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Abstract 41 

Background: Given their unique capacity for antigen uptake, processing, and presentation, 42 

antigen presenting cells (APCs) are critical for initiating and regulating innate and adaptive 43 

immune responses. We have previously shown the role of nicotinamide adenine dinucleotide 44 

(NAD+) in T cell differentiation independently of the cytokine milieu, while the precise 45 

mechanisms remained unknown. 46 

Objective: The objective of this study is to further dissect the mechanism of actions of NAD+, 47 

and to determine the impact of APCs on NAD+-mediated T cell activation. 48 

Methods: Isolated dendritic cells and bone marrow-derived mast cells were used to characterize 49 

the mechanisms of action of NAD+ on CD4+ T cell fate in vitro. Furthermore, NAD+-mediated 50 

CD4+ T cell differentiation was investigated in vivo using WT C57BL/6, Mast cell-/-, MHC class ll-/-51 

, WASP-/-, 5C.C7 Rag2-/- and CD11b-DTR transgenic mice. Finally, we tested the physiological 52 

impact of NAD+ on the systemic immune response in the context of Listeria monocytogenes 53 

infection.  54 

Results: Our in vivo and in vitro findings indicate that following NAD+ administration MCs, 55 

exclusively, promote CD4+ T cell differentiation, both in absence of antigen and independently of 56 

major APCs. Moreover, we found that MCs mediated CD4+ T cell differentiation independently 57 

of MHC-II and TCR signaling machinery. More importantly, although treatment with NAD+ 58 

resulted in a decreased MHC-II expression on CD11c+ cells, MC-mediated CD4+ T cell 59 

differentiation rendered mice resistant to the administration of lethal doses of Listeria 60 

monocytogenes. 61 

Conclusions: Collectively, our study unravels a novel cellular and molecular pathway that 62 

regulates innate and adaptive immunity via MCs, exclusively, and underscores the therapeutic 63 

potential of NAD+ in the context of primary immunodeficiencies and antimicrobial resistance.  64 
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Key Messages 65 

• NAD+ alone regulates CD4+ T cell fate in absence of antigen  66 

• NAD+ regulates CD4+ T cell fate independently of major APCs and MHC-TCR signaling 67 

machinery  68 

• Mast Cells, exclusively, regulate CD4+ T cell differentiation following NAD+ administration 69 
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Capsule Summary 70 

NAD+
 mediates an immune response via mast cells that is APC-MHC-TCR independent and 71 

protects from lethal doses of Listeria monocytogenes. 72 

 73 

Keywords 74 

nicotinamide adenine dinucleotide; mast cells; t cells; antigen presentation; MHC; TCR; CD4+ T 75 

cell differentiation; dendritic cells; macrophages; Listeria monocytogenes; cytokine 76 
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Abbreviations (in order of appearance) 77 

APCs    antigen presenting cells 78 

MHC    major histocompatibility complex 79 

TCR    T cell receptor 80 

DCs    dendritic cells 81 

CTL    cytotoxic T lymphocyte 82 

PAMPs   pathogen-associated molecular patterns 83 

DAMPs   damage-associated molecular patterns 84 

PRRs    pattern recognition receptors 85 

MCs    mast cells 86 

Ig    immunoglobulin 87 

EAE    experimental autoimmune encephalomyelitis 88 

NAD+    nicotinamide adenine dinucleotide 89 

CD    cluster of differentiation 90 

IL    interleukin 91 

WT    wild type 92 

CFU    colony-forming unit 93 

PBS    phosphate-buffered saline 94 

i.p.    intra-peritoneal 95 

BMMCs    bone marrow-derived mast cells 96 

SD    standard deviation 97 

PID    primary immunodeficiency disease 98 

MCMIR   mast-cell mediated immune regulator   99 
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Introduction 100 

Antigen presenting cells (APCs) play a central role in the regulation of innate and adaptive 101 

immune responses1. APCs have the ability to capture, process and present antigens via their 102 

MHC cell surface molecules to the T cell-receptor (TCR) in order to mount a MHC-restricted 103 

immune response2-6. APCs include a myriad of immune cells such as B cells, neutrophils, 104 

macrophages, eosinophils, basophils and dendritic cells (DCs). Among these populations, DCs 105 

are considered as the major APCs bridging innate and adaptive immune responses7, 8. The 106 

mode of action of DCs is mediated at least through three signals: 1) TCR activation, 2) 107 

activation of co-stimulatory molecules, and 3) secretion of chemokines and pro-inflammatory 108 

cytokines8. Indeed, depletion of CD11c+ DCs has been shown to alter cytotoxic T lymphocyte 109 

(CTL) responses to infection as well as CD4+ T cell activation and antibody production9. In 110 

addition, DCs can also regulate innate and adaptive immune responses by recognizing 111 

pathogen-associated molecular patterns (PAMPs), such as microbial nucleic acids, lipoproteins, 112 

and carbohydrates, or damage-associated molecular patterns (DAMPs) released from injured 113 

cells via intracellular or surface-expressed pattern recognition receptors (PRRs)10-14. 114 

Although considered as “atypical” APCs, Mast cells (MCs) have been mainly described for their 115 

role in allergic and autoimmune responses15, 16. It is well established that MCs are important 116 

effector cells in IgE-mediated allergic inflammation and MCs are also recognized to influence 117 

innate and adaptive immune responses8, 16.  118 

MC-deficient mice have been shown to exhibit an altered CD4+ T cell response to infection and 119 

in experimental autoimmune encephalomyelitis (EAE), a mouse model for human multiple 120 

sclerosis, suggesting that MCs play a role in mediating T cell responses17-20. Like DCs, MCs can 121 

directly present antigens to T cells in vitro, inducing an antigen-specific clonal expansion of T 122 

cell populations, and are known to express co-stimulatory molecules and to secrete a myriad of 123 

chemokines and pro-inflammatory cytokines8, 15, 16, 21. However, MCs express MHC class II 124 

intracellularly rather than at the cell surface22. Moreover, MCs have been shown to promote T 125 

cell activation in an antigen-independent manner and no direct evidence has been provided so 126 
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far on the capacity of a direct antigen presentation to the TCR8, 23. Thus, the mechanisms by 127 

which MCs regulate T cell responses remain unclear and yet to be determined. 128 

Recently, we have shown the role of nicotinamide adenine dinucleotide (NAD+), a co-factor 129 

found in all living cells and in nutrients, in T cell fate regulation24, 25. We have demonstrated that 130 

NAD+ was able to regulate CD4+ T cell differentiation through a novel pathway that is 131 

independent of the cytokine environment and well-established transcription factors25. More 132 

recently, we have reported the unique immunosuppressive properties mediated by NAD+ via a 133 

systemic IL-10 cytokine production24. Although we characterized the role of NAD+ in regulating T 134 

cell fate, the precise mechanisms of action remain largely unknown. 135 

Here, we show that following NAD+ administration MCs, exclusively, are able to induce CD4+ T 136 

cell differentiation in vitro and in vivo in the absence of antigen and major APCs. Furthermore, 137 

we demonstrate that MC-driven CD4+ T cell differentiation was independent of MHC class II or 138 

TCR activation. Furthermore, when assessing the functional impact of MC-mediated CD4+ T cell 139 

differentiation we observed that treatment with NAD+ resulted in profound alterations in innate 140 

and adaptive immunity and survival outcome following Listeria monocytogenes infection. 141 

Collectively, our study unravels a new cellular and molecular pathway regulating innate and 142 

adaptive immune responses that is mediated exclusively by MCs.  143 
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Methods 144 

Animals and diphteria toxin treatment 145 

Eight- to ten-week old WT C57BL/6 (B6, H2b) mice were purchased from Charles River 146 

Laboratories. Mast cell-/- (WBB6F1/J-KitW/KitW-v/J (KitW/KitW-v) and KitW-sh/HNihrJaeBsmJ 147 

(kitWsh/KitWsh), MHCll-/- (B6.129S-H2dlAb1-Ea), WASP-/- (B6.129S6-Wastm1Sbs/J) and CD11b-DTR 148 

(B6.FVB-Tg(ITGAM-DTR/EGFP)34Lan/J) mice were purchased from Jackson Laboratory. 149 

Rag2-/- γc-/- (B10; B6-Rag2tm1Fwa II2rgtm1Wjl), Rag2-/- and 5C.C7 Rag2−/− mice (both on B10.A 150 

background) were purchased from Taconic. For CD11b+ cell depletion with diphtheria toxin 151 

treatment, CD11b-DTR transgenic mice weighing 25–30 g were injected with diphtheria toxin 152 

(25 ng/g body weight, Sigma-Aldrich) 24 hours before and 72 hours after beginning of NAD+ or 153 

PBS administration.  154 

 155 

Isolation of mouse naïve CD4 +CD44-CD62L+T cells and DCs 156 

Single-cell leukocyte suspensions were obtained from spleens of eight- to ten-week old 157 

C57BL/6 mice and naïve CD4+CD44-CD62L+ T cells were isolated by flow cytometry as 158 

described previously25. For isolation of CD11c+ DCs, single-cell leukocyte suspensions were 159 

obtained from spleens of eight- to ten-week C57BL/6 WT mice. CD11c+ DCs were then isolated 160 

with the EasySep Mouse CD11c Positive Selection Kit according to the manufacturer’s protocol 161 

followed by cell sorting (CD11c+CD11b+ cells). 162 

 163 

Listeria monocytogenes infection 164 

Listeria monocytogenes bacteria (ATCC #35152) were cultured overnight at 37 °C in Brain 165 

Heart infusion (BHI, Teknova, CA) with gentle agitation. Eight- to ten-week old WT and MC-/- 166 

mice were infected i.p. with 0.1 ml of a solution containing 1 x 107 CFU (non-lethal dose) or 1 x 167 

108 CFU (lethal dose) of viable L. monocytogenes cells in 0.01 M phosphate-buffered saline 168 

(PBS; pH 7.4). Weight loss and survival following infection was monitored. Prior to infection 169 

mice were pre-treated daily for a period of five days with NAD+ (40mg, i.p.) or pre-treated 5 days 170 
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prior to infection and continuously treated daily post infection. 171 

 172 

Cultivation of bone marrow-derived mast cells  173 

BMMCs (bone marrow-derived mast cells) from eight- to ten-week-old C57BL/6J WT mice were 174 

obtained by culturing bone marrow cells from femurs and tibias. In short, mice were euthanized 175 

by cervical dislocation, intact femurs and tibias were removed, and bone marrow cells were 176 

harvested by repeated flushing with sterile media. BM cells were cultured in WEHI-3-177 

conditioned medium (containing IL-3) for 90 days, at which time the cells were >95% c-178 

kithighFcεRIαhigh by flow cytometry analysis using PEcy7 anti-mouse FcεRIα (clone MAR-1, 179 

eBioscience, San Diego, CA, USA) and ef450 anti-mouse c-kit/CD117 (Clone 2B8, BD 180 

eBioscience, San Diego, CA, USA). 181 

 182 

Human mast cell line LAD-2 culture 183 

The human mast cell line LAD-2 was a generous gift from Dr. A. Kirshenbaum (NIH/NIAID). 184 

LAD-2 mast cells were cultured in serum-free media (StemPro-34 SFM, Life Technologies) 185 

supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 50 µg/ml streptomycin and 100 ng/ml 186 

recombinant SCF. The LAD2 cells were periodically tested for expression of Kit and FcεRI by 187 

flow cytometry. 188 

 189 

Cell culture 190 

Isolated naïve CD4+ T cells or CD11c+ DCs (1x106 cells per well) were cultured in 48-well flat 191 

bottom plates in 0.5ml of complete RPMI 1640 media supplemented with 10% FCS, 200mM L-192 

glutamine, 100U/ml penicillin/streptomycin, 4.5 g/L glucose in presence of 10µg/ml plate-bound 193 

anti-mouse α-CD3 (17A2) and 2µg/ml soluble α-CD28 (37.51). NAD+ (Sigma-Aldrich, Cat. # 194 

N3014) was diluted in PBS and added as indicated. LPS was added at a concentration of 195 

1µg/ml. All recombinant cytokines and antibodies were purchased from eBioscience. After 196 

indicated day of culture, supernatants and cells were collected and analyzed by ELISA and flow 197 
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cytometry, respectively. 198 

 199 

Co-culture of mouse naïve CD4+ T cells and bone mar row derived mast cells in transwell 200 

systems 201 

The non-contacting co-cultured cells were prepared as follows: isolated naïve CD4+CD44-202 

CD62L+ T cells were plated on the bottom of the 24-well transwell cell culture system (Costar 203 

Corp., USA). Bone marrow-derived mast cells were co-cultured at a ratio of 1:100 in the upper 204 

transwell compartment. Cells were stimulated with NAD+ (500µM) or PBS as control. Naïve 205 

CD4+ T cells were cultured in complete media only or in presence of 10µg/ml plate-bound anti-206 

mouse α-CD3 (clone 17A2) and 2µg/ml soluble α-CD28 (clone 37.51). For cell-cell contact 207 

experiments, BMMCs and naïve CD4+CD44-CD62L+ T cells were co-cultured (at a ratio of 208 

1:100) in complete media with NAD+ (500µM) or PBS as control. Naïve CD4+ T cells were 209 

cultured in presence of 10µg/ml plate-bound anti-mouse α-CD3 (clone 17A2) and 2µg/ml 210 

soluble α-CD28 (clone 37.51) or complete media only. For CD80 Blockade, experiments were 211 

performed in cell-cell contact conditions as described above with α-CD80 neutralizing antibody 212 

(clone 16-10A1, eBioscience). Cells were cultured during 96 hours and CD4+IFNγ+, CD4+IL4+ 213 

and CD4+IL-17A+ T cell frequencies were assessed by flow cytometry. 214 

 215 

Isolation and co-culture of human naïve CD4 + T cells 216 

Human naïve CD4+T cells were isolated from peripheral blood mononuclear cells (PBMCs) by 217 

density gradient centrifugation using SepMate kit (StemCell Technologies) followed by the 218 

EasySep™ Human Naïve CD4+ T Cell Isolation Kit (StemCell Technologies). Blood was 219 

obtained from healthy adult volunteers in accordance with the guidelines of, and approved by 220 

the Institutional Review Board of Beth Israel Deaconess Medical Center. Informed consent was 221 

obtained from each volunteer in accordance with the Declaration of Helsinki. Human naïve 222 

CD4+CD25-CD45RA+CD45RO-CCR7+CD62L+ T cells were then sorted by flow cytometry. Naive 223 

CD4+ T cells were purified to >98% by cell sorting. Naïve human CD4+ T cells were then plated 224 
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on the bottom of the 24-well transwell cell culture system (Costar Corp., USA) and LAD-2 cells 225 

were co-cultured at a ratio of 1:100 in the upper transwell compartment. Cells were stimulated 226 

with NAD+ (500µM) or PBS as control. Naïve CD4+ T cells were cultured in complete media only 227 

or in presence of 10µg/ml soluble anti-mouse α-CD3 (clone 17A2) and 5µg/ml soluble α-CD28 228 

(clone 37.51). For cell-cell contact experiments, LAD-2 cells and naïve CD4+CD44-CD62L+ T 229 

cells were co-cultured (at a ratio of 1:100) in complete media with NAD+ (500µM) or PBS as 230 

control. Naïve CD4+ T cells were cultured in presence of 10µg/ml soluble anti-mouse α-CD3 231 

(clone 17A2) and 5µg/ml soluble α-CD28 (clone 37.51) or complete media only. After 96 hours, 232 

CD4+ T cells IFNγ cytokine production was assessed by flow cytometry.  233 

 234 

Dendritic cell and macrophage depletion 235 

For the depletion of DCs, WT, Rag2-/- γc-/- and MC-/- mice were treated intravenously with 0.5 mg 236 

liposomal clodronate (Encapsula NanoSciences, Nashville, TN) at days 8, 5, and 1 before NAD+ 237 

administration. This regimen ensured depletion of >99% CD11c+ DCs as described previously26, 238 

27. As control group, mice were injected with same amount of isotype-matched rat IgG as 239 

controls. 240 

 241 

Flow cytometry 242 

Fluorescence-labeled anti-mouse CD4 (clone GK1.5), CD11b (M1/70), CD11c (N418), CD41 243 

(eBioMWReg30), CD61 (2C9. G3), IL-1β (NJTEN3), IL-4 (11B11), IL-6 (MP5-20F3), IL-10 244 

(JES5-16E3), IL-12/IL-23p40 (C 17.8), IL-17 (eBio17B7), IFNγ (XMG 1.2), LAP (TW7-16B4), 245 

TNF-α (MP6-XT22) were obtained from eBioscience. All antibodies were used at a 246 

concentration of 2–5 µg per 1×106 cells. To set the gates, flow cytometry dot plots were based 247 

on comparison with isotype controls, fluorescence minus one, permeabilized and 248 

unpermeabilized unstained cells. Intracellular staining for IL-1β, IL-4, IL-6, IL-10, IL-12/IL-23p40, 249 

IL-17, IFNγ, LAP and TNF-α was performed according to manufacturer’s protocols. Cells were 250 

fixed and permeabilized using Cytofix/Cytoperm solution (BD Biosciences). Flow cytometry 251 
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measurements were performed on a BD FACSCANTO II (BD Biosciences) using standard 252 

procedures and data were analyzed using FlowJo software (Tree Star, Inc.). 253 

 254 

ELISA 255 

Mouse IL-4, IL-17A and IFNγ were measured using commercial kits (eBioscience) as described 256 

previously24, 25. 257 

 258 

RNA extraction and quantitative PCR 259 

BMMCs from C57BL/6 mice were cultured in presence of NAD+ (500µM), LPS, or placebo 260 

(PBS). After 24 hours of culture, cells were collected and mRNA was extracted using the 261 

RNAqueous extraction kit according to the manufacturer’s protocols (Applied Biosystems). 262 

Briefly, cells were homogenized in lysis buffer (total volume of 0.5 ml) and passed through a 263 

column. After successive washes, RNA was eluted. For real-time PCR reactions, IL-1α 264 

(Mm00439620_m1), IL-β (Mm01336189_m1), IL-4 (Mm00445259_m1), IL-6 265 

(Mm004446190_m1), IL-10 (Mm00439616_m1), IL-12alpha (Mm00434165_m1), IL-23 266 

(Mm00518984_m1), TGF-β1 (Mm01178820_m1), TNF-α (Mm00443260_g1), TLR2 267 

(Mm00442346_m1), TLR4 (Mm00445273_m1), CD86 (Mm00444543_m1), CD80 268 

(Mm00711660_m1), ICOS-L (Mm00497237_m1), OX40-L (Mm00437214_m1) and IL-33 269 

(Mm00505403_m1) measurements were performed with Taqman primers and probes from 270 

Applied Biosystems. The housekeeping gene GAPDH (Mm99999915_g1) was used as control.  271 

 272 

RNA-Sequencing Analysis  273 

Bone marrow derived mast cells (BMMCs) from C57BL/6 mice were cultured in presence of 274 

NAD+ (500µM), LPS (10µg/ml; E. coli O127:B8), or placebo (PBS). After 16 hours of culture, 275 

cells were collected and RNA was extracted using the RNAqueous extraction kit according to 276 

the manufacturer’s protocols (Applied Biosystems) as described above. cDNA was obtained 277 

using New England Biolabs kits (NEBNext® Ultra™ Directional RNA Library Prep Kit for 278 
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Illumina® (New England Biolabs Inc., Ipswich, MA). Briefly, mRNA was extracted using polyT 279 

magnetic beads, then first and second strand syntheses were performed. Once double-strand 280 

cDNA was generated, DNA was cleaned up using magnetic beads and then went into library 281 

prep. Library preparation was performed by ligating on the P5 and P7 Illumina adaptors along 282 

with an index, and amplifying the sequencing library by PCR. The final library was cleaned up 283 

by magnetic beads and ready for sequencing. FastQ-format files were aligned against the 284 

Ensembl GRCm38.75 genome using STAR aligner (v 2.3.1z4) using default parameters 28. 285 

Alignment files (BAM format) were filtered to retain only primary alignments (Samtools view -F 286 

0x0100) and inspected for duplication rate with PicardTools MarkDuplicates; for downstream 287 

analyses, duplicate reads were not removed due to the high-quality input RNA 29. Reads were 288 

quantified at the gene level using featureCounts using annotated exon features in the Ensembl 289 

GRCm38.75 GTF file 30, 31. The resulting count matrix was normalized and analyzed for 290 

differential expression using DESeq2 software.  The Ingenuity Pathways Analysis (Ingenuity 291 

Systems) applications were used to generate canonical pathways. 292 

 293 

Statistical analysis 294 

Data are presented as mean ± SD. Statistical analysis was done using 2-tailed Student’s t-test 295 

(between 2 groups) and 1-way ANOVA (among multiple groups) were appropriate. Survival was 296 

compared by Log-rank test. P-values <0.05 were considered statistically significant. 297 

 298 

Study approval 299 

Animal use and care were in accordance with the National Institutes of Health and Institutional 300 

Animal Care and Use Committee guidelines.  301 
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Results 302 

NAD+ requires an intermediary signal to promote CD4 + T cell differentiation 303 

We have previously demonstrated that NAD+ regulated CD4+ T cell differentiation independently 304 

of the cytokine milieu and well-established transcription factors25. It remains unclear whether 305 

NAD+ promotes CD4+ T cell differentiation by acting directly on CD4+ T cells or via an 306 

intermediate cell type. To characterize the direct effect of NAD+ on CD4+ T cells in absence of 307 

antigen challenge, C57BL/6 wild type (WT) naïve mice were treated daily with intraperitoneal 308 

injection of NAD+ or a placebo solution (PBS) and CD4+ T cell responses were assessed. After 309 

7 days, mice were euthanized and systemic CD4+IFNγ+, CD4+IL-4+, CD4+IL-17A+ T cell 310 

frequencies were evaluated by flow cytometry. The data indicated that NAD+ administration was 311 

sufficient to promote a significant increase in frequencies of CD4+IFNγ+, CD4+IL-4+, and CD4+IL-312 

17+ T cells in vivo (Figure 1A ). Of note, NAD+ administration to Rag2-/- mice adoptively 313 

transferred with naïve CD4+ T cells from Rag 5C.C7 transgenic mice promoted CD4+IFNγ+ T cell 314 

differentiation in absence of moth cytochrome c (MCC) peptide challenge (Figure 1B ). Thus, we 315 

next assessed in vitro whether NAD+ directly promotes CD4+ T cell differentiation and cytokine 316 

production. Splenic naïve CD4+CD44-CD62L+ T cells from C57BL/6 WT mice were cultured in 317 

presence or absence of α-CD3/α-CD28, with or without IL-2 and in the presence of NAD+ or 318 

PBS. After 96 hours of culture, CD4+ T cells were assessed for IFNγ, IL-4 and IL-17 production 319 

by flow cytometry and ELISA. Consistent with our previous reports, flow cytometry analysis 320 

revealed that NAD+ promotes a robust increase of CD4+IFNγ+ T cell frequencies, following TCR 321 

activation, in particular in the presence of IL-2 (Figure 1C ). These findings were confirmed by 322 

ELISA indicating an increased IFNγ, IL-4 and IL-17 production following CD3/CD28 activation 323 

(Figure 1D ). Of note, the highest CD4+IL-17+ T cell frequencies and IL-17 secretion were 324 

observed following TCR activation and in absence of IL-2, which was consistent with previous 325 

reports indicating that IL-2 inhibits Th17 development. In contrast, no changes in CD4+IFNγ+ T 326 

cell frequencies or IFNγ, IL-4 and IL-17 cytokine production were observed with NAD+ treatment 327 

in absence of TCR activation (Figure 1C-D ). Furthermore, increasing NAD+ concentrations in 328 
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absence of TCR activation did not result in a change of CD4+IFNγ+, CD4+IL-4+, CD4+IL-17+ T cell 329 

frequencies (Supplemental Figure 1A ). Collectively, our in vivo data indicate that NAD+ 330 

promotes CD4+ T cell differentiation in absence of antigen challenge, while our in vitro data 331 

indicate that NAD+ requires TCR activation suggesting that NAD+-mediated CD4+ T cell 332 

differentiation observed in C57BL/6 WT naïve mice requires an intermediary signal. 333 

 334 

NAD+ regulates CD4 + T cell fate in absence of major APCs 335 

We next investigated whether other immune cells that are known to activate CD4+ T cells, in 336 

particular APCs, are involved in NAD+-mediated CD4+ T cell differentiation. It has been shown 337 

that ATP, a co-enzyme, can promote Th17 cells via IL-6, IL-23 and TGFβ cytokine production by 338 

CD11c+ cells32. Since NAD+ also acts as a co-enzyme, we thus first assessed in vitro the effects 339 

of NAD+ on CD11c+ DCs. CD11b+CD11c+ DCs were isolated from spleens of C57BL/6 mice and 340 

cultured in presence of increasing NAD+ concentrations or PBS. As a positive control, 341 

CD11b+CD11c+ DCs were cultured in the presence of 1 µg/ml LPS. After 16 hours, cells were 342 

collected and cytokine expression was quantified by real-time PCR. Consistent with numerous 343 

reports, stimulation of CD11b+CD11c+ cells by LPS resulted in increased mRNA expression 344 

levels of IL-1α, IL-1β, IL-6, IL-23, TNF-α but not IL-12 and a down-regulation of TLR4 33, 34. More 345 

importantly, in presence of NAD+, CD11c+CD11b+ DCs exhibited increased mRNA expression 346 

levels of IL-1α, IL-1β, IL-6, IL-10, IL-12, IL-23, TGF-β1, TNF-α, TLR2 and TLR4 in a dose-347 

dependent manner (Supplemental Figure 1B ), suggesting that NAD+ alters CD11b+CD11c+ DC 348 

activation. Thus, we next assessed if NAD+ administration can induce CD11c+CD11b+ DC 349 

activation in vivo as well. C57BL/6 WT mice were treated daily with 40 mg of NAD+ or PBS by 350 

intraperitoneal injection. Consistent with our in vitro findings we found that NAD+ treated WT 351 

mice showed an increased cytokine production, including IL-1β, IL-4, IL-6, IL-10, IL-12, TGF-β1 352 

and TNFα by CD11b+CD11c+ cells when compared with PBS-treated WT mice (Figure 2 ). This 353 

is consistent with a previous study indicating that intracellular NAD+ levels regulate TNFα 354 

cytokine production35. Taken together, our in vitro and in vivo data indicated that NAD+ 355 
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promotes CD11b+CD11c+ DCs activation and cytokine production and may play a central role in 356 

NAD+-mediated CD4+ T cell differentiation.  357 

It is well established that DCs can promote CD4+ T cell differentiation via the release of 358 

cytokines and chemokines. Moreover, ATP, a co-factor in energy metabolism like NAD+, has 359 

been shown to enhance IL-6, IL-23 and TGFβ cytokine production by CD11c+ cells and promote 360 

Th17 response32. Since our results indicated that NAD+ promotes cytokine expression by 361 

CD11b+CD11c+ DCs, we tested whether CD4+ T cell differentiation resulted from NAD+-362 

mediated DC activation. As reported by us and others26, 27, >99% of professional phagocytes, 363 

including both DCs and macrophages were depleted in WT mice by injections of clodronate 364 

liposomes (Supplemental Figure 2A ). As shown in Supplemental Figure 2B , DC depletion did 365 

not abolish CD4+IFNγ+, CD4+IL-4+, CD4+IL-17+ differentiation. These data suggest that NAD+ 366 

regulates CD4+ T cell differentiation independently of DCs and macrophages.  367 

Although NAD+-mediated CD4+ T cell differentiation was not abolished following macrophage 368 

and DC depletion, we could not rule out the compensation by other APCs such as B cells. To 369 

characterize the role of B cells in NAD+-mediated CD4+ T cell differentiation, we thus used 370 

transgenic Rag2−/−γc −/− mice that lack B, NK and γδ T cells. In addition, Rag2−/−γc −/− mice were 371 

subjected to depletion of DCs and macrophages. After depletion (Supplemental Figure 2A ), 372 

Rag2−/−γc−/− received adoptive transfers of naïve CD4+CD44-CD62L+ T cells and were subjected 373 

to treatment with NAD+ or placebo solution. The results indicated that NAD+ induced a 374 

significant increase in CD4+IFNγ+, CD4+IL-4+, CD4+IL-17+, CD4+IL-10+ when compared to the 375 

control group of mice treated with a placebo solution (Supplemental Figure 3A ). Moreover, 376 

treatment with diphtheria toxin of CD11b-DTR transgenic mice did not abolish CD4+IFNγ+, 377 

CD4+IL-4+, CD4+IL-17+ differentiation (Supplemental Figure 3B ). Taken together, our results 378 

indicate that NAD+ promotes CD4+ T cell differentiation independently of B cells in addition to 379 

macrophages and DCs. 380 

 381 
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NAD+ administration regulates CD4 + T cell fate via MCs exclusively  382 

MCs have been mainly described for their role in allergic and autoimmune responses8, 15, 16. 383 

Although MCs express co-stimulatory molecules and secrete a myriad of chemokines and pro-384 

inflammatory cytokines, and have been shown to influence T cell polarization, the mechanisms 385 

by which MCs regulate T cell response remain unclear. Indeed, previous studies have reported 386 

that MC-deficient mice display defective CD4+ but also CD8+ T cell responses following 387 

Leishmania major infection36 and in EAE37. Furthermore, we have previously shown that NAD+ 388 

protects against EAE25. Thus, we next investigated the role of MCs in NAD+-mediated CD4+ T 389 

cell differentiation. WT and MC-deficient mice (KitW/KitW-v) were treated daily with intraperitoneal 390 

injection of NAD+. Treatment with NAD+ in MC-deficient mice was not able to promote 391 

CD4+IFNγ+, CD4+IL-4+, CD4+IL-17+ T cells, indicating that MCs were required for NAD+-392 

mediated CD4+ T cell differentiation (Figure 3 ).  393 

Therefore, we next sought to dissect the role of MCs in NAD+-mediated T cell differentiation in 394 

vitro. Bone marrow-derived mast cells (BMMCs) were generated as described in Materials and 395 

Methods. The average yield of MCs (FcεRI+c-Kit+ double-positive cells) increased with time and 396 

reached over 95% on day 90, as shown by flow cytometry (Supplemental Figure 3C ). BMMCs 397 

were cultured over 6 weeks in order to express homogenous levels of KIT and FcεRI8. BMMCs 398 

were then directly co-cultured with naïve CD4+CD44-CD62L+ T cells in presence of NAD+ or 399 

PBS. Moreover, to determine whether MCs and T cells require cell-cell contact, MCs and T cells 400 

were co-cultured in separate compartments using a transwell system. As additional control, 401 

naïve CD4+CD44-CD62L+ T cells were activated with α-CD3/α-CD28. The results indicated that 402 

in presence of NAD+, MCs promoted CD4+IFNγ+, CD4+IL-4+ and CD4+IL-17+ T cell differentiation 403 

in absence of TCR activation (media + NAD+) and independently of cell-cell contact 404 

(Supplemental Figure 4 ). Moreover, when MCs and naïve CD4+CD44-CD62L+ T cells were co-405 

cultured in presence of NAD+ and T cells were activated with α-CD3/α-CD28, frequencies of 406 

CD4+IFNγ+ and CD4+IL-17+ T cells increased further (Supplemental Figure 4 ). These results 407 

were consistent with our initial findings indicating that cultured naïve CD4+CD44-CD62L+ T cells 408 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 
 

18

in presence of NAD+ and α-CD3/α-CD28 promoted CD4+IFNγ+, CD4+IL-4+ and CD4+IL-17+ 409 

(Figure 1C-D ). Like DCs, MCs express co-stimulatory molecules and secrete a myriad of 410 

cytokines that are known to regulate innate and adaptive immune responses. Thus, to 411 

determine if MCs mediate CD4+ T cell differentiation via co-stimulatory molecules and/or 412 

cytokines, MCs were treated with NAD+ in vitro and mRNA levels of OX40L, ICOSL, CD80, 413 

CD86, TNFα, IL-4, IL-6 and IL-33 were measured by real-time PCR. NAD+ induced a modest 414 

increase of CD80, IL-33 and a decrease in IL-4 mRNA expression levels by mast cells 415 

(Supplemental Figure 5A ). It is well established that CD80 can either promote or inhibit 416 

activation of naïve T cells by binding to CD28 or CTLA4, respectively. Therefore, to assess the 417 

role of CD80 in NAD+-MC-mediated CD4+ T cell differentiation, blockade of CD80 with a 418 

neutralizing antibody was performed in vitro using our cell-cell contact co-culture system. Our 419 

findings indicated that CD80 blockade did not reduce CD4+IFNγ+, CD4+IL-17+ T cell frequencies 420 

when compared to isotype control (Supplemental Figure 5B-C ). Of note, CD80 blockade 421 

resulted in increased CD4+IL-4+ T cell frequencies (Supplemental Figure 5D ), suggesting that 422 

CD80 may play an inhibitory effect on MC-mediated IL-4 cytokine production. Collectively, our 423 

findings suggest that MC-mediated CD4+ T cell differentiation does not require cell-cell contact 424 

or involvement of conventional co-stimulatory molecules such as CD80. 425 

 426 

MC-mediated CD4 + T cell differentiation is conserved in human mast cell line LAD-2  427 

We next investigated whether this novel pathway is conserved in humans and if human MCs 428 

could regulate human CD4+ T cell differentiation as well. Naïve CD4+ T cells were isolated from 429 

healthy donors and co-cultured in direct contact or in our transwell system with LAD-2 cells, a 430 

well-established human mast cell line. Similarly to murine BMMCs, co-cultures were performed 431 

in presence of NAD+ or PBS and with or without α-CD3/α-CD28. Flow cytometry analysis 432 

indicated that in presence of NAD+, human MCs promoted CD4+IFNγ+ T cell differentiation 433 

(Supplemental Figure 6A ). Consistent with our murine BMMCs data, human mast cells were 434 

able to promote Th1 polarization in absence of cell-cell contact. Taken together, these results 435 
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suggest that MCs-mediated CD4+ T cell differentiation pathway via mast cells is conserved in 436 

human as well. 437 

 438 

Unique gene expression profile by MCs following NAD + activation 439 

To unravel a potential signaling pathway involved in MC-mediated CD4+ T cell differentiation, 440 

we next performed an RNA-sequencing analysis on bone marrow derived mast cells (BMMCs) 441 

that were cultured for 16 hours in presence of NAD+, LPS, or PBS. As shown in Figure 4A  the 442 

results indicated that NAD+ significantly up-regulated 603 genes and down-regulated 753 genes 443 

(with a p value < 0.05) when compared to MCs treated with PBS. Moreover, when compared to 444 

LPS conditions the changes in the number of genes marked as differentially expressed were 445 

dramatic. When comparing LPS versus NAD+ conditions, 6053 genes were significantly up-446 

regulated while 5845 were found down-regulated, suggesting that NAD+-signaling machinery is 447 

distinct from LPS stimulation. As expected, dramatic changes in gene expression were 448 

observed when comparing PBS to LPS treatment (Figure 4A ). To elucidate potential genes 449 

involved in MC- mediated CD4+ T cell differentiation, we investigated the role of the most up-450 

regulated genes in NAD+ versus PBS conditions and compared them to gene expression 451 

characteristics in presence of LPS (Figure 4B ). Among the first 10 genes up-regulated in PBS 452 

versus NAD+ conditions, a robust up-regulation of Autotaxin (Enpp2), Dystrophia Myotonica 453 

Protein Kinase (DMPK), and FERM Domain Containing 5 (Frmd5) were specific to NAD+ 454 

conditions when compared to PBS or LPS treatment. Both DMPK 38, 39 and FRMD5 40 proteins 455 

have been implicated in stabilizing cell membranes and cytoskeletons. Autotaxin (ATX) has 456 

been shown to play a role in T cell activation and chemotaxis 41, 42 and MCs have been shown to 457 

be able to produce ATX 43. Furthermore, Ingenuity Pathway Analysis predicted significant 458 

perturbations by NAD+ of other signaling molecules involved in MC activation, such as TNFAIP2 459 

or IKBKG (NEMO) (Figure 4C ). It is well established that the ectoenzyme ATX generates 460 

lysophosphatidic acid (LPA), a potent lipid mediator that acts on a series of specific G protein-461 

coupled receptors, through the hydrolysis of lysophosphatidylcholine 41. LPA can be produced 462 
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by a myriad of different cell types that include postmitotic neurons, adipocytes, mast cells, and 463 

other lymphoid cells. ATX has been recently described as regulating cytokine production and 464 

ATX-LPA pathways have been shown to play a critical role in asthma 44. Both human and 465 

murine T cells express LPA receptors 45, 46 and LPA has been found to inhibit TCR-mediated 466 

calcium mobilization 47. 467 

Collectively, our results indicate that MC activation by NAD+ triggers a unique gene expression 468 

profile that is distinct from LPS stimulation and suggests the existence of an alternative pathway 469 

that remains to be determined. 470 

 471 

MCs induce T cell differentiation in MHCII -/- and WASP -/- mice following NAD + 472 

administration 473 

Our findings indicate that NAD+ promotes CD4+ T cell differentiation via MCs and in absence of 474 

antigen and TCR activation. Thus, we next sought to determine the role of MHC class II and 475 

TCR molecules in NAD+-MC mediated CD4+ T cell differentiation. MHC class II-/- mice were 476 

treated daily with NAD+ or a placebo solution (PBS). After 7 days, flow cytometry analysis 477 

showed that NAD+ was able to promote a significant increase in CD4+IFNγ+, CD4+IL-4+, CD4+IL-478 

17+ T cells in MHC-II deficient mice (Supplemental Figure 6B ).  479 

In addition, to assess the role of TCR in NAD+-MC mediated CD4+ T cell differentiation, WASP-/- 480 

mice, known to have an altered TCR activation and cytokine production, in particular IFNγ48, 481 

were used. Thus, to assess if NAD+-MC mediated CD4+ T cell differentiation could promote 482 

IFNγ production also in the context of immunodeficiency, WASP-/- mice were treated daily with 483 

intraperitoneal injection of NAD+ or PBS. The results indicated that NAD+ was able to promote a 484 

robust increase of CD4+IFNγ+, CD4+IL-4+, CD4+IL-17+ T cell frequencies in WASP-/- mice when 485 

compared to the control group (Supplemental Figure 6C ). Collectively, our results suggest that 486 

NAD+-MCs mediated CD4+ T cell differentiation is functional even in absence of MHC class II or 487 

with an altered TCR activation. 488 

 489 
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Daily NAD + treatment protects against lethal doses of Listeri a monocytogenes via mast 490 

cells exclusively 491 

To test whether the regulation of innate and adaptive immune cells via MCs following NAD+ 492 

administration had a physiological impact, WT mice were pre-treated for five consecutive days 493 

with NAD+ prior to infection with a non-lethal dose of Listeria monocytogenes. In addition, a 494 

control group of animals was pre-treated with PBS prior to infection. Mice treated with PBS had 495 

only a modest loss of weight, did not exhibit signs of lethargy, gained weight 7 days after 496 

infection and showed 100% survival (Figure 5A ) when infected with a non-lethal dose of L. 497 

monocytogenes. In contrast, mice pre-treated with NAD+ prior infection (non-lethal dose) had a 498 

more pronounced loss of weight, exhibited lethargy and were very susceptible to infection with 499 

80% mortality rate (Figure 5A ).  500 

We thus tested whether MCs play a role in L. monocytogenes infection survival outcome 501 

following NAD+ administration. Indeed, KitW/KitWv MC deficient mice showed improved survival 502 

compared to NAD+-treated WT mice. In contrast to WT mice pre-treated with NAD+, KitW/KitWv 503 

transgenic mice had only a modest loss of weight and did not exhibit signs of lethargy. More 504 

importantly, KitW/KitWv mice pre-treated with NAD+ showed an 80% survival rate (Figure 5A ), 505 

confirming our in vivo and in vitro findings indicating that MCs play a central role in the capacity 506 

of NAD+ to regulate innate and adaptive immunity. Furthermore, we tested another set of MC 507 

deficient mice (KitWsh/KitWsh) in the context of L. monocytogenes infection. Similarly, to KitW/KitWv, 508 

KitWsh/KitWsh mice exhibited 100% survival rate with no sign of lethargy. Collectively, NAD+-509 

mediated CD4+ T cell differentiation dramatically altered the immune responses via MCs and 510 

significantly impacted physiological functions of protection against bacterial infection.  511 

Our results indicated that pre-treatment with NAD+ promoted Th1, Th2 and Th17 CD4+ T cell 512 

subsets. Since Th1 has been shown to play a protective role in L. monocytogenes infection35, 513 

we initially expected NAD+ pre-treatment to protect mice following bacterial infection. However, 514 

we could not rule out that a continuous NAD+ treatment may be required to sustain a robust Th1 515 

response. Thus, we assessed whether a prolonged and continuous treatment with NAD+ could 516 
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provide protection against L. monocytogenes infection. As shown in Figure 5B , WT mice 517 

continuously treated with NAD+ exhibited resistance (> 60% survival rate) to even lethal doses 518 

of L. monocytogenes when compared to the control group of mice that exhibited 100% mortality 519 

rate. Consistent with our previous findings, NAD+-mediated protection against lethal doses of L. 520 

monocytogenes was abolished in both KitW/KitWv and KitWsh/KitWsh MC-/- mice. We have 521 

previously shown that NAD+ regulates CD4+ T cell differentiation via a pathway distinct of well-522 

established transcription factors25. In addition, we showed that NAD+ altered dramatically 523 

differentiated Th1 and Th2 CD4+ T cells by repressing their cytokine production and 524 

transcription factors25. More importantly, second stimulation of differentiated Th1 and Th2 CD4+ 525 

T cells was profoundly altered when they were cultured in presence of NAD+ following first 526 

stimulation25. We thus next investigated whether pre-treatment with NAD+ altered the classical 527 

CD4+ T cell differentiation pathway36 specifically in CD4+ IFNγ+ T cells that have been shown 528 

essential for host resistance to L. monocytogenes infection. Thus, we assessed whether NAD+ 529 

altered frequencies of CD4+T-bet+ T cells. Mice pre-treated with NAD+ had lower frequencies 530 

and total numbers of CD4+IFNγ+T-bet+ when compared to mice treated with a placebo solution 531 

(Supplemental Figure 7A ). Although treatment with NAD+ resulted in a down-regulation of T-532 

bet expression, CD4+ T cells from mice treated with NAD+ mounted a robust IFNγ production 533 

(Supplemental Figure 7B ), which was consistent with our previous studies24-25. Although 534 

CD4+IFNγ+ T cell responses remained similar in NAD+ and placebo treated mice, continuous 535 

treatment with NAD+ promoted host protection against a lethal dose of L. monocytogenes. In 536 

addition, NAD+ impacted the regulation and function of other important immune cells such as 537 

MCs and more importantly DCs. We thus investigated whether NAD+ promotes IFNγ production 538 

that is not mediated by CD4+ T cells. Our results indicated that mice treated with NAD+ exhibited 539 

a significant increase of IFNγ production by non-CD4+ T cells, suggesting that NAD+ may 540 

promote IFNγ production by other non-CD4+ lymphocytes (Supplemental Figure 7C ). Taken 541 

together, our results indicate that continuous treatment with NAD+ promotes a robust IFNγ 542 

production and protects against lethal doses of L. monocytogenes via mast cells exclusively. 543 
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 544 

Pre-treatment with NAD + renders mice susceptible to sub-lethal doses of Li steria 545 

monocytogenes by dampening the MCH-II-TCR pathway 546 

Our data indicate that mice pre-treated with NAD+ are susceptible to sub-lethal doses of L. 547 

monocytogenes, while continuous treatment protects against lethal doses. We thus next 548 

investigated how pre-treatment with NAD+ rendered mice susceptible to a sub-lethal dose of 549 

bacteria. 550 

Since antigen presentation via the MHC class II cell surface molecule is crucial in CD4+ T cell 551 

responses and our results indicated that NAD+ promotes CD4+ T cell differentiation in absence 552 

of MHC class II molecules, we investigated the impact of NAD+ pre-treatment on MHC class II 553 

expression of CD11b+CD11c+ DCs following L. monocytogenes infection. The results indicated 554 

that pre-treatment with NAD+ resulted in a dramatic decrease of MHC class II expression when 555 

compared to the control group (Supplemental Figure 7D ), indicating that NAD+ dampens 556 

antigen presentation capacities of DCs following L. monocytogenes infection. WT mice pre-557 

treated for five consecutive days with NAD+ prior to infection with a non-lethal dose of L. 558 

monocytogenes had a more pronounced loss of weight, exhibited lethargy and were very 559 

susceptible to infection with 80% mortality rate (Figure 5A ). In contrast, WT mice continuously 560 

treated with NAD+ exhibited resistance (> 60% survival rate) to even lethal doses of L. 561 

monocytogenes when compared to the control group of mice that exhibited 100% mortality rate 562 

(Figure 5B ).  563 

Collectively, our results indicate that pre-treatment with NAD+ will trigger the NAD+-MC pathway 564 

while dampening the APC-MHC-II-TCR signaling machinery, suggesting that discontinuous 565 

administration of NAD+ may subject the animals to an “immunodeficient” state that renders them 566 

susceptible to sub-lethal doses of L. monocytogenes. Collectively, our results indicate that NAD+ 567 

profoundly alters, in absence of antigen, innate and adaptive immune responses via MCs 568 

exclusively and in independently from classical DC/MHC class II antigen presentation 569 

machinery that results in significant physiological changes (Figure 6 ).   570 
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Discussion 571 

Our previous studies have demonstrated a novel role for NAD+ in regulating T cell fate in the 572 

context of antigen-specific responses24, 25. NAD+ mechanisms of action in an antigen-573 

independent manner and whether NAD+ affects other immune cells remain however unknown. 574 

APCs, in particular DCs, have been considered as the most potent immune cells to prime naive 575 

CD4+ T cells. In addition to their capacity of antigen processing and presentation to the TCR via 576 

MHC class II cell surface molecules, DCs can regulate CD4+ T cell activation via co-stimulatory 577 

molecules and a myriad of secreted cytokines and chemokines8. Moreover, it has been reported 578 

that recognition of conserved PAMPs, such as microbial nucleic acids, lipoproteins, and 579 

carbohydrates, or DAMPs, released from injured cells, via intracellular or via distinct PRRs 580 

expressed on DCs contribute to pathogen-specific CD4+ T cell responses12. Thus, DCs and 581 

antigen presentation are regarded as fundamentally required and play a central role in CD4+ T 582 

cell activation and differentiation and are considered as the bridge between innate and adaptive 583 

immune responses1, 7, 8, 49. These observations are widely supported by studies based on 584 

transgenic animals with alteration in MHC class II, TCR and DC depletion and confirmed in 585 

immunodeficient patients50, 51. 586 

Here we demonstrated that NAD+, a natural co-factor, induces CD4+ differentiation in absence 587 

of antigen presentation, MHC class II expression and in absence of TCR activation. 588 

Furthermore, we demonstrate that effects of NAD+ are not mediated by major APCs, including 589 

DCs, but via MCs exclusively. Moreover, our study indicated that major co-stimulatory 590 

molecules are not involved in NAD+-MC mediated CD4+ T cell differentiation, suggesting that 591 

MCs deliver T cell stimulation through an alternative pathway. This is in line with previous 592 

studies indicating that MCs cannot prime naïve CD4+ T cells, most likely because of an altered 593 

co-stimulatory molecule expression8. Furthermore, previous studies have reported that MCs 594 

express MHC class II molecules; however, it has been found sequestered mainly in lysosomal 595 

intracellular compartments22. This is consistent with our findings indicating that NAD+-MC 596 

mediated CD4+ T cell differentiation does not require antigen presentation or MHC class II 597 
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molecules.  598 

The co-factor ATP is well recognized for its role as a source of high energy and in cellular 599 

metabolism; however, when released from cells following cellular damage, ATP acts as a DAMP 600 

signal. DAMP signaling is mainly mediated through the pattern recognition receptors (PRRs) 601 

that are expressed on APCs, in particular DCs and macrophages52. Although the primary 602 

function of PRRs is to mediate innate immune responses to pathogen invasion and tumors, 603 

increasing evidence has shown their role in the development of autoimmune and chronic 604 

inflammation52 by promoting Th17 responses. ATP, for instance, has been shown to convert 605 

CD4+CD25+Foxp3+ regulatory T cells into Th17 cells and to promote colitis by enhancing Th17 606 

pro-inflammatory subset in the lamina propria via DCs32, 53. Similarly, to ATP, NAD+, a co-factor 607 

as well, has been described for its role in energy metabolism and more recently in aging54-56. In 608 

contrast to ATP, NAD+-mediated innate and adaptive immune regulation was intermediated by 609 

MCs and was independent of major APCs including DCs and macrophages. Moreover, our 610 

previous studies have underscored the robust immunosuppressive properties of NAD+ by 611 

promoting a systemic increase of IL-10 cytokine via regulatory type-1 cells24, 25. We have also 612 

shown that NAD+ regulates CD4+ T cell fate in absence of major transcription factors. Indeed, 613 

NAD+ was able to promote a robust Th1 response in absence of T-bet, a transcription factor 614 

considered indispensable for Th1 differentiation and IFNγ production25. In contrast to pro-615 

inflammatory responses induced by DAMPs, including ATP, NAD+ protects against autoimmune 616 

diseases and promotes allograft survival24, 25. Furthermore, our RNA-sequencing analysis 617 

indicated that treatment with NAD+ resulted in the upregulation of a distinct set of genes when 618 

compared to LPS, a prototypical PAMP, suggesting that NAD+ triggered a different signaling 619 

pathway that remains yet to be determined in detail. 620 

In line with our previous reports, NAD+ treatment down regulated T-bet expression, but did not 621 

alter CD4+IFNγ+ T cell responses when compared to the control group of mice. Although 622 

CD4+IFNγ+ T cell responses remained similar in NAD+ and placebo treated mice, continuous 623 

treatment with NAD+ conferred host protection against Listeria monocytogenes. Previous 624 
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studies have underscored the critical role of IFNγ in host protection against Listeria 625 

monocytogenes9, 57. Thus, NAD+ may mediate host protection by promoting IFNγ production by 626 

other immune cells such as CD8+ or innate lymphoid cells (ILCs). Although our study 627 

emphasizes the potent role of NAD+ on many immune cells such as CD4+ T cells, MCs and 628 

DCs, its impact on other important immune cells such as B, CD8+ and innate lymphoid cells 629 

remain yet to be determined and its role in other inflammatory conditions or infections - including 630 

viral - requires further investigation. 631 

More importantly, our study unravels a novel cellular mechanism that regulates CD4+ T cell 632 

differentiation, a process known to play a central role in many inflammatory conditions58. NAD+-633 

mediated immune changes in absence of antigen had a robust physiological impact following 634 

bacterial infection. Indeed, NAD+ pre-treated mice were highly susceptible to even a non-lethal 635 

dose of bacterial infection that resulted in high mortality. In contrast, maintenance of NAD+ 636 

signaling machinery by continuous treatment with NAD+ conferred host protection following 637 

infection. More importantly, NAD+ treatment altered T-bet expression and MHC class II 638 

expression on CD11c+ DCs suggesting that the NAD+-MC mediated CD4+ T cell differentiation 639 

pathway may not only promote a robust host protection against bacterial infection but may be 640 

distinct from the classical DCs-MHC class II-TCR pathway. Indeed, with clodronate 641 

administration, DTR transgenic mice as well as the use of MC-deficient mice (KitW/KitW-v) and 642 

BMMCs we demonstrated that NAD+-MC-mediated CD4+ T cell differentiation is independent of 643 

the classical DCs-MHC class II-TCR pathway. More importantly, our data indicated that in 644 

presence of NAD+, MCs mediated differentiation of both murine and human CD4+ T cells. These 645 

findings suggest that NAD+ may pave the way for novel therapies in the context of microbial 646 

infections or primary immunodeficiencies that are characterized by an altered DCs-MHC class 647 

II-TCR signaling machinery. 648 

In summary, our study demonstrates the emerging role of NAD+ as a new paradigm in innate 649 

and adaptive immune responses with its unique property as a MC-mediated immune regulator 650 

(MCMIR) that is distinct from the classical APCs-MHC class II-TCR pathway.  651 
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Figure Legends 820 

Figure 1: NAD+ induces T cell activation in vivo and T cell differentiation in vitro after TCR 821 
activation. (A) C57BL/6 mice were treated daily with intraperitoneal injection of 40 mg of NAD+ 822 
or a placebo solution (PBS). After 7 days, mice were euthanized and CD4+ T cells were isolated 823 
from spleens. Frequencies and total numbers of CD4+IFNγ+, CD4+IL-4+, CD4+IL-17A+ cells were 824 
analyzed by flow cytometry. (B) 3x106 CD4+ T cells from 5C.C7 RAG-2-deficient mice were 825 
injected into Rag2-/- (B10.A background) mice as adoptive transfer recipients. Mice were then 826 
treated with NAD+ or PBS for 7 days and subsequently sacrificed to analyze frequencies and 827 
total number of CD4+IFNγ+ cells by flow cytometry. (C-D) Sorted naïve CD4+CD44-CD62L+ T 828 
cells were isolated from spleens of C57BL/6 mice and cultured in complete media alone, or with 829 
α-CD3/α-CD28, with or without IL-2, or in presence of 50µM NAD+. After 96 hours, frequencies 830 
of CD4+IFNγ+ cells and IFNγ, IL-4 and IL-17A cytokine secretion were assessed by (C) flow 831 
cytometry and (D) ELISA, respectively. Statistics: n=15 (A-B)  or 10 (B-C); data derived from 832 
three independent sets of experiments. **P<0.01; ***P<0.001. Student’s t-test and ANOVA tests 833 
were used accordingly to compare groups. Data given as mean±SD. 834 
 835 
Figure 2: NAD+ treatment induces increased cytokine production by CD11b+CD11c+ 836 
dendritic cells in vivo. C57BL/6 mice were treated daily with intraperitoneal injection of 40 mg 837 
of NAD+ or a placebo solution (PBS). After 7 days, mice were euthanized and CD11b+CD11c+ 838 
dendritic cells were isolated from spleens. Frequencies of CD11c+IL-1β+, CD11c+IL-4+, 839 
CD11c+IL-6+, CD11c+IL-10+, CD11c+IL-12+, CD11c+TGF-β+ and CD11c+TNF-α+ cells were 840 
analyzed by flow cytometry. Statistics: n=15, data derived from three independent sets of 841 
experiments; data given as mean±SD. ***P<0.001. Student’s t-test was used to compare 842 
groups. 843 
 844 
Figure 3: Mast cells play a central role in NAD+ mediated CD4+ T cell differentiation. 845 
C57BL/6 wild type and WBB6F1/JKitw/Kitw-v (MC-deficient) mice were treated daily with 846 
intraperitoneal injection of 40 mg of NAD+ or a placebo solution (PBS) as indicated. After 7 days, 847 
mice were euthanized and systemic levels of CD4+IFNγ+, CD4+IL-4+, CD4+IL-17A+ cells were 848 
assessed by flow cytometry. Data derived from two independent experiments (n=5-10); data 849 
represent mean±S.D. ***P<0.001 ANOVA tests were used to compare groups. 850 
 851 
Figure 4: Unique MC gene expression profile following NAD+ activation. Bone marrow 852 
derived mast cells (BMMCs) from C57BL/6 mice were cultured in presence of NAD+ (500µM), 853 
LPS (10µg/ml; E. coli O127:B8) or placebo (PBS). After 16 hours of culture, cells were collected 854 
and RNA was extracted for RNA-sequencing analysis. (A) Differential gene expression; (B) 855 
gene heat map expression profile; (C) Ingenuity Pathway Analysis. 856 

Figure 5: Mast cells mediate protection against let hal doses of L. monocytogenes during 857 
daily NAD + administration. C57BL/6 WT mice, KitW/KitW-v and kitWsh/KitWsh MC-deficient mice 858 
were pre-treated for five consecutive days with daily intraperitoneal injections of NAD+ (40mg) or 859 
placebo solution (PBS). Mice were then infected with an intraperitoneal (A) non-lethal dose 860 
(1x107 CFU) injection of viable Listeria monocytogenes. (B) C57BL/6 WT mice were pre-treated 861 
for five consecutive days with NAD+ (i.p., 40mg) or placebo solution (PBS) prior infection. WT 862 
mice were then treated daily with NAD+ (i.p., 40mg) or placebo solution (PBS) following a lethal 863 
dose (1x108 CFU) of viable Listeria monocytogenes. Weight loss and survival following infection 864 
was monitored. Data derived from three independent experiments (n=5-10 per group). Data 865 
represent mean±S.D. ns; not significant. ANOVA and Log-rank tests were used to compare 866 
groups, respectively. 867 
 868 
Figure 6: NAD+ regulates T cell differentiation through a novel mast cell-dependent 869 
signaling pathway. MC-mediated CD4+ T cell differentiation following NAD+ administration 870 
does not require antigen presentation through major APCs and MHC class II. 871 
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NAD+ vs. Ctrl (PBS) NAD+ vs. LPS Ctrl (PBS) vs. LPS

Contrast

Base/Control Experimental

NAD+

LPS

LPS

CTRL

CTRL

NAD+
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5845

Number of Genes
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Infection (non-lethal dose) 

NAD+

A

Infection (lethal dose) 

NAD+

B

P=0.017

P=0.033
ns

P=0.0017
ns

P=0.0413

P=0.021
ns

ns
P=0.0012
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Supplemental EFigure 1: High doses of NAD+ do not promote naïve CD4+ T cell differentiation in 

vitro and NAD+ regulates CD11b+CD11c+ dendritic cell cytokine production in vitro in a dose-

dependent manner. (A) Sorted naïve CD4+CD44-CD62L+ T cells were isolated from spleens of 

C57BL/6 mice and cultured in complete media with increasing concentrations of NAD+ (500μM and 

1mM) or PBS. After 96 hours, cell frequencies of CD4+IFNγ+, CD4+IL- 4+, CD4+IL-17A+ were 

assessed by flow cytometry (n=10; data derived from three independent experiments). (B) Sorted 

CD11b+CD11c+ dendritic cells were isolated from spleens of C57BL/6 mice and cultured (1x 106 

cells per well) in complete media and in presence of increasing concentrations of NAD+ (100μM 

and 500μM). As a positive control 

CD11b+CD11c+ dendritic cells were cultured in the presence of LPS (1μg/ml). After 16 hours of 

culture, cells were collected and mRNA expression levels of IL-1α, IL-1β, IL-6, IL-10, IL-12, IL-23, 

TGF-β, TNF-α, TLR2 and TLR4 were determined by real-time PCR. Values are expressed as fold 

expression relative to the house-keeping gene GAPDH. (n=5; data derived from two different 

experiments). *P<0.05; **P<0.01; ***P<0.001; ns, not significant, as determined by ANOVA, 

comparing the indicated groups. Data represent mean±S.D. 

 

Supplemental EFigure 2: In vivo depletion of dendritic cells by liposomal clodronate 

administration does not alter NAD+ mediated CD4+ T cell differentiation. (A) C57BL/6 wild type, 

MC-/- and Rag2-/-�c-/- mice were treated 

intravenously with liposomal clodronate at −8 days, −5 days, and −1 day before NAD+ treatment. 

Data derived from two independent experiments (n=5 per group). (B) C57BL/6 wild type mice were 

treated intravenously with liposomal clodronate at −8 days, −5 days, and −1 day before NAD+ 

treatment. Mice were then treated with daily intraperitoneal injections of 40 mg of NAD+ or a 

placebo solution (PBS). After 7 days, mice were euthanized and frequencies of CD4+IFN�+, CD4+IL-

4+ and CD4+IL-17A+ cells were analyzed by flow cytometry. Data derived from two independent 

experiments (n=10). Data represent mean±S.D. **P<0.01; ***P<0.001; ns, not significant. Student’s 

t-test and ANOVA was used to compare between groups. 
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Supplemental EFigure 3: NAD+ promotes T cell differentiation in Rag2-/-�c-/- mice and flow 

cytometry analysis of in vitro differentiation of bone marrow derived mast cells. (A) Rag2-/-�c-/- 

mice were treated intravenously with liposomal clodronate at −8 days, −5 days, and −1 day before 

NAD+ treatment. Following depletion, FACS-sorted naïve CD4+CD44-CD62L+ T cells from C57BL/6 

WT mice were adoptively transferred (3x106 cells/adoptive transfer). Animals were then treated 

with daily intraperitoneal injections of 40 mg NAD+ or a placebo solution (PBS). After 7 days, mice 

were euthanized and spleens were collected and frequencies of CD4+IFN�+, CD4+IL-4+ and 

CD4+IL-17A+ cells were 

assessed by flow cytometry. Data derived from two independent experiments (n=10). (B) CD11b-

DTR transgenic mice weighing 25–30 g were injected with diphtheria toxin (25 ng/g body weight) 

24 hours before and 72 hours after beginning of NAD
+
 or PBS administration for depletion of 

CD11b
+
 cells. After 7 days of treatment with PBS or NAD

+
, frequencies of CD4

+
IFN�

+
, CD4

+
IL-4

+
 and 

CD4
+
IL-17A

+
 cells were assessed by flow cytometry. Data derived from two independent 

experiments (n=10). (C) Bone marrow derived mast cells (BMMCs) were obtained from femurs and 

tibias of 6-8 weeks old C57BL/6 WT mice. BMMCs were cultured in WEHI-3-conditioned medium 

over 90 days. Purities of c-kit+FcR1+ mast cells were then assessed by flow cytometry. Data 

represent mean±S.D. *P<0.05; **P<0.01. Student’s t-test was used to compare between groups. 

 

 

Supplemental EFigure 4: Murine mast cells promote CD4+IFNγ+, CD4+IL-4+ and CD4+IL-17A+ T cell 

differentiation in presence of NAD+ both with and without cell-cell contact. Bone marrow derived 

mast cells (BMMCs) were co- cultured with isolated naïve CD4+CD44-CD62L+ T cells from C57BL/6 

mice (1:100 ratio) either in cell-cell contact or in separate compartments using a transwell system. 

Cells were then treated with NAD+ (500μM) or PBS. After 96 hours, frequencies of (A) CD4+IFNγ+, 

(B) CD4+IL-4+ and (c) CD4+IL-17A+ cells were assessed by flow cytometry (n=6; the data 

derived from two independent experiments). *P<0.05; **P<0.01; ***P<0.001, as determined by 

ANOVA, comparing the indicated groups. Data represent mean±S.D. 

 

 

Supplemental EFigure 5: MCs do not regulate CD4+ T cell differentiation in presence of NAD+ via 

CD80. (A) Bone marrow derived mast cells (BMMCs) from C57BL/6 mice were cultured in presence 

of NAD+ (500μM) or placebo (PBS). After 24 hours of culture, cells were collected and mRNA was 

extracted. mRNA levels of CD86, CD80, TNF-α, IL-4, ICOS-L, OX40-L, IL-6 and IL-33 were determined 
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by real-time PCR. Values are expressed as fold expression relative to the house-keeping gene 

GAPDH. (B-D) Bone marrow derived mast cells (BMMCs) were co-cultured with isolated naïve 

CD4+CD44-CD62L+ T cells from C57BL/6 mice (1:100 ratio) in cell-cell contact conditions in the 

presence of α- CD80, NAD+ (500μM), or placebo (PBS), as indicated. After 96 hours, frequencies of 

(B) CD4+IFN�+, (C) CD4+IL-17A+ 

and (D) CD4+IL-4+ cells were assessed by flow cytometry (n=6; data derived from two independent 

experiments). 

*P<0.05; **P<0.01; ***P<0.001; ns, not significant, as determined by Student’s t-test and ANOVA, 

comparing the indicated groups. Data represent mean±S.D. 

 

Supplemental EFigure 6: Conserved MC-mediated CD4+ T cell differentiation in human MC line 

LAD-2 in presence of NAD+ and NAD+ induces T cell differentiation in MHC class II-/- and WASP-/- 

mice. (A) Human mast cell line LAD-2 cells were co-cultured with isolated human naïve CD4+ T cells 

from healthy donors (1:100 ratio) either in cell-cell contact or in separate compartments using a 

transwell system. Cells were then treated with NAD+ (500μM) or PBS. After 96 hours, frequencies 

of CD4+IFNγ+ cells were assessed by flow cytometry (n=6; data derived from two independent 

experiments). (B) MHC class II-/- (B6.129S-H2dlAb1-Ea) mice were treated daily with intraperitoneal 

injections of 40 mg of NAD+ or a placebo solution (PBS). After 7 days, mice were euthanized and 

splenocytes were harvested. Systemic frequencies of CD4+IFNγ+, CD4+IL-4+, CD4+IL-17A+ cells 

were analyzed by flow cytometry (data derived from two independent experiments; n=5). (C) 

WASP-/- (B6.129S6-Wastm1Sbs/J) mice were treated daily with intraperitoneal injections of 40 mg 

of NAD+ or a placebo solution (PBS). After 7 days, mice were euthanized and frequencies of 

CD4+IFNγ+, CD4+IL-4+, CD4+IL-17A+ cells were assessed by flow cytometry (data derived from 

two independent 

experiments; n=5). *P<0.05; **P<0.01; ***P<0.001; ns, not significant, as determined by Student’s 

t-test and ANOVA, comparing the indicated groups. Data represent mean±S.D. 

 

Supplemental EFigure 7: NAD+ alters systemic frequencies of CD4+Tbet+IFNg+ cells and 

CD11c+MHCII+ dendritic cells following L. monocytogenes infection. C57BL/6 mice were treated 

for five days with daily intraperitoneal injections of NAD+ (40mg) or placebo solution (PBS). After 5 

days, mice were infected with a non-lethal dose of Listeria 

Monocytogenes  (1x107  CFU)  and  euthanized  three  days  later.  Spleens  were  collected  and  
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frequencies  of  (A) 

CD4+Tbet+IFN+ (B) CD4+ IFN+ (C) CD4-IFN+ T cells and (D) CD11b+CD11c+MHCII+ dendritic cells 

were assessed by  flow  cytometry.  Data  derived  from  two  independent  experiments  (n=5);  

data   represent  mean±s.d.  *P<0.05; 

***P<0.001: ns, not significant. Student’s t-test was used to compare between groups. 
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