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ABSTRACT 28 

The levels of biogenesis of lysosome organelles complex 1 subunit 1 (BLOC1S1) control 29 

mitochondrial and endolysosome organelle homeostasis and function. Reduced fidelity of 30 

these vacuolar organelles is increasingly being recognized as important in instigating cell-31 

autonomous immune cell activation. We reasoned that exploring the role of BLOC1S1 in CD4+ 32 

T cells, may further advance our understanding of regulatory events linked to mitochondrial 33 

and/or endolysosomal function in adaptive immunity. Transcript levels of the canonical 34 

transcription factors driving CD4+T cell polarization in response to activation showed that, the 35 

TH2 regulator GATA3 and phosphorylated STAT6 were preferentially induced in BLOC1S1 36 

depleted primary CD4+ T (TKO) cells. In parallel, in response to both T cell receptor activation 37 

and in response to TH2 polarization the levels of IL-4, IL-5 and IL-13 were markedly induced 38 

in the absence of BLOC1S1. At the organelle level, mitochondrial DNA leakage evoked cGAS-39 

STING and NF-kB pathway activation with subsequent TH2 polarization. The induction of 40 

autophagy with rapamycin reduced cytosolic mtDNA and reverses these TH2 signatures. 41 

Furthermore, genetic knockdown of STING and STING and NF-kB inhibition ameliorated this 42 

immune regulatory cascade in TKO cells. Finally, at a functional level, TKO mice displayed 43 

increased susceptible to allergic conditions including atopic dermatitis and allergic asthma. In 44 

conclusion, BLOC1S1 depletion mediated disruption of mitochondrial integrity to initiate a 45 

predominant TH2 responsive phenotype via STING-NF-kB driven signaling of the canonical 46 

TH2 regulatory program.  47 

 48 

INTRODUCTION 49 

The concept that metabolic remodeling is foundational in controlling immune cell fate, 50 

function and polarization is now widely established, and termed immunometabolism (1, 2). 51 

Here, metabolic substrates modulate immune cell function, for example by diverting 52 

mitochondrial metabolism to preferential biosynthetic functions to support immune cell 53 

proliferation (3). At the same accumulation or depletion of specific metabolic substrates 54 

function as signaling intermediates to regulate immunity via a multitude of mechanisms 55 

including: at the level of immune cell chromatin remodeling (4, 5); by transcriptional (6) or 56 

posttranslational regulation (7); via intracellular signal transduction (8); via intracellular 57 

organelle effects for example by altering mitochondrial fidelity or autophagy (8); and directly 58 

through metabolic remodeling (9). Mitochondria themselves, partially stemming from their 59 

prokaryote origins, evoke immune activation following the extrusion of intramitochondrial 60 

content into the cytoplasm or extracellular space (3). These mitochondrial components are 61 
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termed damage associated molecular patterns (DAMPs), which when recognized by pattern 62 

recognition receptors (PRRs), initiate inflammatory signaling (10). The mitochondrial 63 

organelle itself, also functions as a signaling platform, where cytosolic PRRs, RIG-I like 64 

receptors (RLRs), binds to the mitochondrial associated viral signaling (MAVS) adaptor 65 

protein on the outer mitochondrial membrane to amplify antiviral signaling (11). Although 66 

less well characterized, immune-modulatory effects may arise from other vacuolar 67 

organelles that regulate metabolism, including autophagosomes and the endosome-68 

lysosome system (12-14). We reasoned that the study of intracellular vacuolar organelle 69 

regulatory control mechanisms may enhance our understanding of the role of this organelle 70 

biology in immune cell activation.  71 

 72 

To interrogate this further, we proposed to focus on a candidate protein, 73 

BLOC1S1/GCN5L1, which is emerging as an important regulator of mitochondrial and of endo-74 

lysosome homeostasis (15). This pleotropic protein modulates mitochondrial turnover (16, 17) 75 

and metabolic function (18, 19), and controls key aspects of autophagosome (17), endosome 76 

(20) and lysosome trafficking (21, 22), recycling (23, 24), and function (15, 25, 26). These 77 

diverse effects stem from the role of BLOC1S1 as an interacting cofactor that modulates 78 

mitochondrial and cytosolic protein acetylation and binds to, and regulates, the function of 79 

cytoskeletal and molecular motor proteins. Hence, despite the importance of mitochondrial 80 

function in immune modulation and the role of endo-lysosomal biology in antigen presentation, 81 

cytokine release and in the control of intracellular pathogens, the role of BLOC1S1 in the 82 

immune system has to our knowledge not been previously investigated. 83 

 84 

To explore this, conditional knockout bloc1s1 mice were generated using the CD4-Cre-85 

recombinase, employing a similarly approach to the prior deletion of BLOC1S1 in other cell 86 

types including the heart (27) and liver (28). Conditional CD4+ T cell knockout mice (TKO) 87 

were viable and showed robust depletion of BLOC1S1 levels. In this paper, we demonstrate 88 

that activated TKO CD4+ T0 cells show significantly higher IL-4, IL-5, and IL-13 production, a 89 

greater propensity to TH2 differentiation and that they had elevated phosphorylation of NF-kB, 90 

STAT6 and STING. Moreover, TKO mice were highly susceptible to atopic dermatitis (AD) 91 

with a marked eosinophilic infiltrate and produced significantly more type 2 cytokines relative 92 

to control animals. In addition, OVA-sensitized TKO mice had significantly increased serum 93 

IgE and airway inflammation after OVA challenge. Our data suggest a novel role for BLOC1S1 94 

in controlling CD4+ lineage commitment and type 2 allergic responses. 95 

 96 

 97 
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MATERIALS AND METHODS 98 

Mice.  99 

The NHLBI Animal Care and Use Committee approved all animal studies used in this protocol. 100 

The mice were maintained on a 12-h light/dark cycle and housed 3-5 mice per cage with free 101 

access to water and normal chow diet (LabDiet, 5001). BLOC1S1 CD4+ T cell knockout (TKO) 102 

mice were generated by crossing BLOC1S1flox/flox mice with CD4-Cre-recombinase mice, as 103 

we had previously. All mice were generated in the C56BL/6b background. All experiments 104 

used 8-12 week old C57BL/6flox/flox (control) and CD4+ TKO mice (backcrossed > 10 105 

generations). 106 

 107 

Mouse CD4+ T cell isolation and cytokine assay.  108 

All in vitro assays were performed using between three and five mice per group. CD4+ T cells 109 

were negatively selected from the spleenocytes using CD4+ T cell isolation kit (Miltenyi Biotec) 110 

and cultured in RPMI 1640 media supplemented with 25 mM HEPES, 10% FBS, and 111 

Penicillin/Streptomycin. Mice CD4+ T cells (4x105/well in 96-well plate) were activated with 112 

plate-coated αCD3 (5 µg/ml, Biolegend) and αCD28 (10 µg/ml, Biolegend) for 3 days. Also, 113 

CD4+ T cells (4X105/well in 96-well plate) were differentiated into TH2 T cell subtype by 114 

incubation with specific supplement for TH2 differentiation (mouse IL-2, mouse IL-4 and rat 115 

anti mouse IFNγ with 1:100 dilution (STEMCELL Technologies)) and incubated for 3 days on 116 

plates coated with aCD3 and aCD28 antibodies. Supernatants were collected, centrifuged to 117 

remove cells and debris, and stored at -800 C. The levels of cytokines, including IFNg, TNFa, 118 

IL-4, IL-5, IL-13, IL-10, and IL-17 were measured by ELISA (R&D systems). Results were 119 

normalized to cell number using CyQuant cell proliferation assay (Invitrogen) or BCA protein 120 

assay (Pierce). 121 

 122 

Human CD4+ T cell isolation and cytokine assay. 123 

Primary peripheral blood mononuclear cells (PBMCs) were isolated from human blood by 124 

density centrifugation using Lymphocyte Separation Medium (MP Biomedicals). CD4+ T cells 125 

were negatively selected from PBMCs using CD4+ T cell isolation kit (Miltenyi Biotec) and 126 

cultured in RPMI 1640 media supplemented with 25 mM HEPES, 10% FBS, and 127 

Penicillin/Streptomycin. Human CD4+ T cells (4X105/well in 96-well plate) were activated with 128 

plate-coated αCD3 (5µg/ml, Biolegend) and αCD28 (10µg/ml, Biolegend) for 3 days. 129 

Supernatants were collected, centrifuged to remove cells and debris, and stored at -800 C. 130 

The levels of cytokines, including IL-4, IL-5 and IL-13 were measured by ELISA (R&D 131 

systems). Results were normalized to cell number using CyQuant cell proliferation assay 132 

(Invitrogen) or BCA protein assay (Pierce). 133 
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 134 

RNA Isolation and Quantitative PCR (qRT-PCR) analysis. 135 

Total RNA was extracted using NucleoSpin RNA kit (Macherey-Nagel) and cDNA was 136 

synthesized with the SuperScript III First-Strand Synthesis System for RT-PCR (Thermo 137 

Fischer Scientific). Quantitative real-time PCR was performed using FastStart Universal SYBR 138 

Green master (Roche) and run on LightCycler 96 Systems (Roche). Relative gene expression 139 

was quantified by normalizing cycle threshold values with 18S rRNA using the 2-ΔΔCt cycle 140 

threshold method. To measure mitochondrial DNA (mtDNA) in the cytosol of CD4+ T cells, 8 141 

× 106 cells were homogenized with a Dounce homogenizer in 10 mM Tris solution (pH 7.4), 142 

containing 0.25 M sucrose, 25 mM KCl, 5 mM MgCl2 and protease inhibitor, and then 143 

centrifuged at 700 × g for 10 min at 4°C. Cytosolic fractions were prepared by centrifugation 144 

at 10,000 × g for 30 min at 4°C and DNA was isolated from them using the DNeasy Blood & 145 

Tissue kit (Qiagen). The copy number of mitochondrial DNA encoding 16S RNA (RNR2) and 146 

non-coding D-loop region was measured by quantitative real-time qRT-PCR.  Primer 147 

sequences are provided in Supplementary Table 1. 148 

 149 

Immunoblot Analysis. 150 

Mice or Human CD4 T cells were lysed using RIPA buffer supplemented with protease inhibitor 151 

cocktail (Roche) and phosphatase inhibitors (Pierce). Lysates were separated by NuPAGE 4-152 

12 % Bis-Tris Gels (Thermo Fischer Scientific) and transferred to nitrocellulose membranes 153 

(Trans-Blot Turbo Transfer Systems (Bio-Rad Laboratories). Membranes were blocked with 154 

Odyssey Blocking Buffer (Li-Cor) and incubated with appropriate antibodies overnight at 40 C. 155 

List of Primary antibodies used are provided in Supplementary Table 2. The secondary 156 

antibody conjugated with IRDye 800 CW or IRDye 680RD (Li-Cor) were then incubated for 1 157 

hour at room temperature. Immunoblots were scanned using an Odyssey Clx imaging system 158 

(Li-Cor Biosciences). Protein band intensity was quantified using ImageJ software (National 159 

institute of health). 160 

 161 

Flow cytometry for cell phenotyping. 162 

Activated TKO CD4+ T cells were activated with Cell stimulation cocktail plus protein transport 163 

inhibitors (eBioscience) and PMA (500 ng/ml, Sigma) for 4 hrs and then incubated with 164 

antibodies targeting cell surface markers, transcription factors and (BD, Biolegend). Data were 165 

acquired with FACSymphony (BD) and post-acquisition analysis was performed using Flowjo 166 

9.9.6 (Treestar Inc.). Analysis excluded debris and doublets using light scatter measurements, 167 

and dead cells by live/dead stain. Gating strategies used to identify immune cell subsets are 168 

provided in Supplementary Table 3. Briefly, the cells were first gated for singlets (FSC-H vs. 169 

FSC-A) and further analyzed for their uptake of the Live/Dead Zombi violet stain (Biolegend) 170 
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to determine live versus dead cells in CD3+CD4+. The expression of transcription factors and 171 

cytokines is then determined for T cell polarization within this gated population.  172 

 173 

Characterization of BLOC1S1 signaling in primary human T cells  174 

Primary CD4+ T cells were cultured in RPMI with 1% FBS on αCD3/αCD28 antibody-coated 175 

plates for 3 days. The following inhibitors were added to the cells for 24 hours before 176 

harvesting: the NF-κB inhibitor JSH23 (2 µM, Tocris Bioscience), STING inhibitor H151 (5 µM, 177 

Tocris Bioscience), or Rapamycin (2 µM, Selleckchem). Cytotoxicity was assessed using the 178 

CyQUANT LDH Cytotoxicity Assay (Invitrogen). On the third day, cells were centrifuged for 179 

Western blot or RNA analysis and the supernatant was collected for ELISA assay.  180 

 181 

Genetic knockdown experiments.  182 

For the siRNA knockdown experiments, primary CD4+ T cells were transfected with 1.5 µM 183 

SMARTpool Accell BLOC1Sa and STING siRNA or Accell control siRNA in Accell siRNA 184 

delivery medium (Dharmacon). Knockdown cells were activated on αCD3/αCD28 (Biolegend) 185 

antibody-coated plates for 3 days.  186 

 187 

Experimental atopic dermatitis.  188 

Calcipotriol (MC903:Sigma Aldrich) was resuspended in ethanol at 50 µM. A total of 1 nM was 189 

applied daily to the outer and inner surfaces of the left ear (20 ml/ear) as described previously 190 

(29) for 15 days, as follow: 5 days topical treatment, 2 days interruption, 5 days treatment, 2 191 

days interruption, 1 day topical treatment. Ethanol (20 ml/ear) was applied to the contralateral 192 

ear as the vehicle control. Auricular lymph node of the MC903 or vehicle-treated mice were 193 

extracted at the end of the study and ear sections were either fixed in 10% Formalin for 194 

histology or stored at -800 C. CD4+ T cells were negatively selected from the minced auricular 195 

lymph nodes using the CD4+ T cell isolation kit (Miltenyi Biotec) and cultured in RPMI 1640 196 

media supplemented with 25 mM HEPES, 10% FBS, and Penicillin/Streptomycin. Auricular 197 

lymph node CD4+ T cells (2x105/well in 96-well plate) were activated with plate-coated αCD3 198 

and αCD28 for 3 days. Supernatants were collected, centrifuged to remove cells and debris, 199 

and stored at -80 0C. 200 

 201 

Experimental allergic airway inflammation.  202 

Mice were sensitized with ovalbumin (OVA, MedChem Express) to induce allergic airway 203 

inflammation (30). Mice were administered 20 mg OVA in 4mg alum hydroxide (InvivoGen) by 204 

intraperitoneal (i.p) injection on days 0 and 7 and subjected to airway exposure with 40µg OVA 205 

in PBS on day 11-14. 24 h after the last OVA aerosol challenge, lungs from allergen sensitized 206 

and challenged mice were taken and a section was fixed in 4% paraformaldehyde (PFA) for 207 
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histology and the residual lung was used to isolate CD4+ T cells. List of reagents provided in 208 

supplementary table 4. 209 

 210 

Histology. 211 

Lungs from the allergen-sensitized and challenged mice experiment and ears from the MC903 212 

and ethanol vehicle treated mice experiment were fixed in 4% PFA for histology. The fixed 213 

samples were processed and stained with hematoxylin and eosin (H&E) and Ki67 214 

immunohistochemical staining (Histoserv). 215 

 216 

Immunofluorescence staining and microscopy. 217 

CD4+ T cells were activated as earlier described and adhered to glass slides coated with poly-218 

L-lysine (Sigma Aldrich). The cells were fixed with 4% paraformaldehyde for 15 min at room 219 

temperature. After the cells were washed three times with PBS, cells were blocked in 5% BSA 220 

and 0.1% Triton X for 1 hour at room temperature. Cells were then incubated with appropriate 221 

primary antibody overnight at 40C. Then, the cells were washed three times with PBS and 222 

were incubated with the appropriate Alexa secondary Abs for 60 minute at room temperature 223 

in the dark. Nuclei were counterstained blue with DAPI. All fluorescent imaging performed 224 

using a Zeiss 880 confocal microscope and a Plan-Apochromat 63x(1.4 N.A.).  Four color 225 

images of DAPI, Alexa 488, Alexa 561, and Alexa 633 were collected using 405nm, 488nm, 226 

561nm and 633nm with emission bandwidths of 415-480nm, 490-556nm, 565-659nm and 227 

641-735nm respectively.  Three color imaging of DAPI, Alexa 488, and Alexa 561 were 228 

collected using 405nm, 488nm, and 561nm excitation with 415-481nm, 480-569nm, and 570-229 

709nm, respectively.  Pixels sizes varied from 0.68-0.98 microns.  The pinhole was set to 230 

1A.U. for all experiments and z-stacks were taken with an interslice spacing of 300nm.   For 231 

experiments where intensity was compared between treatments laser excitation power did not 232 

vary more than 0.1%. Images were deconvolved assuming an idealized point spread function 233 

using the Hyugens software program (SVI, Hilversum, Netherlands)..   234 

 235 

 236 

Quantification of confocal Immunofluorescent images 237 

Immunofluorescent images were quantified using the open-source program FIJI (31). In 238 

short, regions of interest (ROI’s) were manually drawn on each cell to segment the nucleus 239 

from the cytoplasm.  From the segmented images summed intensity from each compartment 240 

across z-stacks was then calculated.    241 

 242 

 243 

Statistical analysis.  244 
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Graphs were plotted and analyzed using GraphPad Prism 9. Statistical analysis was 245 

performed with either a two-tailed unpaired student t test (for paired data) or two-way ANOVA 246 

with Tukey’s post hoc test for experiments with multiple groups. Probability values of <0.05 247 

were considered statistically significant. Data are shown as mean ± SEM. Asterisks denote p 248 

value (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).  249 

 250 

RESULTS 251 

BLOC1S1 depleted CD4+ T cell preferentially augments TH2 immune cell 252 

responsiveness.  253 

The approach to generate CD4+ T cell-specific BLOC1S1 knockout (TKO) mice is depicted in 254 

Supplemental Figure 1A. Separation of CD4+ cells from the residual splenic pool (CD4- cells) 255 

as depicted in Supplemental Figure 1B, with subsequent qRT-PCR shows robust reduction in 256 

bloc1s1 transcript levels in the CD4+ pool compared to the Lox-P littermate control mice 257 

(Supplemental Figure 1C). To initially characterize CD4+ T cell immunoresponsiveness, 258 

primary CD4+ T cells were activated by antibodies directed against CD3 and CD28 to engage 259 

the T cells receptors (TCRs). ELISA assays to assess cytokine secretion showed that TCR 260 

engagement in TKO cells significantly increased levels of interleukins (ILs) 4, 5, 10 and 13, 261 

reduced IL-17 and without effects on interferon gamma (IFN-g) and TNFa compared to control 262 

cells (Figure 1A). We then assayed the transcript levels of canonical transcription factors 263 

driving CD4+ T cell polarization in response to TCR activation. The expression of tbet (Tbx21 264 

- TH1 polarizing transcription factor (TF)), rorc (RAR related orphan receptor C – Th17 265 

polarizing TF) and foxp3 (forkhead TF family member p3 – Treg polarizing TF) were not 266 

different between genotypes in TH0 cells (Supplemental Figure 1D). In contrast, the gene 267 

encoding GATA3, and its cognate protein level were markedly induced in TKO cells (Figure 268 

1B-D). Flow cytometry analysis validated the increase in GATA3+,IL4+ in TKO CD4+ T cells 269 

(Figure 1E) with no changes in TBET+,IFNg+ or Rorc+,IL17+ cells (Supplemantal Figure 1E). 270 

The gating profiles of CD4+ T cells for flow cytometry is shown in Supplemental Figure 1F.  271 

We then assessed the effect TH2 polarization on the secretion of canonical TH2 cytokines. 272 

Consistent with the TH0 data, levels of IL-4, IL-5 and IL-13 secretion were induced to a greater 273 

extent in the TKO cells (Figure 1F).  To further validate this response to diminished BLOC1S1 274 

levels siRNA targeting bloc1s1 or scrambled constructs were transfected into primary human 275 

CD4+ T cells. The efficiency of Bloc1s1 knockdown (KD) was » 80%  and transcript levels of 276 

GATA3 were induced coordinately (Supplemental Figure 1G). In parallel, transcript levels and 277 

secreted TH2 cytokines were induced to a greater extent following bloc1s1 knockdown 278 

(Supplemental Figures G-H). As GATA3 functions as the master regulator driving TH2 279 
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differentiation and given the effect of reduced BLOC1S1 on TH2 cytokine release, this 280 

manuscript subsequently focused on the study of BLOC1S1 effects on TH2 biology. 281 

 282 

Enhanced phosphorylation of IKK, NF-kB and STAT6 and GATA3 protein levels in TKO 283 

CD4+ T cells 284 

The transcriptional and signaling pathways underpinning TH2 lineage polarization are well 285 

characterized, with GATA3 and STAT6 playing central roles (32). More recently in the context 286 

of allergic asthma, NF-kB signaling has been implicated in GATA3 induction and subsequent 287 

TH2 polarization (30). We therefore explored the activity of these regulatory molecules. To 288 

investigate these pathways splenic CD4+ T cells were isolated from control and TKO mice and 289 

exposed to TCR engagement. In activated TH0 cells, in the absence of BLOC1S1, 290 

phosphorylation and activation of IkB, NF-kB and STAT6 were markedly induced, in parallel 291 

with the induction of GATA3 (Figure 2A-B).  In support of the functional contribution of this NF-292 

kB - GATA3 pathway, pharmacological inhibition of NF-kB with JSH23 resulted in diminished 293 

NF-kB phosphorylation and GATA3 steady-state levels relative to DMSO treated controls 294 

(Figure 2C-D). In parallel, JSH23 blunted TH2 cytokine induction to a greater extent in the TKO 295 

TH0 cells (Figure 2E).  296 

 297 

Vacuolar organelle perturbations drive BLOC1S1 accentuated TH2 immunity via STING 298 

induction.  299 

Interestingly, nucleic acid sensing has been established to drive TH2 rather than TH1 or TH17 300 

differentiation (33) and mitochondrial DNA (mtDNA) release activates the double-stranded 301 

nucleic acid sensing cGAS-STING PRR pathway (34). Considering the role of BLOC1S1 in 302 

sustaining mitochondrial fidelity (15), we investigated this as a putative mechanism whereby 303 

BLOC1S1 depletion regulates TH2 signaling. The amount of cytosolic mtDNA, as measured 304 

using qRT-PCR showed higher levels of the mitochondrial encoded 16S RNA (RNR2) and 305 

non-coding D-loop region of mtDNA in the cytosol in TKO cells (Figure 3A).  Given this, it was 306 

unsurprisingly that the levels of cGAS and extent of STING phosphorylation, as measured by 307 

immunoblot analysis, were induced in TKO CD4+ T cells (Figure 3B-C). To validate this, 308 

confocal microscopy using fixed CD4+ T cells were labelled with fluorescent-tagged antibodies 309 

to endogenous STING in parallel with nuclear DNA labeling with DAPI. Here too, STING levels 310 

were confirmed to be elevated in the TKO cells (Figure 3D-E). In parallel, fluorescent-tagged 311 

antibodies targeting cGAS and cytosolic dsDNA (35), similalry showed their induction and  312 

greater cytosolic colocalization in TKO cells (Figure 3F-G). As BLOC1S1 deficiency is known 313 
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to result in autophagosome accumulation (24) and evident here by increased LAMP1 and 314 

LC3-II in TKO cells (Figure 3B-C and Supplemental Figure 2), we assessed if driving 315 

autophagy with rapamycin may ameliorate this inflammatory program. Here the inhibition of 316 

mTORC1 with rapamycin blunted LAMP1 levels in parallel with a further increase in LC3-II 317 

levels in TKO cells, suggesting induction of autophagy (Figure 3H-I). In parallel, rapamycin 318 

reduced cytosolic levels of mtDNA in control and TKO cells (Figure 3J) and blunted IL-4, IL-5 319 

and IL-13 secretion to a greater extent in the TKO cells (Figure 3K). 320 

STING activation orchestrates NF-kB activation to drive TH2 activation. 321 

To functionally validate that cGAS-STING activation, contributed towards NF-kB signaling and 322 

TH2 activation, STING was inhibited using H151 (36) or depleted via STING siRNA. H151 323 

supplementation of primary TH0 CD4+ T cells, reduced STING levels in TKO cells (Figure 4A-324 

B). Furthermore, the activation of IkBa, NF-kB and STAT6 were all more robustly attenuated 325 

in the TKO cells (Figure 4A-B).   GATA3 levels were blunted in parallel (Figure 4A-B). 326 

Consistently, the secretion of IL-4, IL-5 and IL-13 were blunted in the TKO cells in the presence 327 

of H151 (Figure 4C). Interestingly, H151 blunted IFN-g to a similar extent in control and TKO 328 

cells (Supplemental Figure 3A). STING knockdown (KD) was highly effective in both lineages 329 

(Supplemental Figure 3B). As STING levels were more pronounced in TKO cells, the effect of 330 

STING KD was also more robust in these CD4+ T cells. Here we see robust reductions STING 331 

levels, and in IkBa and NF-kB activation (Figure 4D-E). In parallel, STING KD reduced GATA3 332 

expression to a greater extent in the TKO CD4+ T cells (Figure 4D-E). Similarly, STING KD 333 

signficiantly blunted IL-4, IL-5 and IL-13 secretion in the TKO cells, with a modest reduction in 334 

IL-13 secretion in control cells (Figure 4F). Similarly, and consistent with H151 335 

supplementation, STING KD blunted IFN-g to similar extents in control and TKO cells 336 

(Supplemental Figure 3C). The proposed mitochondrial fidelity pathway following BLOC1S1 337 

depletion in TH2 cells is schematized in Figure 4G. 338 

TKO mice are more susceptible to TH2-linked allergic disease models. 339 

As atopic disorders are driven by an elevated TH2 response we exploited different atopy 340 

models to functionally validate the susceptibility of TH2 polarization in the absence of 341 

BLOC1S1. The first model explored was atopic dermatitis (AD) induced by the topical 342 

exposure to the ear pinnae of the vitamin D3 analogue Calcipotriol (MC903) (29). The protocol 343 

is schematized in Figure 5A. This response to MC903 appeared similar in both sexes 344 

(Supplemental Figure 4A). Although, topical application of MC903 vs. ethanol control triggered 345 

an AD response with increased skin thickness in all mice, TKO mice exhibited an earlier lesion 346 

onset with more severe disease (Figure 5B). Histological examination of the red scaly lesioned 347 

skin showed greater epidermal hyperplasia with dermal lymphocyte infiltration in the TKO mice 348 
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(Figure 5C and Supplemental Figure 4B). In parallel, the marker of cell proliferation, Ki67 was 349 

markedly induced in the TKO mice (Figure 5D). Consistent with atopy, TKO mice showed 350 

higher plasma levels of IgE under basal conditions, with a further exaggeration in response to 351 

the topical application of MC903 (Figure 5E).  Interestingly, although BLOC1S1 deficiency was 352 

restricted to CD4+ T cells, qRT-PCR of whole skin samples showed that transcripts encoding 353 

bloc1s1 were blunted in this MC903 AD model in both the control and TKO mice (Figure 5F). 354 

Finally, in this model, the quantification of cytokine secretion from CD4+ T cells extracted from 355 

the auricular Lymph nodes showed enhanced IL-4, IL-5, and IL-13 levels in response to topical 356 

MC903 treatment in the TKO mice (Figure 5G-H).  357 

We then exposed control and TKO mice to OVA-induced allergic airway inflammation as a 358 

second atopic model (30, 37). Mice were OVA challenged both systematically and via aerosol 359 

to evoke airway inflammation as depicted in Figure 6A. Histological analysis of lungs of OVA 360 

sensitized mice showed more marked peribronchial inflammation with infiltrating eosinophil 361 

infiltration in the TKO mice (Figure 6B). Consistent with a greater allergen specific type 2 362 

response, OVA TKO mice similarly showed plasma IgE levels (Figure 6C). The TKO mice also 363 

showed greater production of IL-4 and IL-13 in CD4+ T cells extracted from the lungs of OVA 364 

exposed mice (Figure 6D). Furthermore, the response to OVA was relatively more robust in 365 

the TKO mice versus control mice (Figure 6E). Interestingly, and consistent with the findings 366 

in primary CD4+ T cell in-vitro studies, transcripts encoding STING were induced in ear from 367 

the AD model and in whole lung tissue from the allergic asthma model (Supplemental Figure 368 

4C). 369 

 370 

Discussion 371 

In this study we find that the absence of BLOC1S1 in CD4+ T cells, results in the preferential 372 

polarization into the TH2 cell lineage in response to TCR engagement. This programing 373 

appears to be driven by perturbed mitochondrial fidelity possibly coupled to incomplete 374 

autophagic clearance of mtDNA. The persistently increased cytosolic mtDNA, activates the 375 

cGAS-STING immune surveillance program. Downstream of this, NF-kB activation is linked 376 

with the induction of GATA3 and phosphorylated STAT6 to amplify TH2 lineage 377 

responsiveness. Consistent with this immune phenotype, the BLOC1S1 TKO mice show 378 

greater susceptibility to allergic conditions including atopic dermatitis and allergic asthma.    379 

The cell autonomous program promoting TH2 polarization is well established with respect to 380 

the role of GATA3 and STAT6 signaling. However, the roles of mtDNA initiated signaling and 381 

cGAS-STING activation has not been well established in adaptive immune cells. In contrast, 382 
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in innate immunity, mtDNA functions as a canonical damage associated molecular pattern 383 

(DAMP) to initiate cGAS-STING signaling myeloid cells (34), and to drive neutrophil NETosis 384 

(38). Recent data does show that aging is linked with the disruption of lysosome proteasomal 385 

function with a concomitant increase in mtDNA and inflammaging in human CD4+ T cells (39). 386 

Although, the role of cGAS-STING or NF-kB was not assessed in that study (39). Conversely, 387 

in the murine tumor microenvironment CD4+ T-intrinsic STING activation drives TH1 and TH9 388 

activation (40). Interestingly here, the TH1, but not the TH9 phenotype was dependent on type 389 

1 interferon signaling, although both lineages were dependent on MTOR and NF-kB activity 390 

(40). At the same time, the genetic disruption of NF-kB signaling attenuated allergic airway 391 

induced TH2 polarization (30). Together these data highlight that the fate of distinct CD4+ T 392 

cell subsets have different signaling pathways, that may be moderated in part by the in-situ 393 

environment and immune cell cross talk. Our study adds to these finding by showing the 394 

depleting BLOC1S1 initiates a mtDNA, cGAS-STING and NF-kB integrated pathway that 395 

preferentially augments TH2 cell responsiveness and susceptibility to atopy.  396 

In innate immunity, TBK1 is a canonical kinase in the STING mediated induction of NF-kB too 397 

enable signal transduction (41). This STING mediated activation of TBK1 results in the 398 

subsequent phosphorylation of NF-kB essential modulator (NEMO), a regulatory subunit of 399 

the IKK (inhibitor of NF-kB kinase) complex (42). Phosphorylated NEMO then activates the 400 

IKK complex, leading to the degradation of inhibitory IkB proteins and the release and nuclear 401 

translocation of active NF-kB (42). In parallel, TBK1 activation promotes degradation of STING 402 

via the induction of autophagy as a negative regulatory feedback loop (43). Interestingly, the 403 

absence of BLOC1S1 is known to constipate the autophagolysosomal degradation pathway 404 

(24), and whether this pathway is operational in augmented cytosolic mtDNA and or 405 

accumulation of STING in the TKO cells warrants further evaluation. Contrary to the effects 406 

on innate immunity, the conditional knockout of TBK1 in CD4+ T cells resulted in the induction 407 

of IFN-g and of CD4+ memory cells, and the pharmacologic inhibition of TBK1 blunted 408 

experimental autoimmune encephalitis (44). Conversely our study shows the TKO mice exhibit 409 

an increased TH2 profile with the exacerbation of allergic disease in parallel with increased 410 

TBK1 phosphorylation. Although these data remain to be reconciled, this may point to the 411 

specific roles of BLOC1S1 in mitochondrial quality control and/or in autophagosome 412 

homeostatic functions to alleviate cytosolic DAMPS and thereby reduce TH2 polarization.   413 

The concept that intracellular quality control programs moderate immune responsiveness is 414 

well established in programs controlling autophagy and mitochondria homeostasis. Emerging 415 

studies are implicating immunoregulatory effects of programs controlling lipid handling and 416 

endo-lysosomal function. At a reductionist levels, these distinct programs are being well 417 
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characterized, and at a systemic biology perspective, these programs play integrated roles. 418 

Interestingly, BLOC1S1 as a nutrient-sensing homeostatic mediator contribute towards the 419 

control of all these programs (15, 25). In this manuscript, we show that the absence of 420 

BLOC1S1 has a preferential effect on enhancing TH2 immune cell responsiveness. The 421 

comprehensive mechanisms of action remain to be determined. However, our initial findings 422 

support both that the extrusion of mtDNA from mitochondria and the accumulation of STING 423 

on endo-lysosomes which together may amplify both canonical and non-canonical TH2-linked 424 

immune responsiveness.  425 

Genetic defects in BLOC1S1 have been associated with juvenile leukodystrophy (45) and has 426 

recently been linked with a reduction in lysosome content and increased lipid stores (26). 427 

Although juvenile leukodystrophy is associated with neuroinflammation, a direct link to TH2 428 

biology does not appear to have been explored (46). Furthermore, lipid biology is emerging 429 

as a mediator pathway in CD4+ T cell polarization (47). At the same time, it is interesting that 430 

transcriptomic analysis in 16 atopic dermatitis subjects, shows that BLOC1S1 expression is 431 

significantly blunted in association with this allergic ichthyosis (48). Given that human iPSC’s 432 

are available that incorporate BLOC1S1 mutations (49), these cells have the potential for the 433 

direct exploration of the role of BLOC1S1 genetic mutations in CD4+ T cell biology. 434 

In conclusion, we show that in the absence of BLOCS1, which exhibits perturbed mitochondrial 435 

and endolysosomal functioning, that CD4+ T cells are preferentially polarization towards the 436 

TH2 lineage. This is shown to be mediated in part, but cytosolic mtDNA accumulation, STING 437 

activation with downstream NFkB signaling, which drives the canonical GATA3 and STAT6 438 

signaling to augment TH2 responsiveness. This TH2 signature is validated in vivo with 439 

increased atopic dermatitis and allergic asthma in the BLOC1S1 knockout mice. This model 440 

should allow us to further dissect out the integrated roles of mitochondrial and endolysosomal 441 

homeostasis programs in driving CD4+ T cell fates.  442 
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Figures and Figure Legends: 617 

 618 

 619 

Figure 1. BLOC1S1 depleted CD4+ preferentially augments TH2 immune responsiveness 620 

(A) TH1, TH2, Treg and TH17 associated cytokines released from CD4+ T cells isolated from the 621 
spleen of control (CTRL) and TKO mice, activated with antibodies directed against CD3 and CD28 for 622 
3 days (n=7-8 per group). (B) qRT-PCR showing relative mRNA expression levels of GATA3 (n=5 per 623 
group). (C) Representative immunoblot analysis of GATA3 and b-actin. (D) Densitometry analysis of 624 
the relative protein levels of GATA3/b-actin in CD4+ T cell lysate from spleen of control and TKO mice 625 
(n=10 per group). (E) Representative flow-cytometric analysis of intracellular cytokines GATA3+IL4+ 626 
and GATA3+IL13+ in CD4+ T cells (n=5 per group). Values represent mean ± SEM.. (F) IL-4, IL-5 and 627 
IL-13 cytokine release in CD4+ isolated from the spleen of control and TKO mice, activated with aCD3 628 
and aCD28, supplemented with TH2 differentiation cocktail for 3-4 days (n=4 per group). Values 629 
represent mean ± SEM. *P<0.05, *p<0.05, **p<0.01, ***p<0.001 vs. control mice using unpaired two-630 
tailed student-t-test. FSC, forward scatter; SSC, side scatter. 631 
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 632 

Figure 2. BLOC1S1 deficiency results in enhanced IKK, NF-kB and STAT6 phosphorylation and 633 
GATA3 activity. 634 

(A) Representative immunoblot for phospho-IkBa , IkBa, phospho-NF-kB p65, NF-kB p65, phospho-635 
STAT6, STAT6, GATA3, BLOC1S1 and b-actin from splenic CD4+ T cells lysates from control and 636 
TKO mice. (B) Quantitation of the ratio of P-IkBa/IkBa, P-NF-kB p65/NF-kB p65, P-STAT6/STAT6 637 
and GATA3/b-actin by densitometry analysis (n=6-10). (C) Representative immunoblot analysis of P-638 
NF-kB P65, NF-kB p65, GATA3 and b-actin from contron and TKO CD4+ T cells incubated with either 639 
DMSO or 2 µM JSH23 for 12 hours. (D) Quantitation of the ratio of P-NF-kB p65/NF-kB p65 and 640 
GATA3/b-actin by densitometry analysis (n=5-6). (E) IL-4, IL-5 and IL-13 cytokine release in activated 641 
CD4+ T cells incubated with DMSO or JSH23 2uM for 12 hours (n=5-6). Values represent mean ± 642 
SEM. *p<0.05, **p<0.01, ***p<0.001 vs control mice by two-way ANOVA followed by the Tukey’s 643 
post hoc test or unpaired two-tailed student-t-test. 644 

 645 

 646 

 647 
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 649 

 650 

 651 

Figure 3. BLOC1S1 deficiency results in mtDNA release into cytosol and activation of cGAS-652 
STING pathway. 653 

(A) qRT-PCR showing relative mRNA expression levels of D-Loop and RNR2 in CD4+ T cells (n=4). 654 
(B) Representative immunoblot of  cGAS, P-STING, STING, Lamp1, LC3 I/II and β-actin from CTRL 655 
and TKO CD4+ T cells. (C) Protein quantitation and ratio of cGAS/β-actin, P-STING/STING, Lamp1/β-656 
actin, LC3 I/β-actin, LC3 II/β-actin and GATA3/β-actin by densitometry analysis (n=6-9). (D) 657 
Representative fluorescence images of STING (green) in activated CD4+ T cells. Nuclei were 658 
counterstained with 4’,6-diamidino-2-phenylinodole (DAPI) ( (blue). Scale bar = 2 µm. (E) 659 
Semiquantitative analysis of the mean intensity (%) of STING staining from CTRL and TKO CD4+ T 660 
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cells (n=7 per group). (F) Representative fluorescence images of cGAS (green) and dsDNA (red) in 661 
activated CD4+ T cells. Nuclei were counterstained with DAPI (blue). Scale bar 2 µm. (G) 662 
Semiquantitave analysis of the  Fluorescence area of cGAS and dsDNA staining  in the cytoplasm 663 
(n=4-5 per group). (H) Representative immunblots for Lamp1, LC3I/II and β-actin from CTRL and TKO 664 
CD4+ T cells in response to either DMSO or 100 nM Rapamycin  for 48 hours. (I) Protein densitometry 665 
ratio of Lamp1/β-actin and LC3-II/β-actin by densitometry analysis (n=5 per group). (J) qRT-PCR 666 
showing relative mRNA expression levels of D-Loop and RNR2 from  CTRL and TKO CD4+ T cells 667 
following DMSO or Rapamycin 100nm incubation for 48 hours. (K) IL-4, IL-5 and IL-13 cytokine 668 
release in activated CD4+ T cells following DMSO or Rapamycin 100nM incubation (n=8-12 per 669 
group). Values represent mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs control mice by two-way 670 
ANOVA followed by the Tukey’s post hoc test or unpaired two-tailed student-t-test. 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 
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 684 

Figure 4. STING knockdown resulted in reduced TH2 cytokines in BLOC1S1-/- CD4+ T cells. 685 

(A) Representative immunoblots for STING, P-IkBa, IkBa, P-NF-kB p65, NF-kB p65, GATA3, P-686 
STAT6, STAT6 and β-actin from CTRL and TKO CD4+ T cells following DMSO or H151 (500 nM) 687 
incubation for 48 hours. (B) Protein quantitation and ratio of STING/β-actin, P-IKBα/IKBα, P-NF-kB 688 
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P65/NF-kB P65, GATA3/β-actin and P-STAT6/STAT6 by densitometry analysis (n=6-7 per group). (C) 689 
IL-4, IL-5 and IL-13 cytokine release in activated CD4+ T cells treated with either DMSO or H151 690 
(500nM) (n=6-7 per group). (D) Representative immunoblots for STING, P-IkBa, IkBa, P-NF-kB p65, 691 
NF-kB p65, GATA3 and β-actin from CTRL and TKO CD4+ T cells incubated with negative control 692 
(N.C.) or with STING siRNA. (E) Protein quantitation and ratio of STING/β-actin, P-IkBa/IkBa, P-NF-693 
kB P65/NF-kB P65 and GATA3/β-actin by densitometry analysis (n=6 per group). (F) IL-4, IL-5 and 694 
IL-13 cytokine release in activated CD4+ T cells incubated with either N.C. or STING siRNA (n=9-18 695 
per group). (G) Schematic representation of proposed mechanistic  pathway. Values represent mean 696 
± SEM. *p<0.05, **p<0.01, ***p<0.001 vs control mice by two-way ANOVA followed by the Tukey’s 697 
post hoc test or unpaired two-tailed student-t-test. 698 

 699 

 700 

 701 

 702 

 703 

 704 
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 706 

 707 

Figure 5. Increased calcipotriol (MC903) induced atopic dermatitis in TKO mice. 708 

(A) Daily study protocol for MC903 induced dermatitis (in red). (B) Gross appearance of Ethanol or 709 
MC903 application to CTRL and TKO mouse ears at day 12. (C) Representative H&E staining of ear 710 
sections at day 12. Scale bar = 100um. (D) Representative Ki67 staining of ear sections at day 12. 711 
Scale bar = 100um. (E) Plasma IgE levels from the mice following the topical application of ethanol or 712 
MC903 (n=4 per group). (F) qRT-PCR showing relative mRNA expression levels of BLOC1S1 from 713 
mourse ears in response to ethanol or MC903 (n=7 per group). (G) IL-4, IL-5 and IL-13 cytokine 714 
secreted levels at day 12 from CTRL and TKO CD4+ T cells isolated from auricular lymph nodes 715 
following ethanol or MC903 topical application (n=4 per group). (H) Delta IL-4, Delta IL-5 and Delta IL-716 
13 cytokine values of CTRL and TKO CD4+ T cells in response to MC903 (n=4 per group). Values 717 
represent mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs control mice by two-way ANOVA followed 718 
by the Tukey’s post hoc test or unpaired two-tailed student-t-test. 719 

 720 

 721 

 722 
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  723 

 724 

 725 

Figure 6. Increased ovalbumin induced airway inflammation in TKO mice. 726 

(A) Daily protocol for ovalbumin induced airway inflammation in mice. (B) Representative H&E 727 
staining of lungs of PBS and Ovalbumin (OVA) administered CTRL and TKO mice. Scale bar = 728 
100um. (C) Plasma IgE from the CTRL and TKO mice following PBS or OVA administration (n=5 per 729 
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group). (D) IL-4 and IL-13 cytokine release from CD4+ T cells isolated from the lungs of CTRL and 730 
TKO mice in response to PBS or OVA administration (n=5 per group). (E) Delta IL-4 and Delta IL-5 731 
levels (n=5 per group). Values represent mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs control mice 732 
by two-way ANOVA followed by the Tukey’s post hoc test or unpaired two-tailed student-t-test. 733 

 734 
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