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ABSTRACT  25 

 AD-HIES is caused by dominant negative mutations in STAT3; however, the molecular 26 

basis for mutant STAT3 allele dysfunction is unclear and treatment remains supportive. We 27 

hypothesized that AD-HIES mutations decrease STAT3 protein stability and that mutant STAT3 28 

activity can be improved by agents that increase chaperone protein activity. We used computer 29 

modeling to characterize the effect of STAT3 mutations on protein stability. We measured 30 

STAT3 protein half-life (t1/2) and determined levels of STAT3 phosphorylated on tyrosine (Y) 31 

705 (pY-STAT3) and mRNA levels of STAT3 gene targets in EBV-transformed B (EBV) cells, 32 

human peripheral blood mononuclear cells (PBMC), and mouse splenocytes incubated without 33 

or with chaperone protein modulators—HSF1A, a small-molecule TRiC modulator, or 34 

geranylgeranylacetone (GGA), a drug that upregulates heat shock protein (HSP) 70 and HSP90. 35 

Computer modeling predicted that 81% of AD-HIES mutations are destabilizing. STAT3 protein 36 

t1/2 in EBV cells from AD-HIES patients with destabilizing STAT3 mutations was markedly 37 

reduced. Treatment of EBV cells containing destabilizing STAT3 mutations with either HSF1A 38 

or GGA normalized STAT3 half-life, increased pY-STAT3 levels, and increased mRNA levels 39 

of STAT3 target genes up to 79% of control. In addition, treatment of human PBMC or mouse 40 

splenocytes containing destabilizing STAT3 mutations with either HSF1A or GGA increased 41 

levels of cytokine-activated pY-STAT3 within human CD4+ and CD8+ T cells and numbers of 42 

IL-17-producing CD4+ mouse splenocytes, respectively. Thus, most AD-HIES STAT3 mutations 43 

are destabilizing; agents that modulate chaperone protein function improve STAT3 stability and 44 

activity in T cells and may provide a specific treatment.  45 
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INTRODUCTION 46 

Autosomal dominant hyper-IgE syndrome (AD-HIES), or Job’s Syndrome, is a life-47 

shortening primary immunodeficiency and multi-system disorder characterized by 48 

developmental abnormalities, poor wound healing, and recurrent infections 1-7. There is no 49 

specific therapeutic intervention for AD-HIES patients 8,9. While a haploidentical donor 50 

hematopoietic stem cell transplant (HSCT) recently performed in an adolescence with AD-HIES 51 

restored immune function 10, an earlier attempt at bone marrow transplant was reported not to be 52 

successful 8 and syngeneic HSCT in a mouse model of AD-HIES only partially restored 53 

resistance to bacterial infection 11.   54 

AD-HIES is caused by dominant negative mutations in signal transducer and activator of 55 

transcription 3 (STAT3), a transcription factor that plays a central role in the signal transduction 56 

pathway of multiple cytokines, growth factors, and other peptide hormones 2-4,6,7,12. In resting 57 

cells, STAT3 is located predominantly within the cytoplasm dimerized N-terminal-to-N-terminal 58 

(head-to-head) 13. In peptide hormone-stimulated cells, STAT3 is recruited to phosphotyrosyl 59 

(pY) peptide motifs within activated receptor complexes through its Src homology 2 (SH2) 60 

domain, becomes phosphorylated at Y705, then dimerizes C-terminal-to-C-terminal (tail-to-tail). 61 

Tail-to-tail STAT3 homodimers accumulate within the nucleus, where they bind DNA and 62 

activate the promoters of genes involved in tissue injury repair, inflammation, and immunity 14. 63 

STAT3 mutations associated with AD-HIES are usually single amino acid missense mutations or 64 

single in-frame deletions that occur at 46 residues within the protein, predominantly within the 65 

DNA binding domain (DBD) or the SH2 domain of STAT3 2-4,6,7. The dominant-negative effect 66 

of these mutations results from dilution of functional WT:WT tail-to-tail dimers by a 3-fold 67 

excess of dysfunctional dimers—mutant (M):mutant (M) and M:WT. A key issue remaining in 68 
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understanding the molecular pathogenesis of AD-HIES is the specific molecular mechanism for 69 

dysfunction for each of the mutant STAT3 alleles and whether these mechanisms overlap and can 70 

be targeted for therapeutic benefit. 71 

Our lab and others have shown that STAT3 requires chaperones to achieve its native 72 

conformation and function within the cell 12,15,16. Specifically, STAT3 requires interaction with 73 

the eukaryotic protein folding machine or chaperonin, tailless-complex polypeptide-1 (TCP-1) 74 

ring complex (TRiC), for its biogenesis and folding 16. Multiple additional chaperones play a role 75 

in optimizing STAT3 protein function, especially heat shock proteins (HSP) 90 and HSP70, 76 

which raises the possibility that some mutated STAT3 proteins may be less stable and exceed 77 

chaperone capacity, resulting in misfolded STAT3 protein. Our results strongly support the 78 

hypotheses that AD-HIES STAT3 mutations reduce STAT3 function by decreasing STAT3 79 

stability within the cell and that STAT3 function can be improved in cells from AD-HIES 80 

patients and a mouse model of AD-HIES by upregulating chaperone protein activity.  81 

 82 

METHODS: 83 

Stability modeling. To predict the impact of AD-HIES mutations on STAT3 stability, 5 84 

protein stability predictors [PoPMuSiC 2.1 17, I-Mutant 2.0 18, MU Pro 19, SDM 20, and DFIRE 85 

21] were used to analyze the 77 STAT3 mutations identified in AD-HIES patients that result in 86 

single amino acid residue substitutions or deletions. In addition, the functional importance of 87 

each mutated STAT3 residue was estimated using real-valued evolutionary trace methodology 22. 88 

See Supplemental Data for additional details.  89 

Plasmids. Site-directed mutagenesis was performed for AD-HIES mutations R382W, 90 

V463del, V637M, and Y657S using a kit (QuikChange II; Agilent Technologies) and the pSG5 91 
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vector containing the human Flag-tagged STAT3 cDNA (kind gift of Shuo Dong PhD, Baylor 92 

College of Medicine). Primers were designed using QuikChange Primer Design Program 93 

(www.genomics.agilent.com/primerDesignProgram.jsp). The sequence of each STAT3 mutant-94 

containing plasmid was confirmed by sequencing.  95 

In vitro transcription and translation. In vitro transcription and translation reactions (50 96 

μL) were carried out using a rabbit reticulocyte lysate (RRL) system, as described 23. Briefly, 97 

RRL (TNTT7 Quick Coupled Transcription/Translation System; Promega) reactions included 98 

[35S]-methionine and 1 μg of pSG5 vector containing the insert of interest and were incubated for 99 

30 min at 30 °C, then terminated by the addition of 2mM puromycin, 5 mM EDTA, and 1 mM 100 

azide.  101 

TRiC immunoprecipitation. TRiC immunoprecipitation was performed, as described 16. 102 

See Supplemental Data for more details.  103 

EBV-transformed B (EBV) cells and PBMC. Venous blood samples were obtained from 104 

AD-HIES and non-AD-HIES patients at Texas Children’s Hospital (TCH) in Houston, TX, and 105 

at the National Institutes of Health (NIH) using IRB approved protocols. PBMC were isolated 106 

from anticoagulated blood by Ficoll-Hypaque sedimentation and a portion infected with EBV to 107 

generate EBV cells, as described 24.  See Supplemental Data for more details.  108 

Cycloheximide chase assays. Cycloheximide was purchased from Sigma-Aldrich and 109 

dissolved in cell media. EBV cells were treated with CHX (100 μM) to stop new protein 110 

synthesis, as previously described 25. Total STAT3 protein levels were measured over time using 111 

a Luminex bead-based assay and normalized to GAPDH, which has a half-life of > 72 hours, as 112 

previously described 26. 113 

Luminex assays. Luminex assays for pY-STAT3, total (t) STAT3, GAPDH, activated 114 
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caspase 3, HSP70, and HSP90 was performed, as described 27. See Supplemental Data for more 115 

details. 116 

Quantitative RT-PCR. Quantitative RT-PCR was performed, as described 27. See 117 

Supplemental Data for more details.  118 

Cytokines, HSF1A, and GGA. Recombinant human IL-6 and IL-21 were obtained from 119 

R&D Systems. The chemical structure of HSF1A was obtained 28 and custom synthesized by 120 

ChemBridge Corporation. HSF1A was dissolved using DMSO to a concentration of 25 mg/ml. 121 

GGA was purchased from Sigma-Aldrich and suspended in DMSO at 10 mg/ml. See 122 

Supplemental Data for more details. 123 

Phosphoflow. PBMCs from healthy donors and AD HIES patients were isolated by 124 

Ficoll-Paque density gradient (GE Healthcare), cryopreserved in fetal bovine serum (GE 125 

Biosciences) containing 10% dimethyl sulfoxide (Fisher Scientific) and stored at −140°C until 126 

further use. After thawing, PBMCs were resuspended in RPMI 1640 supplemented with 10% 127 

FBS, glutamine, penicillin and streptomycin (GIBCO) and incubated for 48 hours in the presence 128 

of GGA, HSF1A or vehicle (DMSO) at a final concentration of 3 μM added daily to the cultures. 129 

After 2 days, PBMCs were washed, resuspended, rested for 2 hours in serum-free RPMI 1640 130 

supplemented with GGA, HSF1A or vehicle, then stained and analyzed as described in 131 

Supplemental Data. 132 

Th17 cell polarization and IL-17 intracellular staining. Total CD4+ T cells were 133 

enriched from splenocytes isolated from mut-Stat3 11 and cage-control, wild type (WT) mice (6-134 

10 weeks old) using a MojosortTM mouse CD4+ T cell isolation kit (BioLegend). CD4+ cells were 135 

incubated under Th17 cell polarizing conditions 29, washed, stimulated for 5 hours with the cell 136 

activation cocktail (BioLegend), permeabilized, and stained with anti-IL-17A APC (clone 137 
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eBio17B7, eBioscience).  Data was collected with BD LSR II and analyzed with Flowjo software 138 

(Tree Star). 139 

Statistical analysis. STATa 11.2 was used for statistical analysis. See Supplemental Data 140 

for more details. 141 

 142 

RESULTS  143 

Computer modeling predicts that most STAT3 AD-HIES mutations are destabilizing and 144 

separates them into three categories--functional, structural, and structural-functional. 145 

We identified 87 unique STAT3 mutations reported in the literature 2-4,6,7,30-38. Seventy-146 

four mutations are single amino acid missense mutations (involving 46 residues), 3 mutations are 147 

in-frame deletions, and 10 mutations contain larger deletions or duplications. We analyzed the 77 148 

single amino acid substitutions and in-frame deletions using 5 computer-based programs to 149 

predict their impact on protein stability (Table S1). Each individual program predicted that most 150 

mutations are destabilizing; a composite analysis of all 5 programs predicted that 62 (81%) 151 

mutations were destabilizing (Table S1).  152 

We next used Evolutionary Trace (ET) methodology to predict the functional importance 153 

of the STAT3 residues mutated in AD-HIES 39. Based on its location within the STAT3 crystal 154 

structure 40 and other considerations, each STAT3 mutation has a high ET ranking, indicating a 155 

strong effect on STAT3 function (Table S2, Fig. S1). We completed a second ET analysis for 156 

STAT3 mutations located within the SH2 domain, which allowed us to differentiate the predicted 157 

effect of a mutation on SH2 domain stability from its aggregate effect on STAT protein function 158 

(Table S2). Combining the ET ranking, solvent accessibility, and distance from the DNA 159 

binding site or SH2 dimerization interface, we determined that 20 mutations were predicted to 160 
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impair DNA binding, 25 mutations were predicted to impair dimerization, and 20 mutations were 161 

predicted to impair the folding of STAT3 (Table S2).  162 

Combining this analysis with the stability predictions, we categorized each of the 77 163 

mutations into one of three groups: functional, structural, or structural-functional (Table S3). 164 

Functional (F) mutations affect a domain-specific function of STAT3, such as DNA binding or 165 

tail-to-tail dimerization, without affecting STAT3 stability. This category includes 15 mutations, 166 

such as the most common AD-HIES mutation, R382W, which is thought to directly impair DNA 167 

binding 40. Structural (S) mutations destabilize and impair the folding of STAT3, thereby 168 

indirectly affecting STAT3 functions such as DNA binding, phosphotyrosylation, or 169 

dimerization. This category includes 20 mutations, including the second most common AD-170 

HIES mutation, V463del, located in the DBD, as well as several mutations in the SH2 domain 171 

“hot spot” at residue Y657, i.e. Y657S, Y657C, and Y657N. Structural-functional (S-F) 172 

mutations are predicted to be both destabilizing and to directly impair a domain-specific STAT3 173 

function. This category includes 42 mutations, such as V637M, the most common mutation in 174 

the SH2 domain and the third most common AD-HIES mutation, overall (Fig. 1, Table S3, Fig. 175 

S2). 176 

STAT3 protein half-life and activity within AD-HIES patient EBV cells supports the 177 

computer-based categorization and stability predictions of STAT3 mutations.  178 

To test our computer-based categorization and stability predictions, we determined 179 

STAT3 protein half-life, a surrogate marker for stability, using cycloheximide (CHX) chase 180 

assays in EBV cells from 8 AD-HIES patients and 2 controls (Fig. 2; Table 1). Total STAT3 181 

protein levels were measured over time after addition of CHX, which inhibited new protein 182 

synthesis. The half-life of STAT3 protein within EBV cells containing STAT3 S or S-F mutations 183 
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was reduced by 79% compared to control cells (p<0.05; Fig. 2B and C; Table 1). In contrast, the 184 

half-life of STAT3 protein in EBV cells containing the STAT3 F mutation, R382W, was similar 185 

to control cells (Fig. 2A; Table 1). These results strongly support our computer-based 186 

categorization of AD-HIES STAT3 mutations and their predicted effect on STAT3 protein 187 

stability. 188 

 Similar to results reported previously 41, cytokine-induction of suppressor of cytokine 189 

signaling (SOCS) 3, a gene transcriptionally activated by STAT3, was reduced by 75% 190 

compared to controls in EBV cells in both the DBD mutation sub-group and the SH2 domain 191 

mutation sub-group (Fig. S3A), which could be attributed, in the case of the SH2 domain 192 

subgroup, to reduced levels of cytokine-induced pY-STAT3 (Figs. S3C and S3D) but not to 193 

reduced levels of total STAT3 (Fig. S3B). Re-examination of the SOCS3 induction data after 194 

subgrouping AD-HIES EBV cells into F, S, and S-F categories revealed that EBV cells in each 195 

subgroup demonstrated reduced SOCS3 induction, as expected (Fig. S3E). Of note, however, 196 

EBV cells in the STAT S-F mutation subgroup not only had reduced pY-STAT3 levels to 197 

explain reduced SOCS3 induction (Figs. S3G and S3H), but their reduced pY-STAT3 levels 198 

could be explained by reduced levels of total STAT3 protein (Fig. S3F). Thus, our categorization 199 

system revealed a new mechanism for reduced STAT3 function in AD-HIES patient cells, i.e. 200 

reduced levels of total STAT3 protein. 201 

STAT3 S mutant proteins have decreased interaction with TRiC and decreased biogenesis 202 

in vitro; STAT3 biogenesis and function can be improved by modulating TRiC levels or 203 

activity. 204 

We recently demonstrated that interaction with TRiC is required for optimal STAT3 205 

biogenesis and function 16. To determine if impaired interaction with TRiC contributes to 206 
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decreased stability and function of some mutant STAT3 proteins, 35S-labeled mutant and WT 207 

STAT3 proteins were expressed in rabbit reticulocyte lysates (RRL) and subjected to TRiC 208 

immunoprecipitation.  STAT3 S mutant proteins, V463del and Y657S, demonstrated markedly 209 

reduced TRiC binding compared with STAT3 WT protein (p < 0.001; Fig. 3A). In contrast, 210 

STAT3 F mutation R382W protein and S-F mutation V637M protein each had equivalent TRiC 211 

binding compared to WT protein. In addition to reduced binding to TRiC, the level of STAT3 S 212 

mutation Y657S protein produced in RRL was reduced to 47% of WT protein. Of note, addition 213 

of exogenous purified bovine TRiC (120 nM) normalized levels of STAT3 S mutation Y657S 214 

protein, indicating that the impaired biogenesis of STAT3 S mutant protein by RLL could be 215 

overcome by increasing the level and/or activity of TRiC (Fig. 3B).    216 

HSF1A is a small molecule reported to ameliorate protein misfolding in a cell line model 217 

of polyQ-mediated neurodegeneration by binding to and modulating TRiC function 28. To 218 

determine if HSF1A could increase STAT3 levels and/or function, EBV cells from control and 219 

AD-HIES patients were incubated with HSF1A (3 μM) for 48 hours (conditions demonstrated to 220 

be optimal for maximizing cytokine-induced pY-STAT3 levels in EBV cells with STAT3 S 221 

mutation Y657S; Fig. S4). Cytokine-induced SOCS3 mRNA levels in EBV cells containing S 222 

mutation V463del, T622I, or Y657S increased from 5.4-23% of WT to 38-62% of WT (p<0.01, 223 

Fig. 4A). Cytokine-induced SOCS3 mRNA levels also were increased by HSF1A in EBV cells 224 

containing S-F mutation R423Q, S611N, V637M, or N647D EBV cells from 20-34% of WT to 225 

45-94% of WT (p<0.01; Fig. 4A). Cytokine-induced SOCS3 mRNA levels also were increased 226 

by HSF1A in EBV cells containing F mutation R382W, but the magnitude of improvement was 227 

less than seen in S and S-F mutations, as expected (p < 0.01; Fig. 4A). To further confirm these 228 

results, we measured mRNA levels of additional STAT3 target genes, Bcl-6 and PRDM1 (Fig. 229 
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S5). HSF1A treatment of EBV cells containing S mutation Y657S or V463del increased 230 

cytokine-induced mRNA levels of Bcl-6 and PRDM by 4 to 11-fold. HSF1A treatment in EBV 231 

cells containing S-F mutation V637M also increased mRNA levels of Bcl-6 and PRDM by 2.3 to 232 

3.3-fold.  233 

All cell lines demonstrated increased total STAT3 levels after treatment with HSF1A 234 

(Fig. 4B) and all cell lines but two (S-F mutation V637M and F mutation R382W) demonstrated 235 

increased levels of cytokine-stimulated pY-STAT3 (Fig. 4C,D) indicating that HSF1A improves 236 

STAT3 activity, at least in part, by increasing total STAT3 levels in the cell. We next repeated 237 

the STAT3 protein half-life experiments with Y657S EBV cells after 48 hours of treatment with 238 

3 μM HSF1A. Remarkably, HSF1A normalized the half-life of STAT3 in EBV cells containing 239 

S mutation Y657S (Fig. 4E-F). 240 

Geranylgeranylacetone (GGA) improved STAT3 function in AD-HIES patient EBV cells. 241 

In addition to TRiC, STAT3 requires interaction with HSP70 and HSP90 for optimal 242 

function in the cell 12,15. GGA is an antiulcer drug that induces expression of HSP70 and HSP90. 243 

When given to rats during intracerebral hemorrhage, GGA increased pY-STAT3 levels without 244 

affecting total STAT3, leading to decreased cell apoptosis and improved functional recovery 42. 245 

EBV cells from control and AD-HIES patients were incubated with GGA (3 μM) for 48 hours 246 

(conditions demonstrated to be optimal for maximizing cytokine-induced pY-STAT3 levels in 247 

EBV cells with S mutation Y657S; Fig. S6). Cytokine-induced SOCS3 mRNA levels in EBV 248 

cells with S mutation V463del, T622I or Y657S were increased from 5.4-23% of WT to 29-249 

104% of WT with GGA treatment (p<0.01). Cytokine-induced SOCS3 mRNA levels in EBV 250 

cells with S-F mutations R423Q, S611N, V637M, or N647D also were increased from 20-34% 251 

of WT to 34-71% of WT after GGA treatment (p < 0.01; Fig. 5A). In addition, cytokine-induced 252 
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SOCS mRNA levels in EBV cells containing F mutation R382W increased from 2.4% to 20% of 253 

WT with GGA treatment (p<0.01; Fig. 5A). GGA treatment also increased levels of cytokine-254 

induced mRNA levels of Bcl-6 and PRDM1 by 3 to 12 fold in EBV cells with S mutation Y657S 255 

or V463del and by 1.8 to 3 fold in EBV cells containing the S-F mutation V637M (Fig. S7). 256 

 Unlike HSF1A, treatment with GGA increased total STAT3 levels only in EBV cells 257 

containing STAT3 WT or STAT3 S-F mutation S611N (Fig. 5B). In contrast, treatment with 258 

GGA increased cytokine-stimulated pY-STAT3 in all cell lines tested except one containing S-F 259 

mutation V637M (Fig. 5C,D). We next performed STAT3 protein half-life experiments with 260 

Y657S EBV cells after 48 hours of GGA treatment. Like HSF1A, GGA normalized STAT3 261 

protein half-life in EBV cells containing S mutation Y657S (Fig. 5E,F).  262 

As expected, GGA treatment increased levels of HSP70 protein by 1.9 fold and levels of 263 

HSP90 protein by 1.3 fold in EBV cells (Fig. 5G; p<0.05 for both), suggesting that increases in 264 

both HSPs contributed to increased STAT3 protein half-life and function. To further support the 265 

conclusion that the effect of GGA was mediated directly by its effects on HSP levels, especially 266 

levels of HSP70, we expressed GFP-HSP70 in EBV cells from a normal control (WT), or EBV 267 

cells containing STAT3 mutations V463del or Y657S, and measured levels of IL-21-induced 268 

SOCS3 mRNA (Fig. S9). Ectopic expression of GFP-HSP70 resulted in increased IL-21-induced 269 

expression of SOCS3, especially in V463del EBV cells, supporting the conclusion that GGA 270 

increased STAT3 function by increasing HSP70 activity.  271 

HSF1A and GGA increased levels of cytokine-induced pY-STAT3 in CD4+ and CD8+ T 272 

cells.  273 

To determine if either HSF1A or GGA could improve STAT3 activity in primary 274 

immune cells from AD-HIES patients, PBMCs were isolated from a patient with V463del, 275 
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the second most common STAT3 mutation overall and the most common STAT3 S 276 

mutation, and a healthy control. PBMCs were incubated in HSF1A or GGA in triplicate 277 

aliquots and examined by multiparametric flow cytometry for level of pY-STAT3 following 278 

stimulation with IL-21. Preincubation with HSF1A (Fig. 6A) or GGA (Fig. 7A) increased the 279 

percentage of IL-21 stimulated pY-STAT3-positive CD4+ T cells by 31% and 29% (p=0.0013 280 

and 0.0052, respectively) and their MFI by 9% and 7% (p=0.0028 and 0.02, respectively). 281 

Pretreatment with HSF1A or GGA also increased the percentage of pY-STAT3-positive 282 

CD8+ T cells by 60% and 32% (p=0.0003 and 0.011, respectively) and their MFI by 24% 283 

and 14 % (p= 0.0004 and 0.043, respectively).  In contrast, preincubation of healthy control 284 

PBMCs with HSF1A did not change the percentage of pY-STAT3-positive cells or their MFI 285 

in either CD4+ or CD8+ T lymphocytes upon stimulation with IL-21, while preincubation 286 

with GGA, actually decreased pY-STAT3 frequencies and MFI in both CD4+ and CD8+ T cells 287 

(p<0.03 for all). This effect of GGA to reduce pY-STAT3 frequencies and MFI was observed 288 

in about 50% of PBMC from healthy controls and indicates that the ability of GGA to 289 

increase the frequency of pY-STAT3-positive cells and the levels of pY-STAT3 per cell 290 

following IL-21 stimulation is specific to patients cells containing a mutant STAT3 allele. 291 

 To determine the robustness of these observations, PBMC from 4 different AD-HIES 292 

patients with S mutations (3 patients with V463del and 1 patient with F621V) and 7 healthy 293 

controls were incubated in medium containing HSF1A (3 μM), GGA (3 μM), or vehicle for 48 294 

hours and stimulated with IL-21 for 30 min. Each patient was tested in at least 4 independent 295 

experiments. Pretreatment with HSF1A (Fig. 6B) or GGA (Fig. 7B) increased the percentage of 296 

IL-21-stimulated pY-STAT3 positive CD4+ T cells by 28% and 35%  (p≤0.01 for both) and their 297 

MFI by 8% and 9% (p=0.0069 and 0.0055, respectively). HSF1A and GGA also increased the 298 
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percentage of pY-STAT3-positive CD8+ T cells by 39% and 45% (p=0.01 for both) and their 299 

MFI by 13% for both (p=0.0069 and 0.01, respectively). In contrast, preincubation of healthy 300 

control PBMC with either PM had no effect indicating, as above, that the IL-21-stimulated 301 

increase in frequency of pY-STAT3-positive cells and the levels of pY-STAT3 per cell is 302 

specific to patient cells containing a mutant STAT3 allele. 303 

HSF1A and GGA increase numbers of IL-17-producing CD4+ cell in cultures of mut-304 

Stat3 mouse splenocytes. 305 

 To determine whether GGA or HSF1A treatment can improve Th17 numbers, we 306 

incubated splenic CD4+ T cells isolated from the mut-Stat3 or cage-control, wild type (WT) mice 307 

under conditions that support Th17 polarization in the absence or presence of GGA or HSF1A 308 

(Fig. 8).  All cells within the mut-Stat3 mouse contain 2 copies of the V463del STAT3 transgene, 309 

in addition to 2 wild-type Stat3 alleles; the mut-Stat3 mouse phenocopies AD-HIES patients, 310 

including their reduced ability to generate Th17 cells 11. As expected, the percentage of IL-17 311 

producing CD4+ T cells in cell cultures from mut-Stat3 (3.12±2.10) were reduced compared to 312 

those from WT mice (6.34±3.37). Co-incubation of CD4+ cells from mut-Stat3 mouse spleens 313 

with GGA or HSF1A increased IL-17 producing cells by 49% (p=0.028) and 59% (p=0.029), 314 

respectively. In contrast, co-incubation of CD4+ cells from WT mouse spleens with GGA or 315 

HSF1A increased IL-17 producing cells by only 21% for GGA (p=0.048) and not significantly 316 

for HSF1A (4%; p=0.428), respectively. 317 

318 
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DISCUSSION 319 

Using computer modeling, we assigned each STAT3 mutation reported in AD-HIES 320 

patients that results in a single amino acid substitution or deletion (77 of 87 known mutations) to 321 

one of three categories—functional (F), structural (S), or structural-functional (S-F). Mutations 322 

falling into the S and S-F categories were predicted to be destabilizing. Measurement of STAT3 323 

protein half-life within EBV cells from AD-HIES patients confirmed the computer-based 324 

stability predictions. STAT3 S mutant proteins also demonstrated decreased interaction with 325 

TRiC, the major eukaryotic chaperonin, and were synthesized at a reduced rate in RRL, which 326 

was normalized by addition of exogenous purified TRiC. Importantly, treatment of EBV cells 327 

cells containing STAT3 S or S-F mutations with HSF1A, a TRiC-activity modulator, or GGA, an 328 

inducer of HSP70 and HSP90, substantially increased cytokine-stimulated STAT3 transcriptional 329 

activity in AD-HIES EBV cells. Of note, HSF1A and GGA also improved the ability of STAT3 330 

within AD-HIES patient CD4+ and CD8+ T cells to undergo cytokine-stimulated activation and 331 

the increased the number of IL-17-producing CD4+ T cells within cultures of mut-Stat3 332 

splenocytes. These findings support the use of chaperone protein modulators as a novel treatment 333 

approach for AD-HIES patients, particularly those with STAT3 S and S-F mutations. 334 

The dominant-negative effect of STAT3 mutations likely results from dilution of fully 335 

functional WT:WT tail-to-tail dimers by a 3-fold excess of dysfunctional dimers—mutant 336 

(M):mutant (M) and M:WT. In cells containing a DBD mutation, the dysfunctional M:M and 337 

M:W dimers are tail-to-tail dimers unable to bind DNA with sufficient affinity to achieve gene 338 

activation 4. In cells containing an SH2 domain mutation, dysfunctional M:M and M:W dimers 339 

are locked in the head-to-head conformation since they are unable to form stable tail-to-tail 340 

dimers 43. Alternatively, the dominant negative effect of AD-HIES STAT3 mutations may be due, 341 
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in part, to misfolding, aggregation, mistrafficking, or increased degradation of both the mutant 342 

and WT STAT3 protein. Retinitis pigmentosa and neurodegenerative diseases are examples of 343 

such diseases caused by autosomal dominant mutations 44. 344 

Our understanding of the molecular basis for dysfunction of each of the 87 AD-HIES 345 

STAT3 mutant alleles is evolving. STAT3 mutant dysfunction was initially linked to dysfunction 346 

of the domain containing the mutation, e.g. STAT3 protein within EBV cells from AD-HIES 347 

patients with DBD mutations demonstrated impaired DNA binding but normal cytokine-induced 348 

STAT3 tyrosine phosphorylation 4; STAT3 protein within EBV cells from AD-HIES patients 349 

with SH2 mutations demonstrated reduced cytokine-induced pY-STAT3 levels and/or 350 

dimerization but normal DNA binding 6. However, subsequent reports using EBV cells with 351 

DBD mutations demonstrated variable levels of cytokine-induced pY-STAT3 ranging from 352 

equivalent to significantly less than WT EBV cells 45; an explanation for this additional 353 

abnormality was not provided. Our results indicate that STAT3 dysfunction within EBV cells 354 

containing DBD mutations extends beyond impaired STAT3 DNA binding to include reduced 355 

cytokine-induced pY-STAT3 levels, as well as reduced total STAT3 levels, both of which can be 356 

attributed to our finding that most DBD STAT3 mutations are destabilizing. Likewise, we 357 

showed that EBV cells containing S mutations, Y657S and T622I, within the SH2 domain have 358 

both impaired cytokine-induced tyrosine phosphorylation, as well as decreased levels of total 359 

STAT3 compared with WT, which has not been reported previously. Thus, our findings indicate 360 

that the molecular basis for defective STAT3 function in AD-HIES not only involves 361 

dysfunction of the domain in which the mutated residue is found, but also may be due to the 362 

effect that the mutation has on overall STAT3 protein stability. 363 
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In this study, we examined the effects of two modulators of chaperone proteins, HSF1A 364 

and GGA, on STAT3 protein activity in EBV cells and PBMC from AD-HIES patients. HSF1A 365 

increased cytokine-induced expression of STAT3 target genes in 7 of 8 patients’ EBV cells by 366 

up to 79% of WT. In addition, HSF1A increased the percentages of cytokine-stimulated pY-367 

STAT3 levels and the MFI per cell in CD4+ and CD8+ T cells within PBMC of AD-HIES 368 

patients. HSF1A is a benzyl pyrazole derivative that binds to TRiC and was shown to alleviate 369 

aggregation and cytotoxicity of polyQ proteins expressed in neuronal precursor cells, as well as 370 

in a fruit fly model of polyQ-dependent toxicity 28. Our results showed that HSF1A increased 371 

STAT3 transcriptional activity in AD-HIES patients’ EBV cells by increasing levels of pY-372 

STAT3 in 6 of 8 patients’ EBV cells. The increase in pY-STAT3 levels was mediated largely 373 

through an increase in the level of total STAT3 protein, which is consistent with the possibility 374 

that HSF1A improved the ability of TRiC to fold nascent mutant STAT3 protein.  375 

GGA has been shown to bind to the substrate-binding domain of HSP70, which down-376 

modulates its activity and increases proteostasis stress. Proteostasis stress has been shown to 377 

promote heat shock factor (HSF) 1 activation resulting in induction of HSP expression, primarily 378 

HSP70, and to a lesser degree HSP90 28. Similar to HSF1A, GGA increased the STAT3 379 

transcriptional activity in AD-HIES patients’ EBV cells by increasing levels of cytokine-380 

stimulated pY-STAT3 in 8 of 8 patients’ EBV cells However, unlike HSF1A, GGA increased 381 

total STAT3 levels in only 1 of 8 patients’ EBV cells suggesting its effects are not mediated 382 

through improved synthesis and folding of nascent STAT3 protein, rather through improved 383 

function of native STAT3. Importantly, GGA also increased levels of cytokine-stimulated pY-384 

STAT3 in CD4+ and CD8+ cells within PBMC of AD-HIES patients and increased IL-17A-385 

producing CD4+ cell in cultured splenocytes from mut-Stat3 mice. GGA has been used safely as 386 
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an anti-ulcer drug for over 30 years in Japan; adverse reactions include headache, nausea, 387 

anorexia, diarrhea, constipation, skin rash, itching, and elevated liver enzymes, which are treated 388 

symptomatically and are self-limited. Thus, GGA merits further development into a potential 389 

treatment for AD-HIES either alone or in combination with HSCT. HSCT alone may resolve the 390 

immune cell deficiencies in AD-HIES 10, but residual STAT3 dysfunction, most likely in non-391 

immune cells, appears to cause persistent problems 8,11,46. Alternative approaches to increasing 392 

STAT3 levels and/or function in AD-HIES, such as gene therapy, pose the risk of increased rates 393 

of malignancy 47-49.  394 

In addition to suggesting novel approaches to AD-HIES, we believe that the findings 395 

reported here will have broader implications as modulation of protein stability may be beneficial 396 

in other primary immunodeficiencies that result from mutations in transcription factors, such as 397 

STAT1 50,51 and STAT5b 52, that are dominant-negative, because they function as homodimers, 398 

and may be destabilizing.  399 
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TABLES 582 

Table 1. Computer modeling accurately predicts STAT3 protein half-life in EBV cells generated 583 

from 8 of 8 AD-HIES patients. 584 

Mutation Category Genotype 
(N)1 

Stability prediction 
(stable=0; unstable=2) 

Measured 
t1/2 ± SD (hr) 

None wt/wt 
(N=8) 

Stable (0) 25 ± 2 

Functional R382W/wt 
(N=4) 

Stable (0.4) 25.5 ± 3.3 

 
 

Structural 

V463del/wt 
(N=6) 

Destabilizing (1) 6.8 ± 4.83 

Y657S/wt 
(N=6) 

Significantly destabilizing (1.8) 5.5 ± 4.13 

T622I/wt 
(N=4) 

Destabilizing (0.6) 18 ± 5.82 

 
 
 

Structural-functional 

R423Q/wt 
(N=4) 

Destabilizing (0.6) 20 ± 2.32 

S611N/wt 
(N=4) 

Destabilizing (1.4) 7 ± 3.6 3 

N647D/wt 
(N=4) 

Destabilizing (0.8) 18.5 ± 32 

V637M/wt 
(N=4) 

Destabilizing (1) 5.3 ± 4.53 

1 N = number of experiments performed with each EBV cell. 585 
2 p < 0.05 compared with WT 586 
3 p < 0.0001 compared with WT  587 
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FIGURE LEGENDS 588 

Figure 1. Schematic model of STAT3 delineating the domain location and category 589 

assignment for each AD-HIES single amino acid missense mutation or in-frame deletion.  590 

Functional (F) mutations are shown in blue; structural (S) mutations are shown in red; structural-591 

functional (S-F) mutations are shown in purple.  592 

Figure 2. STAT3 protein half-life measurements in EBV cells from AD-HIES patients. 593 

Single representative experiments are shown for EBV cells with WT STAT3 and STAT3 F 594 

mutation R382W (A), EBV cells with STAT3 S mutations V463del or Y657S (B), and EBV cells 595 

with STAT3 S-F mutations R423Q or V637M (C). STAT3 protein half-life was determined as 596 

time after CHX addition until STAT3 levels decreased to 50% of starting level, as indicated by 597 

vertical lines. 598 

Figure 3. STAT3 proteins containing S mutations have decreased interaction with TRiC. In 599 

vitro transcription/translation reactions were performed in RLL containing 35S-methionine and 600 

equivalent amounts of cDNA constructs encoding WT or mutant STAT3 without or with 601 

exogenous bovine TRiC (120nM; TRiC) as indicated. In the top half of panels A and B, an 602 

equivalent fraction of each reaction was separated by SDS-PAGE, in the case of panel A, either 603 

before (Input) or after immunoprecipitation with anti-TRiC (TRiC-IP; column E) or control 604 

antibody (column C). Gels were dried and autoradiographed. In the bottom half of panels A and 605 

B, bands from multiple experiments (N as indicated or ≥3 where noted) were quantitated by 606 

densitometry and the mean ± SD plotted for each STAT3 cDNA construct. Differences in means 607 

of mutant constructs from WT are indicated by asterisks (*,** p<0.001, Student’s t-test). 608 

For personal use only.on December 14, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


 

 

29

Figure 4. HSF1A increased STAT3 function in AD-HIES patient EBV cells. EBV cells were 609 

treated with HSF1A (3 μM) for 48 hr then stimulated with IL-21 (50 ng/ml). SOCS3 expression 610 

was measured by Q-RT-PCR 120 minutes after stimulation (A). Total and phosphotyrosylated 611 

STAT3 and GAPDH were measured by Luminex 30 minutes after stimulation and results shown 612 

(B-D). STAT3 protein half-life determined (E-F; n≥4 for each experiment). Comparisons of 613 

means marked by symbols *, **, #, ##, ^, ^^, ×, ××, ∞∞, ∨, ∨∨, +, &, &&, §, §§ indicate p<0.01; 614 

symbol ∞ indicates p<0.05 (ANOVA A-D; Student’s t-test for F).  615 

Figure 5. GGA increased STAT3 function in AD-HIES patient EBV cells. EBV cells were 616 

treated with GGA (3 μM) for 48 hr then stimulated with IL-21 (50 ng/ml). SOCS3 expression 617 

was measured by Q-RT-PCR 120 minutes after stimulation (A). Total and phosphotyrosylated 618 

STAT3 and GAPDH were measured by Luminex 30 minutes after stimulation (B-D). STAT3 619 

protein half-life in a single representative experiment (E) and in multiple experiments (F; N=3). 620 

Comparisons of means marked by symbols *, **, #, ^, ×,∨, +, &, §, indicate p<0.01; symbol ∞ 621 

indicates p<0.05. Levels of HSP70 and HSP90 were determined without and with GGA in two 622 

experiments (G); symbols *, # indicate p<0.05.  623 

Figure 6. HSF1A increased STAT3 function in AD-HIES patient PBMC. PBMC from a 624 

patient with STAT3 S mutation V463del or a healthy control were each preincubated in triplicate 625 

aliquots with HSF1A and stimulated with IL-21, as above (G). PBMC from three patients with 626 

STAT3 S mutation V463del, one patient with STAT3 S mutation F621V, and 7 healthy controls 627 

were incubated with HSFA1 and stimulated with IL-21, as above, each on 4 or more occasions 628 
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(H). Results shown are percentage of pY-STAT3-positive cells and MFI in CD4+ and CD8+ T 629 

cells determined by multiparametric flow cytometry [ANOVA (G), paired T-test (H)]. 630 

Figure 7. GGA increased STAT3 function in AD-HIES patient PBMC. PBMC from a patient 631 

with STAT3 S mutation V463del or a healthy control were each preincubated in triplicate 632 

aliquots with GGA and stimulated with IL-21, as above (H). PBMC from three patients with 633 

STAT3 S mutation V463del, one patient with STAT3 S mutation F621V, and 7 healthy controls 634 

were incubated with GGA and stimulated with IL-21, as above, each on 4 or more occasions (I). 635 

Results shown are percentage of pY-STAT3-positive cells and MFI in CD4+ and CD8+ T cells 636 

determined by multiparametric flow cytom [ANOVA (H), paired T-test (I)]. 637 

Figure 8. GGA and HSF1A increased IL-17A producing cells within CD4+ splenocytes 638 

from mut-Stat3 mice. Representative flow cytometry analysis (panel A) of TCR+ CD4+ T cells 639 

in splenocytes from mut-Stat3 or wild type (WT) mice; IL-17A intracellular staining was 640 

performed upon isolation without PMA/Ionomycin stimulation (Unstimulated) or after 641 

incubation in Th17 polarizing conditions either without proteostasis modulators (no PMs) or with 642 

GGA (3 μM) or HSF1A (3 μM) and stimulation with PMA/Ionomycin. In panel B, the 643 

percentage of IL-17A producing TCR+CD4+ cells measured in the presence of GGA or HSF1A 644 

was normalized to the percentage in the absence of proteostasis modulators and the mean and SD 645 

(vertical bars) plotted for each mouse in both the mut-Stat3 and WT groups (n=4; p values 646 

determined using paired t-test are shown).  647 
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