureus from skin mechanically injured by tape 

stripping. The numbers and viability of neutrophils in infected but not in uninfected, tape stripped 

skin were significantly reduced in Dock8−/− mice compared to WT controls. This is despite 

comparable numbers of circulating neutrophils, and normal to elevated cutaneous expression of 

Il17a and IL-17A inducible neutrophil attracting chemokines Cxcl1, Cxcl2 and Cxcl3. DOCK8 

deficient neutrophils were significantly more susceptible to cell death upon in vitro exposure to S. 
aureus and exhibited reduced phagocytosis of S. aureus bioparticles but had a normal respiratory 

burst. Impaired neutrophil survival in infected skin and defective neutrophil phagocytosis likely 

underlie the susceptibility to cutaneous S. aureus infection in DOCK8 deficiency.
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1. INTRODUCTION

Dedicator of cytokinesis 8 (DOCK8) is highly expressed in hematopoietic cells and forms 

a complex with Wiskott-Aldrich syndrome protein (WASP) to regulate WASP-dependent 

actin polymerization and cytoskeletal reorganization [1]. DOCK8 deficient patients suffer 

from severe eczema and share several characteristics with AD patients, including recurrent 

skin infections with bacteria, particularly S. aureus, and viruses, elevated serum IgE 

levels, eosinophilia, and a high incidence of asthma and food allergy [2, 3]. Successful 

hematopoietic stem cell transplantation resolves the skin lesions of DOCK8 deficient 

patients [4], implicating hematopoietic cells rather than stromal cells as the underlying 

cause of the patients’ eczema and recurrent skin infections. The mechanism underlying 
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the susceptibility of DOCK8 deficient patients to cutaneous S. aureus infection is poorly 

understood.

The canonical innate defense function of neutrophils is their ability to phagocytose and kill 

extracellular bacteria [5]. Neutropenia, as well as phagocytic and bacterial killing defects 

that affect neutrophils, are associated with increased susceptibility to S. aureus infection 

in humans and mice [6-8]. Knockdown of DOCK8 in neutrophils impairs their migration 

towards a chemotactic gradient in vitro [9], but neutrophils from DOCK8 deficient patients 

have only a mild in vitro migration defect [10]. The ability of DOCK8 deficient neutrophils 

to migrate into tissues and their capacity to eliminate bacteria in vivo are not known.

We have investigated the recruitment and function of DOCK8 deficient neutrophils in 

response to S. aureus skin infection. We demonstrate that DOCK8 expression is required 

for the survival of neutrophils in S. aureus infected skin and for their phagocytic function. 

Furthermore, we demonstrate that DOCK8 deficient neutrophils are intrinsically susceptible 

to S. aureus triggered cell death. These data illuminate the mechanisms underpinning the 

susceptibility to cutaneous S. aureus infection in DOCK8 deficiency.

2. MATERIALS AND METHODS

2.1 Mice.

DOCK8 deficient (Dock8−/−) mice on C57BL/6 background were previously described [1]. 

Wild-type (WT) C57BL/6 mice were purchased from Charles River Laboratory. All mice 

were housed in a specific pathogen free environment. All experiments were performed 

on adult mice (age > 6 weeks) with age and sex matched controls. All procedures were 

performed in accordance with the Animal Care and Use Committee of the Children’s 

Hospital Boston.

2.2 S. aureus preparation and quantification.

The S. aureus strain MNHOCH (NARSA catalog number NRS114, MLST sequence type 

8, methicillin sensitive, SEB producing) was a gift from Patrick Schlievert. A single colony 

of S. aureus strain MNHOCH was cultured overnight in 5ml tryptic soy (TS) broth (Sigma-

Aldrich). The overnight culture was diluted 1:50 into fresh TS broth, cultured for ~60 

minutes to exponential stage and bacterial concentration was determined by measuring 

optical density. The bacterial pellet was resuspended at 108 colony forming units (CFU) per 

50 μl in sterile PBS. CFUs were verified by overnight culture of inoculum on TS agar plates.

2.3 Epicutaneous S. aureus application.

Mice were anesthetized, their back skin was shaved then left unmanipulated or was 

tape-stripped x6 with Tegaderm dressing (3M). Trans-epidermal water loss (TEWL) was 

measured using a TEWL probe (DermaLab) to confirm that all mice attained a similar level 

of skin barrier disruption post tape stripping. Using a cotton swab, 50 μl of 108 CFU of 

S. aureus was applied to the skin which was analyzed 48 hours later. Uninfected skin was 

analyzed at 6, 18, 24 and 48 hours post tape stripping.
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2.4 Enumeration of S. aureus load in vivo.

To determine cutaneous S. aureus load in vivo, S. aureus was labeled with PSVue794 

reagent kit (LI-COR), following the manufacturer’s instructions. PSVue794 fluorescence 

was quantified using the Pearl® Trilogy Small Animal Imaging System (LI-COR). To 

confirm the bacterial load from skin on day 2 post infection, an 8 mm2 skin punch biopsy 

was mechanically homogenized then serial dilutions were plated on CHROMagar S. aureus 
(Fisher Scientific) plates, which were cultured overnight at 37°C for enumeration of CFUs 

of pink S. aureus colonies.

2.5 Skin cell preparation and flow cytometry.

A 1 cm2 skin section was obtained from each mouse, which was finely chopped, 

digested, washed and filtered as previously described [11, 12]. Skin cell suspensions 

were preincubated with Fcγ receptor (αCD16/αCD32) blocking Ab (clone 93) then 

incubated with fluorochrome-conjugated monoclonal antibodies against CD45 (104), CD3 

(17A2), CD11b (M1/70), GR1 (RB6–8C5) (all BioLegend), and fixable viability dye 

(FVD) (Thermo Fisher). Cell counts of skin samples were determined by addition of 

Precision Count Beads™ (BioLegend). Cells were analyzed by flow cytometry using a BD 

LSRFortessa cell analyzer with FACSDiva software (BD Biosciences). Data was analyzed 

using FlowJo software (Tree Star Inc.).

2.6 Skin gene expression analysis.

RNA was extracted from homogenized skin tissue using the Qiagen Plus Mini RNA 

Extraction Kit (Qiagen). cDNA was synthesized using iScript™ cDNA Synthesis Kit (Bio-

Rad Laboratories) and analyzed by TaqMan® Universal Master Mix II and TaqMan Probes 

(Thermo Fisher) using a QuantStudio 5 (ThermoFisher) Real-Time PCR machine. Gene 

expression was normalized to β2-microglobulin using the 2-ΔΔCt method. For each gene, the 

mean expression of the control was set to 1 for fold change calculations.

2.7 Neutrophil phagocytosis assay.

Lymphocytes were isolated from bone marrow (BM), RBCs were lysed with ACK lysis 

buffer (Thermo Fisher) then neutrophils were purified using the Mouse Neutrophil Isolation 

Kit (Miltenyi Biotec) to >95% purity, confirmed by flow cytometry. pHrodo™ Red S. aureus 
BioParticles™ Conjugate for Phagocytosis (Thermo Fisher) were opsonized for 1 hour in 

10% mouse serum in sterile 1x PBS at 37°C. 1x105 neutrophils were incubated with 1x106 

opsonized S. aureus BioParticles™ for 60 minutes at 37°C. Negative controls were incubated 

on ice for 60 minutes. Extracellular fluorescence signal was quenched with 0.05% trypan 

blue before analysis by flow cytometry of pHrodo™ Red uptake.

2.8 S. aureus triggered neutrophil cell death.

S. aureus, prepared as above, was opsonized for 1 hour in 10% mouse serum in sterile 1x 

PBS at 37°C. BM neutrophils, isolated as above, were cultured with opsonized bacteria at 

a multiplicity of infection (MOI) of 55 bacteria to 1 neutrophil, or in media alone, at 37°C. 

At various time points, the reaction was terminated by incubation on ice for 10 minutes, 
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cells were washed in 1x PBS, preincubated with Fcγ receptor (αCD16/αCD32) blocking Ab 

(clone 93) then stained for surface markers and FVD before analysis by flow cytometry.

2.9 Enumeration of neutrophils in circulation.

From 50 μl of blood, RBCs were lysed with ACK Lysis buffer (ThermoFisher), then samples 

were preincubated with Fcγ receptor (αCD16/αCD32) blocking Ab (clone 93) then stained 

for surface markers before analysis by flow cytometry.

2.10 Neutrophil oxidative burst.

As described previously [13], 100 μl of whole mouse blood was incubated with 2 μg/ml 

dihydrorhodamine 123 (DHR) (Sigma Aldrich) with or without stimulation with 0.4 μg/ml 

phorbol 12-myristate 13-acetate (PMA) for 30 mins at 37°C in a water bath. RBCs were 

lysed with ACK Lysis buffer (ThermoFisher) then cells were washed in 1x PBS before 

analysis by flow cytometry.

2.11 Statistical analysis.

Data were analyzed for statistical significance using GraphPad Prism 9 (GraphPad Software) 

using unpaired 2-tailed Student’s t test, 1-way ANOVA or 2-way ANOVA with Sidak’s 

multiple comparison test. The threshold for significance was P value < 0.05.

3. RESULTS AND DISCUSSION

3.1. Dock8−/− mice display delayed clearance of S. aureus from mechanically injured, but 
not intact, skin.

The skin of Dock8−/− mice and WT controls was shaved and tape stripped prior to topical 

application with 108 CFUs of S. aureus strain MNHOCH, labeled with the fluorescent 

PSVue 794 dye. The persistence of S. aureus bacteria on the skin was examined by in vivo 
fluorescence imaging at 0, 24 and 48 hours as well as by measuring the numbers of S. 
aureus CFUs in homogenates of whole skin biopsies. The decay in PSVue 794 fluorescence 

was significantly less at 24 and 48 hours post infection in Dock8−/− mice compared to 

WT controls (Fig. 1A), indicating impaired clearance of S. aureus. This was confirmed by 

examining the number of CFUs recovered from 1 cm2 of skin 48 hours post infection with 

S. aureus, which were significantly higher in Dock8−/− mice compared to WT controls (Fig. 

1B). These results indicate defective clearance of S. aureus from mechanically injured skin 

of Dock8−/− mice.

S. aureus releases a number of toxins that damage keratinocytes [14, 15]. One potential 

reason for the increased load of S. aureus in tape stripped skin of Dock8−/− mice is increased 

susceptibility of their keratinocytes to S. aureus. To address this question, the clearance of 

108 CFUs of PSVue 794 labeled S. aureus topically applied to shaved, but not tape stripped, 

skin was examined in Dock8−/− mice and WT controls. As we previously reported [16], in 

WT mice S. aureus applied topically to intact skin was rapidly cleared compared to S. aureus 
applied to tape stripped skin (Fig. 1A, C). The decay in PSVue 794 fluorescence, as well as 

the numbers of S. aureus CFUs at 48 hours, were comparable in the shaved skin of Dock8−/− 

mice and WT controls (Fig. 1C, D). These data rule out altered susceptibility of intact skin 
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to S. aureus growth as the underlying cause for the increased susceptibility of mechanically 

injured skin to S. aureus infection in Dock8−/− mice.

3.2. Impaired accumulation and survival of neutrophils in tape stripped and S. aureus 
exposed skin of Dock8−/− mice.

Neutrophils play a critical role in clearing intradermally injected S. aureus [17]. There 

were very few neutrophils in intact skin of Dock8−/− mice and WT controls (Fig. 2A). As 

expected, there was robust infiltration of neutrophils in tape stripped and S. aureus exposed 

skin of WT mice (Fig. 2A). The numbers of neutrophils recovered from tape stripped and 

S. aureus exposed skin were significantly lower in Dock8−/− mice compared to WT controls 

(Fig. 2A). This was not due to differences in the number of circulating neutrophils as these 

numbers were comparable in Dock8−/− mice and WT controls both at baseline and 48 hours 

after application of S. aureus to tape stripped skin (Fig. 2B). The decrease in circulating 

numbers of neutrophils at 48 hours in S. aureus infected mice is consistent with previous 

observations of neutropenia following S. aureus infections [18].

IL-17A from TCRγδ+ cells is a major driver of cutaneous accumulation of neutrophils 

following intradermal injection of S. aureus, secondary to its induction of neutrophil 

attracting chemokines [17, 19]. As expected, exposure of tape stripped skin to S. aureus 
caused robust local Il17a expression in WT mice (Fig. 2C). DOCK8 has been reported 

to be important for Th17 differentiation of naïve CD4+ T cells [20]. Il17a expression 

in tape stripped and S. aureus exposed skin was comparable in Dock8−/− mice and WT 

controls (Fig. 2C), suggesting that DOCK8 is dispensable for Il17a expression by TCRγδ+ 

cells. Furthermore, Cxcl1 expression in tape stripped and S. aureus exposed skin was also 

comparable in the two strains, whereas expression of Cxcl2 and Cxcl3 were significantly 

higher in Dock8−/− mice compared WT controls (Fig. 2D). This is possibly due to their 

induction by higher levels of IL-1 and IL-6 [21], secreted by keratinocytes in Dock8−/− mice 

in response to their increased cutaneous load of S. aureus.

An intrinsic defect in neutrophil migration in the skin is a potential explanation for the 

decreased accumulation of neutrophils in tape stripped and S. aureus exposed skin of 

Dock8−/− mice. This was assessed by examining the ability of neutrophils to accumulate 

in the tape stripped skin of Dock8−/− mice. As previously reported [22, 23], there was 

robust accumulation of neutrophils in tape stripped skin of WT mice (Fig. 2E). There was 

a modest but significant increase in the accumulation of neutrophils in tape stripped skin 

of Dock8−/− mice compared to controls (Fig. 2E), possibly because their egress from the 

skin may be impaired, as has been shown for DOCK8 deficient DCs [24]. Of note, the 

percentages of FVD− live and FVD+ dead neutrophils in tape stripped skin of Dock8−/− mice 

were comparable to WT controls (data not shown). Altogether, the above data argue against 

a defect in the recruitment or migration of DOCK8 deficient neutrophils into the skin.

It has been demonstrated that DOCK8 deficient lymphocytes migrating in a 3D matrix or 

in virally infected skin undergo shattering cell death or cytothripsis [25]. We examined 

whether the survival of DOCK8 deficient neutrophils in S. aureus infected skin is impaired. 

The percentage of FVD− live neutrophils was significantly lower, whereas the percentage 

of FVD+ dead neutrophils was significantly higher, in tape stripped and S. aureus exposed 
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skin of Dock8−/− mice compared to WT controls (Fig. 2F). These data strongly suggest 

that reduced neutrophil survival underlies the reduced neutrophil accumulation in S. aureus 
infected skin of Dock8−/− mice, resulting in impaired bacterial clearance and thereby 

increased susceptibility to cutaneous S. aureus infection.

S. aureus secretes factors that directly cause cell death by various mechanisms, including 

activation of the NLRP3 inflammasome leading to pyroptosis [26, 27]. The decreased 

neutrophil survival in tape stripped and S. aureus infected skin, but not in non-infected 

tape stripped skin, prompted us to examine whether DOCK8 deficient neutrophils were 

intrinsically more susceptible to S. aureus triggered cell death. Incubation with S. aureus 
triggered the death of ~20% of WT neutrophils after 1 and 2 hours of incubation (Fig. 2G). 

DOCK8 deficient neutrophils exhibited after 1 hour of incubation with S. aureus cell death 

that was comparable to WT neutrophils but had significantly more cell death (~60%) after 

2 hours of incubation with S. aureus compared to WT controls (Fig. 2G), indicating that 

DOCK8 deficient neutrophils are intrinsically more susceptible to S. aureus triggered cell 

death. This is consistent with the previously reported role of DOCK8 in lymphocyte survival 

[28-30]. Susceptibility to S. aureus triggered cell death may contribute to the decreased 

accumulation and reduced viability of neutrophils in S. aureus infected skin of Dock8−/− 

mice.

3.3. DOCK8 deficient neutrophils have reduced phagocytosis of S. aureus bioparticles 
but normal respiratory burst.

Bacterial killing by neutrophils is a multi-step process starting with formation of the 

phagocytic cup, internalization of the phagosome, maturation of the phagolysosome and 

intracellular killing of the microbe, mediated by the respiratory burst with the release of 

reactive oxygen species [31]. The phagocytic process requires cytoskeletal reorganization 

which is dependent on WASP-mediated actin polymerization and actin cup formation [32, 

33]. Since DOCK8 activates WASP [1], we investigated whether neutrophil phagocytic 

function is altered in DOCK8 deficiency. Purified neutrophils were isolated from the 

bone marrow of Dock8−/− mice and WT controls and cultured for 1 hour with opsonized 

pHrodo™ red S. aureus BioParticles™. These particles emit red fluorescence in the low pH 

environment of the phagolysosome, which can be analyzed by flow cytometry. Negative 

controls were incubated on ice to distinguish between particle binding and uptake. The 

percentage of bioparticle positive neutrophils was not significantly different between 

Dock8−/− mice and WT controls (Fig. 2H). However, the mean fluorescence intensity 

(MFI) of pHrodo™ red was significantly decreased in bioparticle positive neutrophils from 

Dock8−/− mice compared to WT controls (Fig. 2I), indicating that fewer particles were 

ingested by DOCK8 deficient neutrophils, suggesting a defect in phagocytic function. 

This is in contrast to the report by Mandola et al. [10] who observed no difference in 

phagocytosis by neutrophils from DOCK8 deficient patients after 10 minutes exposure to 

zymosan particles and analysis by microscopy. The different results are likely due to the 

different techniques used.

Respiratory burst by neutrophils is readily measured by analyzing the oxidation by hydrogen 

peroxide of the substrate dihydrorhodamine 123 (DHR), which yields the fluorescent 
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molecule rhodamine that can be detected by flow cytometry [13]. The rhodamine MFI 

of PMA-stimulated blood neutrophils was comparable between Dock8−/− mice and WT 

controls (Fig. 2J), indicating normal respiratory burst in DOCK8 deficient neutrophils. This 

is in agreement with Mandola et al. [10] who reported normal production of superoxide 

anions in neutrophils from DOCK8 deficient patients.

In summary, we demonstrate that in DOCK8 deficiency, injured skin is susceptible to S. 
aureus infection. The data strongly suggest that susceptibility to S. aureus triggered cell 

death and impaired phagocytic function contribute to the defective ability of neutrophils to 

clear S. aureus skin infection in DOCK8 deficiency.
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1. Dock8−/− mice have reduced clearance of S. aureus applied to mechanically 

injured skin

2. Neutrophils numbers are decreased in S. aureus infected skin of Dock8−/− 

mice

3. DOCK8 protects neutrophils from S. aureus triggered cell death

4. DOCK8 is important for the phagocytic function of neutrophils
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Figure 1. Dock8−/− mice have delayed clearance of S. aureus from mechanically injured skin
A. Representative in vivo fluorescence imaging of PSVue 794 fluorescence at 0 hours, 24 

hours and 48 hours after application of 108 CFUs of PSVue 794-labeled S. aureus to 1 cm2 

of shaved and tape stripped skin of Dock8−/− (KO) mice and WT controls. B. Numbers 

of S. aureus CFUs in skin homogenates 48 hours after application of 108 CFUs of S. 
aureus to shaved and tape stripped skin of KO and WT mice. C. Representative in vivo 
fluorescence imaging of PSVue 794 fluorescence at 0 hours, 24 hours and 48 hours after 

topical application of 108 CFUs of PSVue 794-labeled S. aureus to 1 cm2 of shaved skin 

of KO and WT mice. D. Numbers of S. aureus CFUs in skin homogenates 48 hours after 

topical application of 108 CFUs of S. aureus to shaved skin of KO and WT mice. Results 

display mean ± SEM and are representative of one experiment repeated at least twice. ns, not 

significant, * p <0.05, by Student’s T-test (B, D).
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Figure 2. Decreased infiltration and viability of neutrophils in tape stripped and S. aureus 
exposed skin of Dock8−/− mice and reduced phagocytosis of DOCK8 deficient neutrophils.
A, B. Numbers of CD11b+Gr1+ neutrophils isolated from 1 cm2 skin (A) and blood (B) 

at 0 hours and 48 hours after tape stripping and exposure to S. aureus in Dock8−/− (KO) 

mice and WT controls. C, D. Cutaneous expression of Il17a (C) and neutrophil attracting 

chemokines (D) 48 hours after tape stripping and exposure to S. aureus in KO and WT 

mice. E. Numbers of neutrophils isolated from the skin at various times post tape stripping 

in KO and WT mice. F. Percentages of FVD− live (left) and FVD+ dead (right) neutrophils 

in the skin 48 hours after tape stripping and exposure to S. aureus in KO and WT mice. 

G. Percentages of FVD+ dead purified BM neutrophils from KO and WT mice after 

1 and 2 hours incubation with medium or S. aureus. H, I. Percentage of pHrodo red 
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positive neutrophils (H), representative histogram of pHrodo red fluorescence in neutrophils 

(I, left) and quantification of pHrodo red mean fluorescence intensity (MFI) (I, right) 

following incubation of purified BM neutrophils from KO and WT mice with pHrodo red 

S. aureus BioParticles. The negative control (Neg) in the histogram represents neutrophils 

incubated with pHrodo red S. aureus BioParticles on ice. J. Geometric mean fluorescence 

intensity (MFI) of rhodamine in purified BM neutrophils from KO and WT mice stimulated 

with medium or PMA. Data display mean ± SEM and are pooled from two independent 

experiments (A-F) or are representative of one experiment repeated at least twice (G-J). ns, 

not significant, * p <0.05, ** p <0.01, *** p <0.001 by Student’s T-test (A, C, D, F, H, I), 

one-way ANOVA (J), or two-way ANOVA (E, G).
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