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11

Abstract

12

Induction of lung T-cell responses, including memory CD4+ TH and TFH cells, are highly desirable

13

for vaccines against respiratory infections. We recently showed that the non-migratory monocytes-

14

derived DCs (moDCs) induced lung TFH cells. However, the DCs subset inducing lung CD4+

15

memory TH cells is unknown. Here, using conditional knockout mice and adoptive cell transfer,

16

we first established that moDCs are essential for lung mucosal, but are dispensable for systemic,

17

vaccine responses. Next, we showed that intranasal administration of adjuvant cyclic di-GMP

18

differentiated lung moDCs into Bcl6+ and Bcl6- moDCs promoting lung memory TH cells and lung

19

TFH cells, respectively. Mechanistically, soluble TNF from lung TNFR2+ cDC2 subpopulation

20

mediates the induction of lung Bcl6+ moDCs. Last, we designed fusion proteins targeting soluble

21

or transmembrane TNF to lung moDCs and generated Bcl6+, Bcl6- lung moDCs respectively.

22

Together, our study revealed lung mature moDCs heterogeneity and showed a moDCs-targeting

23

strategy to enhance lung mucosal vaccine responses.
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24

Introduction

25

Vaccination is the most cost-effective approach to fight infectious diseases. Approved vaccines

26

mainly elicit antibody-mediated protection and do not generate strong mucosal responses.

27

Vaccines that induce T-cell-mediated protection in lung mucosa would provide major health and

28

economic benefits. Memory T cells include central memory T cells (TCM), effector memory T cells

29

(TEM), and tissue-resident memory T cell (TRM). TRM cells comprise a majority of memory T cells

30

in the lung and play a crucial role in maintaining long-term protective immunity in lung

31

mucosa(Mueller and Mackay, 2016; Sathaliyawala et al., 2013). Lung TRM cells include CD4+ TRM

32

and CD8+ TRM cells. While most studies focused on CD8+ TRM cells, the induction of lung CD4+

33

TRM cells is equally important.

34

Lung CD4+ TRM cells are crucial for protection against influenza virus and S.pneumoniae

35

infection(Smith et al., 2018; Teijaro et al., 2011). Swain’s group showed that lung memory CD4+

36

T cells protect against influenza through multiple synergizing mechanisms(McKinstry et al.,

37

2012). Memory CD4+ T cells can accelerate primary CD8+ T cells responses(Krawczyk et al.,

38

2007), activate innate immune cells to combat infections(Strutt et al., 2010), and secret TH

39

cytokines(McKinstry et al., 2010). The DCs subset promote the induction of lung CD4+ TRM cells

40

is unknown. Previous studies suggested that CD8+ DCs (cDC1) promote CD8+ TRM cells(Iborra et

41

al., 2016; Wakim et al., 2015). Several recent studies showed that monocytes promote the

42

generation of CD8+ TRM in the lung(Desai et al., 2018; Dunbar et al., 2019; Thompson et al., 2019).

43

These monocytes do not express MHC class II(Dunbar et al., 2019). Thus, they are unlikely to

44

induce lung CD4+ TRM cells.

45

CD4+ TRM and CD8+ TRM cells share a core transcription signature such as CD69 , CCR6 and

46

CD49a(Kumar et al., 2017; Schreiner and King, 2018; Wilk and Mills, 2018). Nevertheless, key

47

differences exist between CD4+ vs. CD8+ TRM. First, CD4+ TRM far outnumbers CD8+ T cells in
3
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48

the lung(Sathaliyawala et al., 2013; Yang et al., 2011). Second, CD4+ TRM cells are more

49

polyclonal than CD8+ TRM cells(Kumar et al., 2017; Lees and Farber, 2010; Stockinger et al.,

50

2006). Third, CD8+ TRM cells typically localize in the epithelial layers of barrier tissues and do not

51

form clusters or lymphoid-like structures(Takamura et al., 2016). In contrast, CD4+ TRM cells

52

typically localize in cell clusters or ectopic lymphoid structures(Hondowicz et al., 2016; Turner et

53

al., 2014). In the lung, most CD4+ TRM cells are in B cell follicles and, by T cell areas(Hondowicz

54

et al., 2016; Shinoda et al., 2012; Takamura et al., 2016; Turner et al., 2014), a lymphoid-like

55

structure called inducible bronchus-associated lymphoid tissues (iBALT). Thus, lung CD4+ TRM

56

cells likely have a different induction mechanism from the lung CD8+ TRM cells.

57

Lung TRM cells (both CD4+ and CD8+ TRM) require local antigen presentation(Bautista et

58

al., 2016; Haddadi et al., 2019; McKinstry et al., 2014; McMaster et al., 2018). In contrast, TRM

59

cells in the intestine, genital tract, or skin, do not require the tissue antigen recognition(Casey

60

et al., 2012; Mackay et al., 2012). Swain’s group first reported that CD4+ T cell memory

61

formation depends on re-engagement of CD4+ T cells with APCs at their effector stage (“Signal

62

4”), day 5-8 of their response(Bautista et al., 2016; McKinstry et al., 2014). Lung CD8+ TRM

63

establishment also requires cognate antigen recognition in the lung(McMaster et al., 2018). It

64

is unclear which lung APCs provide the “Signal 4” for lung CD4+ TRM induction at this stage of

65

vaccination or infection.

66

Monocyte-derived dendritic cells (moDCs) are a DC subset that rapidly accumulates at the site

67

of inflammation(Randolph et al., 1998). As a result, moDCs are found virtually in any diseases

68

with substantial inflammation(Chow et al., 2017). Though previously known as TNF/iNOS-

69

Producing Dendritic Cells (Tip-DCs)(Serbina et al., 2003) for their roles in promoting

70

inflammation, these monocyte-derived Tip-DCs are likely not DCs because they were not essential

4
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71

for T cell priming(Serbina et al., 2003). Bona fide moDCs are highly capable of antigen uptake,

72

processing, presentation, and priming CD4+ and CD8+ T cells(Chow et al., 2017). For example,

73

tumor-infiltrating moDCs prime CD8+ T cells and induce anti-tumor immunity(Sharma et al.,

74

2018). CCR2+ moDCs are critical for TH17 induction and the development of experimental

75

autoimmune encephalomyelitis(Ko et al., 2014). During cutaneous L. major infection, moDCs

76

could induce TH1 polarization(Leon et al., 2007). moDCs were also sufficient to induce TH2

77

immunity by high-dose HDM(Plantinga et al., 2013). Last, we recently showed that moDCs induce

78

TFH cells in the lung by mucosal adjuvant cyclic di-GMP(Mansouri et al., 2019). Thus, there is a

79

significant degree of plasticity and heterogeneity in moDCs in vivo. The underlying mechanism

80

for moDCs plasticity and heterogeneity is unknown(Chow et al., 2017).

81

In this report, we study the role of lung moDCs in generating lung mucosal CD4+ memory TH

82

cells, including lung CD4+ TRMs. We found that moDCs are specifically required for the generation

83

of CD4+ memory TH cells in lung mucosa but not in the systemic compartments. Furthermore, we

84

identified new differentiated moDCs subpopulations responsible for CD4+ memory TH cells and

85

TFH induction in lung mucosa, respectively.

5
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86

Results

87

CCR2-/- mice selectively lose cyclic di-GMP adjuvanticity in lung mucosa

88

Cyclic di-GMP (CDG) is a mucosal adjuvant eliciting balanced protective immunity in the

89

systemic and mucosal compartments(Allen et al., 2018; Blaauboer et al., 2014; Blaauboer et al.,

90

2015; Ebensen et al., 2007; Mansouri et al., 2019). We previously showed that moDCs promote

91

lung mucosal TFH and IgA responses(Mansouri et al., 2019). To further evaluate the role of moDCs

92

on CDG adjuvanticity, we used CCR2-/- mice, which have decreased numbers of lung moDCs

93

(Figure S1A-S1B). We immunized (i.n.) CCR2-/- mice with CDG/PspA and examined systemic,

94

lung mucosal adjuvant responses on day 28. We found that CCR2-/- mice had unaltered anti-PspA

95

serum IgG but lacked anti-PspA IgA in the BALF (Figure S1C). We then examined memory

96

TH1/2/17 responses in the spleen and lung from immunized CCR2-/- mice by ex vivo recall. Again,

97

CCR2-/- mice retained memory TH responses in the spleen but not in the lung (Figure S1D-S1E).

98

Thus, CDG induced lung mucosa adjuvant responses could be uncoupled from systemic responses.

99

moDCs may be specifically needed for promoting adjuvant responses in lung mucosa.

100
101

moDCs are not activated in RelAfl/flCD11ccre mice, which had selective loss of CDG adjuvant-

102

induced lung mucosal IgA and lung memory CD4 T cells responses.

103

We previously showed that CDG activates RelA of the NF-κB signaling in moDCs(Mansouri et

104

al., 2019). We thus generated RelAfl/flCD11ccre mice to examine the role of moDCs activation in

105

CDG adjuvanticity in lung mucosa. Unlike the CCR2-/- mice, RelAfl/flCD11ccre mice had normal

106

numbers of moDCs (Figure S2A). However, RelAfl/flCD11ccre mice had no antigen-specific IgA

107

in BALF while maintained antigen-specific IgG production in the serum (Figure 1A-1B). The

108

RelAfl/flCD11Ccre mice also did not generate memory TH responses in the lung while retained

109

memory TH responses in the spleen (Figure 1C-1D). RelAfl/flCD11ccre mice had a selective defect
6
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110

on CDG-induced moDCs activation (Figure 1E, S2B). Consistently, CDG induced TFH cells, CD4+

111

TRM cells, and GC B cells were reduced in the lung (Figure S2C-2F).

112
113

moDCs mediate CDG adjuvant-induced lung IgA and CD4+ memory T cells responses

114

RelAfl/flCD11ccre mice deleted RelA in DCs and alveolar macrophages. We thus generated

115

RelAfl/flLysMcre mice to delete RelA in myeloid cells, including macrophage, monocytes, and

116

monocyte-derived cells, e.g., moDCs. Similar to RelAfl/flCD11ccre mice, RelAfl/flLysMcre mice lost

117

IgA and memory TH cells in lung mucosa but not in the systemic compartments (Figure S3A-S3C).

118

Together, the data suggested that RelA in moDCs, not cDCs, mediates CDG adjuvant responses

119

in lung mucosa.

120

moDCs are differentiated from Ly6Chi monocytes(Randolph et al., 1998). We isolated bone

121

marrow Ly6Chi monocytes from C57BL/6J mice and adoptively transferred (i.n.) them into

122

RelAfl/flCD11ccre mice immunized with CDG/OVA (Figure 1F). The procedure was repeated once

123

after 14 days. We examined lung mucosal immune responses 14 days after the last immunization.

124

Indeed, RelAfl/flCD11Ccre mice received WT monocytes had restored lung CD4+ TRM, TFH cells,

125

and lung memory TH responses (Figure 1G-1I). Adoptively transferred WT monocytes also

126

restored OVA-specific IgA in BALF (Figure 1J). Together, the data indicated that lung moDCs

127

mediate the generation of lung mucosa-specific IgA and lung CD4+ memory TH cells.

128
129

moDCs differentiate into Bcl6+ moDCs in the lung

130

How do moDCs simultaneously promote lung IgA/TFH and lung memory CD4+ TH responses? We

131

hypothesized that moDCs might differentiate into functionally distinct mature lung moDCs to

132

induce TFH and CD4 memory TH cells respectively in the lung.

7
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133

We first noticed that on day 14 post-immunization, lungs, not lung draining lymph nodes,

134

contain a population of moDCs with elevated Bcl6 (transcriptional repressor B-cell

135

CLL/lymphoma 6) expression (Figure 2A). Bcl6 is the master transcriptional factor for TFH and

136

GC B cells. A population of lung cDC2 also express Bcl6 (Figure 2A). The Bcl6+ cDC2 population

137

is mainly TNFR2- cDC2. (Figure 2A, S4A). Lung cDC1 does not express Bcl6 on day 14 post-

138

immunization (Figure 2A-2B). Bcl6 expression is lower in lung Bcl6+ moDCs than in lung TFH or

139

GC B cells (Figure S4B).

140

Next, we examined the kinetics of moDCs differentiation in the lung during CDG

141

immunization. The activation of moDCs, indicated by pRelA and CD80 peaked on day 6 post-

142

immunization (Figure 2C, S4D) before the appearance of lung TFH and GC B cells (day 9) (Figure

143

S4E-S4F). Intriguingly, Bcl6+ moDCs differentiation had different kinetics from moDCs

144

activation. Bcl6+ moDCs appeared early on day 2 and kept increasing to day 14, even when moDCs

145

activation was waning (Figure 2C). We found that, on day 14 post-immunization, ~52% of lung

146

moDCs expressed Bcl6 (Figure 2C). Unexpectedly, the Bcl6+ moDCs were long-lasting, detected

147

>200 days post-immunization (Figure 2D).

148

To confirm that the Bcl6+ moDCs were indeed monocyte-derived, we adoptively transferred

149

(i.n.) CD45.1+ WT Ly6Chi monocyte into a C57BL/6J mouse immunized with CDG. On day 14

150

post-immunization, we identified CD45.1+ Bcl6+ moDCs (Figure 2E). Thus, these Bcl6+ moDCs

151

are indeed monocytes-derived. Alveolar macrophages can be monocytes-derived and are

152

CD11C+MHC II+. We, thus, examined alveolar macrophages from BALF in immunized mice and

153

found that alveolar macrophages in immunized mice were Bcl6- (Figure S4C). Thus, the Bcl6+

154

monocyte-derived cells were not BAL AM.

155

We reasoned that lung Bcl6+ moDCs could be induced by other stimuli. Indeed, adjuvants

8
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156

chitosan and cholera toxin (CT) induce lung Bcl6+ moDCs (Figure S5A). In comparison, adjuvant

157

CpG did not induce lung Bcl6+ moDCs (Figure S5A). A previous study found that HDM treatment

158

in mice generated CD4+ memory TH cells in the lung(Turner et al., 2018). We found that HDM-

159

treatment induced Bcl6+ moDCs in the lung (Figure S5B). Last, as expected, CDG-induced lung

160

Bcl6+ moDCs were significantly reduced in RelAfl/flCD11ccre mice (Figure S5C).

161
162

Both Bcl6+ and Bcl6- lung moDCs present antigen, express co-stimulators but produce

163

different cytokines on day 14 post-immunization

164

We then asked if the lung Bcl6+ DCs presented antigen at the effector stage (day 14) in vivo. We

165

immunized C57BL/6J mice with CDG plus a fusion protein of Eα peptide (aa52-68) with

166

ovalbumin (Eα-OVA). On day 14 post-immunization, we detected MHC class II-Eα peptide-

167

specific DCs with the YAE mAb (Figure 2F). The YAE+ moDCs contained both Bcl6+ and Bcl6-

168

populations that were CD86+ (Figure 2F). Thus, both Bcl6+ and Bcl6- moDCs were mature APCs

169

on day 14 post-immunization.

170

We next asked if the Bcl6+ and Bcl6- moDCs produce cytokines, the “Signal 3”. IL-21 is a

171

major TFH-inducing cytokine. Using an IL-21 reporter mouse, we found that lung moDCs were the

172

main IL-21-producing lung DCs in the lung on day 14 post-immunization (Figure 2G). However,

173

the IL-21+ moDCs were mainly Bcl6- moDCs (Figure 2G). CXCL13 is essential for GC formation.

174

We found that on day 14 post-immunization, moDCs produced CXCL13 (Figure 2H). However,

175

most CXCL13+ moDCs were Bcl6- moDCs (Figure 2H). In contrast, the lung Bcl6+ moDCs

176

produce IL-10, TGFβ1 (Figure 2I-2J) cytokines that are critical for the induction of TRMs(Nath et

177

al., 2019; Thompson et al., 2019). The lung Bcl6+ moDCs also produce TH promoting cytokines

178

IL-23 and IL-4 (Figure S6). Together, the data indicated that lung moDCs differentiated into

9
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179

mature Bcl6+ and Bcl6- moDCs on day 14 post-immunization and may promote different T-cells

180

responses in the lung.

181
182

Bcl6fl/flLysMcre mice are defective in lung moDCs development and lack CDG-induced lung

183

mucosal IgA and lung CD4+ memory TH responses

184

To understand the functional significance of differentiated moDCs populations in vivo, we

185

generated Bcl6fl/flLysMcre and Bcl6fl/flCD11ccre mice. Bcl6fl/flLysMcre mice delete Bcl6 in myeloid

186

cells. The cDCs population in the Bcl6fl/flLysMcre mice were unaltered (Figure S7A-S7B). The

187

Bcl6fl/flLysMcre mice had expanded lung neutrophils and Ly6Chi monocytes populations (Figure

188

S7C) as previously reported(Zhu et al., 2019). However, Bcl6fl/flLysMcre mice had reduced lung

189

moDCs (Figure S7A-S7B) similar to the CCR2-/- mice (Figure S1B). Consequently, the

190

Bcl6fl/flLysMcre mice lost lung mucosal-specific IgA production (Figure S7E) and lung memory

191

TH responses (Figure S7G). Spleen memory TH responses and serum antigen-specific IgG in

192

Bcl6fl/flLysMcre mice were comparable to the Bcl6fl/fl mice 4 months post-CDG immunization

193

(Figure S7D, S7F). Last, CDG immunized Bcl6fl/flLysMcre mice did not have lung TFH and lung

194

TRM cells (Figure S7H, S7I). Thus, Bcl6 expression in the myeloid cells is crucial for Ly6Chi

195

monocytes to differentiate into moDCs in the lung. Like the CCR2-/- or RelAfl/flCD11ccre mice,

196

Bcl6fl/flLysMcre mice lack functional lung moDCs and can not promote lung mucosal memory TH

197

or TFH cells.

198
199

Bcl6fl/flCD11ccre mice lack lung cDC1 but have functional cDC2 to mediate CDG

200

adjuvanticity in the systemic compartment

201

Bcl6 is a pleiotropic transcriptional factor. To bypass the influence of Bcl6 on lung moDCs

10
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202

development, we generated Bcl6fl/flCD11ccre mice to ablate Bcl6 after CD11c expression and

203

hoped lung moDCs would be developed.

204

The Bcl6fl/flCD11ccre mice will delete the Bcl6 gene in CD11c+ cells, including cDCs and AM.

205

A previous study found that BCL6 protein expression is elevated in peripheral pre-cDCs,

206

especially cDC1(Zhang et al., 2014). We observed that Bcl6fl/flCD11Ccre mice lack the lung cDC1

207

population (Figure S8A), suggesting that Bcl6 is required for lung cDC1 development. The lung

208

cDC2 also decreased in Bcl6fl/flCD11Ccre mice though was not statistically significant (Figure

209

S8B). Lung cDC2 consists of functionally distinct TNFR2+ and TNFR2- cDC2 populations (Figure

210

S4A)(Mansouri et al., 2019). Notably, the TNFR2- cDC2 population was significantly reduced in

211

the Bcl6fl/flCD11ccre mice (Figure S8B). It is worth noting that the TNFR2- cDC2, not the TNFR2+

212

cDC2, express Bcl6 on day 14 post-CDG immunization (Figure 2A). The significance of the lung

213

Bcl6+ TNFR2- cDC2 is unknown.

214

cDC2 is essential for CDG mucosal adjuvanticity while cDC1 is dispensable(Mansouri et al.,

215

2019). We next examined the function of lung cDC2 in the Bcl6fl/flCD11ccre mice. Mice were

216

treated (i.n.) with CDG for 16hrs. Lung cDC2 activation was determined by CD86 and CCR7

217

expression. The CD86 and CCR7 on CDG-activated lung cDC2 were comparable between Bcl6fl/fl

218

and Bcl6fl/flCD11ccre mice (Figure S8C-S8D). However, cDC2 from the Bcl6fl/flCD11ccre mice had

219

elevated basal CD86 and CCR7 expression (Figure S8C-S8D). cDC2 is essential for CDG

220

adjuvanticity(Mansouri et al., 2019). To further determine the function of cDC2 in

221

Bcl6fl/flCD11ccre mice, we measured CDG adjuvanticity in the systemic compartments. Four

222

months after CDG immunization, the Bcl6fl/flCD11ccre mice had unaltered antigen-specific serum

223

IgG (Figure S8E) and memory TH responses in the spleen (Figure S8F). Thus, the lung cDC2 in

224

the Bcl6fl/flCD11ccre mice can promote CDG adjuvanticity and are functional.

11
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225

CDG adjuvant induces lung TFH cells, lung IgA responses but not lung memory TH responses

226

in Bcl6fl/flCD11ccre mice

227

We then examined moDCs and lung mucosal responses in the Bcl6fl/flCD11ccre mice. Unlike the

228

Bcl6fl/flLysMcre mice, Bcl6fl/flCD11Ccre mice had increased numbers of lung moDCs at the steady-

229

state (Figure S8B). These moDCs also had elevated CD86 expression (Figure S8G). Notably, lung

230

moDCs from Bcl6fl/flCD11ccre mice did not upregulate Bcl6 expression on day 14 post-CDG

231

immunization (Figure S8H). Unexpectedly, the basal Bcl6 expression in lung moDCs was elevated

232

in the Bcl6fl/flCD11ccre mice compared to the Bcl6fl/fl mice (Figure S8I). This elevated basal Bcl6

233

expression in lung moDCs was consistently observed in all Bcl6fl/fl CD11ccre mice we examined

234

(>20 mice). Bcl6 is required for moDCs development (Figure S7A). We speculated that lung

235

moDCs developed in the Bcl6fl/flCD11ccre mice by escaping the Bcl6 deletion and enhanced basal

236

Bcl6 expression. Nevertheless, CDG immunization did not induce Bcl6 expression in lung moDCs

237

from Bcl6fl/flCD11ccre mice (Figure S8H).

238

We next examined moDCs function in the Bcl6fl/flCD11ccre mice. moDCs are essential for

239

promoting lung mucosal CDG responses. We immunized (i.n.) Bcl6fl/flCD11ccre mice with

240

CDG/OVA twice at the two-weeks interval and examined mucosal lung vaccine adjuvant

241

responses. Unlike the Bcl6fl/flLysMcre mice (Figure S7), the Bcl6fl/flCD11ccre mice had unaltered

242

lung TFH cells, GC B cells, or IgA production in the lung (Figure 3A-3D). However,

243

Bcl6fl/flCD11ccre mice did not generate lung CD4+ TRM cells (Figure 3E-3F) or memory lung TH

244

cells (Figure 3G). Thus, the induction of lung TFH and memory TH cells can be uncoupled. Lung

245

moDCs from Bcl6fl/flCD11ccre mice may selectively lack the ability to induce lung memory TH

246

responses.

12
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247

HDM induces CD4+ memory TH cells in mLNs but not in the lung in Bcl6fl/flCD11ccre mice

248

Chronic HDM treatment induced lung memory CD4+ T cells(Turner et al., 2018) and Bcl6+

249

moDCs (Figure S5B). We found that chronic HDM treatment did not induce lung CD4+ TRM cells

250

(Figure 4A-4B) or HDM-specific lung memory TH2, TH17 responses in the Bcl6fl/flCD11ccre mice

251

(Figure 4C). Chronic HDM treatment still induced strong memory TH responses in mLNs (Figure

252

4D) and intact serum anti-HDM IgG1 in the Bcl6fl/flCD11ccre mice (Figure 4E), suggesting

253

Bcl6fl/flCD11ccre mice had a selective defective in lung CD4+ memory T cell response in chronic

254

HDM treated mice.

255
256

Lung moDCs from Bcl6fl/flCD11ccre mice are defective in promoting CD4+ memory TH cells

257

in the lung.

258

IL-10 and TGFβ1 are critical cytokines for the induction of TRMs(Nath et al., 2019; Thompson et

259

al., 2019). Consistently, we found that on day 14 post-immunization, lung moDCs from

260

immunized Bcl6fl/flCD11Ccre mice had decreased production of IL-10 or TGFβ1 (Figure 5A-5B).

261

Lung moDCs from Bcl6fl/flCD11ccre mice also produced less TH-promoting cytokines IL-12p70,

262

IL-4, and IL-23 (Figure 5C, S9A-S9B). CCL20 (MIP3A), the CCR6 ligand, recruits lymphocytes

263

and dendritic cells to mucosal lymphoid tissues and is critical for inducing mucosal immune

264

responses(Lee and Korner, 2019). We found that CCL20 production in lung moDCs was also

265

dramatically reduced in CDG immunized Bcl6fl/flCD11ccre mice on day 14 (Figure 5D).

266

To further demonstrate the lung moDCs from Bcl6fl/flCD11ccre mice can not induce lung

267

memory TH responses, we did the adoptive cell transfer experiments in RelAfl/flCD11ccre and

268

Bcl6fl/flCD11ccre mice. First, we isolated Ly6Chi monocytes from Bcl6fl/fl and Bcl6fl/flCD11ccre

269

mice and transferred (i.n.) them into CDG/OVA immunized RelAfl/flCD11ccre mice on day 0. The
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270

moDCs in RelAfl/flCD11ccre can not be activated due to the lack of RelA (Figure 1). On day 14, we

271

examined the lung CD4+ TRM cells. Only the RelAfl/flCD11ccre mice receiving monocytes from

272

Bcl6fl/fl, not Bcl6fl/flCD11ccre mice generated lung CD4+ TRM cells (Figure 5E), suggesting

273

monocytes or monocytes-derived cells from Bcl6fl/flCD11ccre mice were defective in inducing

274

CD4+ TRM cells in the lung.

275

Monocytes can differentiate into macrophages as well. To exclude the possibility of monocyte-

276

derived macrophages in lung memory CD4+ T cells response, we adoptively transferred moDCs.

277

We sorted out lung moDCs from a naïve C57BL/6 mouse and transferred lung moDCs into (i.n.)

278

immunized Bcl6fl/flCD11ccre mice (Figure 5F). We examined lung memory TH responses on day

279

14 post-immunization. Again, WT moDCs restored memory TH1 responses and lung CD4+ TRM

280

cells in the immunized Bcl6fl/flCD11ccre (Figure 5G-5I). Together, the data indicated that lung

281

moDCs from Bcl6fl/flCD11ccre mice can not promote CD4+ memory TH responses in the lung and

282

it is moDCs cell-intrinsic defect.

283
284

Lung TNFR2+ cDC2 secrete TNF to generate Bcl6+ moDCs in the lung

285

The data so far concluded the functional heterogeneity of lung moDCs. The data also suggested

286

that Bcl6 could be a marker to separate moDCs subpopulations that promote memory TH vs. TFH

287

cells respectively. The Bcl6+ moDCs produce TH and TRM promoting cytokines, chemokines and

288

are likely responsible for lung memory TH responses. We previously showed that the lung TNFR2+

289

cDC2 population induces lung memory TH responses(Mansouri et al., 2019). Furthermore, moDCs

290

did not take up intranasal administered CDG(Mansouri et al., 2019). We, thus, hypothesized that

291

the CDG activated TNFR2+ cDC2, which drives moDCs differentiation into Bcl6+ moDCs.

292

IRF4fl/flCD11ccre mice lack the cDC2 population and do not respond to CDG
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293

immunization(Mansouri et al., 2019). We adoptively transferred WT lung TNFR2+ cDC2 into

294

IRF4fl/flCD11ccre mice and immunized the recipient mice with CDG/OVA. We examined lung

295

Bcl6+ moDCs in the recipient mice on day 14 post-immunization. As expected, IRF4fl/flCD11ccre

296

received PBS did not generate Bcl6+ moDCs. In contrast, IRF4fl/flCD11ccre received WT TNFR2+

297

cDC2 population had lung Bcl6+ moDCs (Figure 6A).

298

How did the lung TNFR2+ cDC2 population stimulate the differentiation of Bcl6+ moDCs in

299

the lung? We previously discovered that lung TNFR2- cDC2 population stimulated moDCs

300

maturation by the transmembrane TNF - TNFR2 interaction(Mansouri et al., 2019). TNF is

301

essential for CDG mucosal adjuvant activity(Blaauboer et al., 2014). cDC2 is the main source for

302

intranasal CDG-induced lung TNF(Mansouri et al., 2019). We hypothesize that TNFR+ cDC2 cells

303

promote the differentiation of Bcl6+ moDCs via TNF secretion. Indeed, the intranasal

304

administration of recombinant soluble TNF/PspA induced lung Bcl6+ moDCs in C57BL/6J mice

305

on day 14 post-immunization (Figure 6B).

306
307

CDG/TNF-Fc(IgG2A) and CDG/TNFD221N/A223R-Fc(IgG2A) fusion proteins promote the

308

generation of lung Bcl6+ and Bcl6- moDCs respectively in the IRF4fl/flCD11ccre mice

309

To demonstrate that lung TNF acts on moDCs directly to promote the differentiation of Bcl6+

310

moDCs, we generated a fusion protein TNF-Fc (IgG2A) to target TNF to moDCs (Figure 6C).

311

moDCs express the high-affinity FcR, FcRI, also known as CD64 that is not found on cDCs or

312

lymphocytes(Langlet et al., 2012). FcγRI bind the Fc of IgG2a with the highest affinity (108M-1),

313

more than 1,000 fold higher than its next binding partner IgG2b-Fc(Guilliams et al., 2014). Indeed,

314

intranasal administration of APC-conjugated mouse IgG2A was taken up exclusively by CD64+

315

lung cells, including MHC IIhi CD64+ moDCs (Figure S10). The CD64+ MHC class IIlow/int

15
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316

macrophages were also targeted. However, macrophages are dispensable for CDG mucosal

317

adjuvanticity in vivo(Blaauboer et al., 2015; Mansouri et al., 2019).

318

We used IRF4fl/flCD11ccre because CDG does not generate lung TNF in the

319

IRF4fl/flCD11ccre(Mansouri et al., 2019), which facilitates the TNF-Fc (IgG 2A) complement experiment.

320

CDG immunization generates soluble TNF and transmembrane TNF (tmTNF)(Mansouri et al.,

321

2019). We fused TNF with the Fc portion of IgG2A to generate TNF-Fc (IgG2A). We also made

322

a TNFD221N/A223R-Fc (IgG2A) fusion protein that targets transmembrane TNF to moDCs. The

323

TNFD221N/A223R mutant mimics transmembrane TNF that binds only to TNFR2, not

324

TNFR1(Loetscher et al., 1993).

325

We immunized IRF4fl/flCD11ccre mice with CDG/NP6CGG with tmTNF-Fc (IgG2A) or TNF-

326

Fc (IgG2A). On day 14, we examined lung moDCs. The addition of TNF-Fc (IgG2A), not

327

TNFD221N/A223R-Fc (IgG2A), generated Bcl6+ and CCL20+ moDCs in the lung (Figure 6D-6E). In

328

contrast, the addition of TNFD221N/A223R-Fc (IgG2A), not TNF-Fc (IgG2A) treatment, generated

329

CXCL13+ moDCs (Figure 6F). Importantly, TNFD221N/A223R-Fc (IgG2A), not TNF-Fc (IgG2A)

330

administration, generated lung TFH and lung IgA in IRF4fl/flCD11ccre mice (Figure 6G-6H).

331
332

TNF-Fc (IgG2A) generated CD4+ TRM-like cells in the lung of the IRF4fl/flCD11ccre mice

333

IRF4fl/flCD11ccre mice lack cDC2 including the migratory TNFR2+ cDCc2 that generates TEF

334

cells in the dLNs(Mansouri et al., 2019). We hypothesized that lung moDCs provide “Signal 4” to

335

convert TEF cells into memory CD4+ T cells in the lung (Figure 7). Thus, we were surprised to find

336

that CDG/TNF-Fc (IgG2A) administration generated CD4+ TRM–like cells in the lung in

337

IRF4fl/flCD11ccre mice (Figure 6I). We suspected that these CD4+ TRM–like (CD49a+CD69+) cells

338

in IRF4fl/flCD11ccre mice may not be antigen-specific lung memory cells. We did the ex vivo recall
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assay. Indeed, neither TNFD221N/A223R-Fc (IgG2A) nor TNF-Fc (IgG2A) restored lung memory TH

340

responses in CDG immunized IRF4fl/flCD11ccre mice (Figure 6J). Thus, TNF-Fc (IgG2A) did not

341

generate NP6CGG-specific lung CD4+ memory T cells in CDG/NP6CGG immunized

342

IRF4fl/flCD11ccre mice, albeit these TRM-like cells could be lung memory CD4+ T cells against

343

unknown antigens.

344

We noticed that TNF-Fc (IgG2A), not TNFD221N/A223R-Fc (IgG2A), dramatically increased

345

numbers of lung CD4+ T cells in CDG immunized IRF4fl/flCD11ccre mice (Figure 6K), likely due

346

to the CCL20 production by TNF-Fc (IgG2A) (Figure 6D). Lung Bcl6+ moDCs might prime these

347

infiltrating lung CD4+ T cells to generate these CD4+ TRM-like cells in the lung of IRF4fl/flCD11ccre

348

mice. Altogether, the moDCs targeting TNF fusion protein data strongly argued that moDCs can

349

differentiate into functionally distinct Bcl6+ and Bcl6- moDCs in the lung via the stimulation by

350

soluble or transmembrane TNF.

351
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352

Discussion

353

moDCs have a universal presence at the site of inflammation and can promote CD4+ and CD8+

354

T cells responses in vivo. Yet, we know very little about how moDCs achieve this plasticity in

355

vivo. Consequently, we have few approaches to control this common and versatile APC

356

population in vivo during inflammation. The most exciting discoveries in this report were i) the

357

identification of functionally distinct moDCs subpopulations responsible for lung CD4+

358

memory TH and TFH cells respectively; ii) the development of moDCs-targeting TNF fusion

359

proteins to control lung moDCs differentiation in vivo.

360

We used the mucosal adjuvant CDG system to study moDCs in vivo. CDG activates mainly

361

the STING pathway(Blaauboer et al., 2014) and does not induce lung damage(Blaauboer et al.,

362

2015). Its simplicity uncouples the lung mucosal vs. systemic, lung memory TH vs. lung TFH

363

vaccine responses, thus facilitates the extraction of the underlying mechanisms. The discovery

364

from the CDG study was confirmed in the inflammatory HDM-treated mice. We showed that

365

similar to the CDG-induced vaccine adjuvant responses, Bcl6fl/flCD11ccre mice lack HDM-

366

induced lung memory CD4+ TH cells while retained mLNs memory CD4+ TH responses. Lung

367

TNF generates Bcl6+ moDCs. TNF is a hallmark of inflammation. We propose that Bcl6+

368

moDCs exist at the site of all inflammation and may play a critical role in driving TH cells-

369

mediated inflammatory responses.

370

We separated differentiated lung moDCs based on their expression of Bcl6. We proposed

371

that lung moDCs differentiate into Bcl6+ moDCs to promote lung memory TH responses. First,

372

the Bcl6+ moDCs are likely a heterogeneous population as well promoting TH1, TH2 or TH17

373

responses in the lung. Second, though Bcl6 expression in lung moDCs is likely functional

374

relevant, we did not establish a causal link between Bcl6 expression in Bcl6+ moDCs and their

375

ability to promote memory CD4+ TH responses. Both conditional Bcl6 mice had DCs
18
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376

developmental defects. The Bcl6fl/flLysMcre mice do not have functional moDCs while the

377

Bcl6fl/flCD11ccre mice had no cDC1. Nevertheless, CDG did not induce Bcl6 expression in lung

378

moDCs from the Bcl6fl/flCD11ccre mice on day 14 post-immunization. LysM and CD11c-driven

379

Bcl6 conditional mice have been described before(Zhu et al., 2019). However, the defect in

380

lung moDCs were not reported(Zhu et al., 2019). Here, we established a critical role of Bcl6 in

381

lung moDCs development. Future study is needed to understand the cell-intrinsic role of Bcl6

382

in controlling the function of the differentiated Bcl6+ lung moDCs.

383

How Bcl6+ moDCs promote the induction of lung CD4+ memory T cells? Lung CD4+ T cell

384

memory formation depends on re-engagement of CD4+ T cells with APC at their effector stage

385

(Signal 4) (Bautista et al., 2016; McKinstry et al., 2014). The lung Bcl6+ moDCs are a

386

differentiated moDCs population appeared after the initial priming. We propose that the

387

differentiated Bcl6+ moDCs are the long-thought lung APCs that provide the “Signal 4” during

388

the effector stage to induce lung memory CD4+ T cells. Indeed, lung Bcl6+ moDCs bore

389

antigens and expressed CD80, CD86 on day 14 post-immunization. However, mature Bcl6-

390

moDCs exist during the same timeframe and present antigen in the lung on day 14 post-

391

immunization. In fact, the Bcl6- moDCs induced lung TFH cells. So why does Bcl6- mature

392

moDCs can not drive lung CD4+ memory TH cell induction? In the lung, most CD4+ TRM cells

393

are in B cell follicles(Hondowicz et al., 2016; Shinoda et al., 2012; Takamura et al., 2016; Turner

394

et al., 2014). Bcl6 expression upregulates CXCR5 on moDCs. CXCR5+ DCs were found to

395

localize near B cell follicles in the marginal zone of the spleen and the dermis of the skin(Saeki

396

et al., 2000; Yu et al., 2002). We hypothesize that the expression of chemokine receptor CXCR5

397

positions the mature Bcl6+ moDCs on the boundary of the B-T cell zone, where they provide

398

“Signal 4” to incoming CD4+ TEF cells via the high endothelial venules and promote CD4+ memory
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399

cells formation.

400

Recall response is a hallmark of immune memory cells, which establishes antigen-specificity

401

and distinguish TH1, TH2, and TH17 memory CD4+ T cells. We used lung ex vivo recall assay to

402

determine the total lung CD4+ memory T cells, including memory TH1, TH2, and TH17 cells

403

induced by immunization. We reasoned that though the lung memory TH responses are mainly

404

from lung CD4+ TRM cells, TEM cells or other unknown memory CD4 T cells in the lung may also

405

contribute to the total lung memory TH responses(Reagin and Klonowski, 2018). Furthermore,

406

growing evidence suggest that TRM cells, even at the same tissue site, e.g. lung, are

407

heterogeneous(Mueller and Mackay, 2016). In fact, we identified CD4+ TRM-like cells in TNF-Fc

408

(IgG2A) adjuvanted CDG immunized IRF4fl/flCD11ccre mice, but these TRM-like cells could not

409

be recalled by the immunized antigen. Our goal is to generate antigen-specific protection against

410

lung infections for which all memory CD4+ T cells in the lung contribute. We believe measuring

411

total lung memory TH1/2/17 cells by ex vivo lung recall is a better indicator for the vaccine efficacy

412

in lung mucosa than enumerating total cell numbers of lung CD69+CD49a+ CD4 TRM cells.

413

In summary, moDCs can differentiate into Bcl6+ and Bcl6- lung moDCs to promote CD4+ TH

414

cells and TFH cells, respectively in the lung mucosa. Targeted activation of moDCs by soluble and

415

tmTNF fusion proteins could be a valuable method to enhance lung T-cells memory responses.

20
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416

Methods

417

KEY RESOURCES TABLE
REAGENT or RESOURCE
Antibodies
Anti-mouse CD4-PE/Cy7 (clone: GK1.5)
Anti-mouse IL-4-APC (clone: 11B11)
Anti-mouse IL-17a-PE (clone: TC11-1810.1)
Anti-mouse IL-12p35 – Pe (clone: 27537)
Anti-mouse IL-4 – APC (clone: 11B11)
Anti-mouse CD45-PercP/Cy5.5 (clone: 30-F11)
Anti-mouse IL-23 – FITC (clone: fc23cpg)
Anti-mouse MHCII(I-A/I-E)-Brilliant Violet 421
(clone: M5/114.15.2)
Anti-mouse MHCII(I-A/I-E)- Alexa Fluor (clone:
M5/114.15.2)
Anti-mouse CD11c-APC/Cy7 (clone: N418)
Anti-mouse/human CD11b- PE/Cy7 (clone: M1/70)
Anti-mouse/human CD11b- Brilliant Violet 605
(clone: M1/70)
Anti-mouse CD64- PerCP/Cy5.5 (clone: X54-5/7.1)
Anti-mouse TNFR2- PE (Clone:TR75-89)
Anti-mouse TNFR2-APC (Clone: REA228)
Anti-mouse PD1 – FITC (Clone: 29F.1A12)
Anti-mouse PD1 – APC-Cy7 (Clone: 29F.1A12)
Anti-mouse CXCL13
Anti-mouse/human pRelB-PE (clone: D41B9)
Anti-mouse CCL20 – APC-Cy7 (clone: 114906)
Anti-mouse IL-10 – APC (clone: JESS-16E3)
Anti-mouse CXCR5 – APC (clone: L138D7)
Anti-mouse CD49A – Pe (clone: HMa1)
Anti-mouse pRelA – APC (clone: 93H1)
Anti-mouse LAP (TGFβ1)-Brilliant Violet 421
(clone:TW7-16B4)
Anti-mouse LAP (TGFβ1)-FITC (clone:TW716B4)
Anti-mouse CD45.1-APC (clone: A20)
Anti-mouse CD69 – APC (clone: H1.2F3)
Anti-mouse CD80 – FITC (clone: 16-10A1)
Anti-mouse CD86 – APC-Cy7 (clone: GL-1)
Anti-mouse Bcl6 – APC (clone: 7D1)
Anti-mouse Bcl6 – Pe (clone: IG191E/A8)
Anti-IAb- Eα-peptide complex (clone: YAE)

21

SOURCE

IDENTIFIER

BioLegend
BioLegend
BioLegend
InVitrogen
BioLegend
Biolegend
InVitrogen
BioLegend

Cat#100422
Cat#504106
Cat#506903
Cat#MA5-23559
Cat#504105
Cat#103131
Cat#53-7023-80
Cat#107636

BioLegend

Cat#107622

Biolegend
BioLegend
BioLegend

Cat#117323
Cat#101216
Cat#101237

BioLegend
BioLegend
Miltenyi Biotec
BioLegend
BioLegend
R&D Systems
Cell Signaling
Technology
R&D Systems
BioLegend
BioLegend
BioLegend
Cell Signaling
Technology
BioLegend

Cat#139307
Cat#113405
Cat#130-104-698
Cat#135214
Cat#135223
Cat#AF470
Cat#:13567

BioLegend

Cat#141413

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
eBioscience

Cat#110713
Cat#104578
Cat#104705
Cat#105029
Cat#358505
Cat#648304
Cat#14-5741-82

Cat#IC760N
Cat#505016
Cat#145506
Cat#142604
Cat#4887S
Cat#141407
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Anti-mouse CD19 – PerCP/Cy5.5 (clone:
1D3/CD19)
Anti-mouse IgG-HRP
Anti-mouse IgA-HRP
Chemicals, Peptides, and Recombinant Proteins
Eα-OVA(ASFEAQGALANIAVDKA-OVA)
OVA
Cyclic di-GMP (vaccine-grade)
Chitosan (vaccine-grade)
Cholera toxin
APC-Mouse IgG2A (clone: MOPC173)
NP6CGG
TNFD221N/A223R-Fc (mouse IgG2A) fusion protein
TNF-Fc (mouse IgG2A) fusion protein
CpG-ODN 2395 (vaccine-grade)
House dust mites Dermatophagoides pteronyssinus
(HDM-Der p1)
PspA

BioLegend

Cat#152405

Southern Biotech
Southern Biotech

Cat#1033-05
Cat#1040–05

Genecust
Invivogen
Invivogen
Invivogen
List Biological
Laboratories
BioLegend
Biosearch
Technologies
Creative® Biolabs
Creative® Biolabs
Invivogen
Greer Laboratories

Custom made
Cat#vac-pova
Cat# vac-nacdg
Cat# tlrl-cht
Cat#100B

BEI Resources,
NIAID, NIH
EBioscience

Cat#981906
Cat# N-5055A
Custom made
Custom made
Cat#2395-vac
Cat#XPB82D3A2.
5
NR-33178

Foxp3/Transcription Factor Staining Buffer Set
Experimental Models: Organisms/Strains
Mouse: CD11cCre
Mouse: CCR2-/Mouse: IL-21-VFP
Mouse: Bcl6fl/fl
Mouse: RelAfl/fl
Mouse: CD45.1
Mouse: Lysmcre
Software and Algorithms
FlowJo version 10.1r1

cat#00-5523-00

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory

Cat#008068
Cat#004999
Cat#030295
Cat#023727
Cat#024342
Cat#002014
Cat#004781

FlowJo

Prism6

GraphPad

http://www.flowjo.
com
http://www.graphp
ad.com

418
419

Mice. Age- and gender-matched mice (2 - 3 months old) were used for the initial immunization or

420

HDM treatment. C57BL/6J, B6.CD45.1(#002014), Bcl6fl/fl (#023727), CCR2-/- (#004999), RelAfl/fl

421

(#024342), IL-21-VFP(#030295), CD11ccre (#008068) and LysMcre (#004781) mice were

422

purchased from The Jackson Laboratory. Mice were housed and bred under pathogen-free
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423

conditions in the Animal Research Facility at the University of Florida. All mouse experiments

424

were performed by the regulations and approval of the Institutional Animal Care and Use

425

Committee at the University of Florida, IACUC number 201909362.

426

Reagents. Eα-OVA (ASFEAQGALANIAVDKA-OVA) fusion protein was produced by

427

GeneCust. TNF-IgG2a-Fc fusion proteins were produced by Creative® Biolabs. WT mouse TNF

428

(aa80~235) or mutant mouse TNF (TNFD221N/A223R) was fused with Fc portion of the mouse

429

IgG2A. Following reagents were from Invivogen, endotoxin-free OVA (vac-pova), vaccine-grade

430

CDG (vac-nacdg), vaccine-grade CpG-ODN 2395 (2395-vac-1), chitosan (tlrl-cht). House dust

431

mite (XPB82D3A2.5, D. pter) was from Stallergenes Greer. Cholera toxin was from List

432

Biological Laboratories (100B). Following reagents were from eBioscience, YAE mAb (14-

433

5741-82). Following reagents are from Biosearch Technologies, NP6CGG (N-5055A).

434

The following reagent was obtained through BEI Resources, NIAID, NIH: Streptococcus

435

pneumoniae Family 2, Clade 3 Pneumococcal Surface Protein A (PspA UAB099) with C-Terminal

436

Histidine Tag, Recombinant from Escherichia coli, NR-33179.

437

Intranasal CDG Immunization. Groups of mice were intranasally vaccinated with CDG (5µg)

438

adjuvanted antigen (2µg) or antigen alone (Blaauboer et al., 2014). For intranasal vaccination,

439

animals were anesthetized using isoflurane in an E-Z Anesthesia system (Euthanex Corp, Palmer,

440

PA). Antigen, with or without CDG was administered in 30µl saline. Sera were collected at the

441

indicated time points after the last immunization. The antigen-specific Abs were determined by

442

ELISA. Secondary Abs used were anti-mouse IgG-HRP (Southern Biotech, 1033– 05), and anti-

443

mouse IgA-HRP (Southern Biotech, 1040–05).To determine Ag-specific TH response, splenocytes

444

and lung cells from antigen or CDG + antigen immunized mice were stimulated with 5µg/ml

445

antigen for four days in culture. TH cytokines were measured in the supernatant by ELISA.
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446

HDM-induced chronic asthma. House dust mites Dermatophagoides pteronyssinus (HDM-Der

447

p1, Greer Laboratories, cat no. XPB82D3A2.5) was suspended in endotoxin-free PBS at a

448

concentration of 5mg/ml. To induce chronic asthma, mice were challenged with 25µg HDM every

449

other day for five consecutive weeks. To measure HDM-specific lung memory TH, lung cells were

450

restimulated with 25µg/ml of HDM for 4 days. Memory TH cells were measured in the supernatant

451

by ELISA.

452

Isolation of lung cells. Cells were isolated from the lung, as previously described(Mansouri et al.,

453

2019). The lungs were perfused with ice-cold PBS and removed. Lungs were digested in DMEM

454

containing 200μg/ml DNase I (Roche, 10104159001), 25μg/ml Liberase TM (Roche,

455

05401119001) at 37C for 2 hours. Red blood cells were then lysed and a single cell suspension

456

was prepared by filtering through a 70-µm cell strainer.

457

Intracellular staining.

458

For transcription factor Bcl6 staining of murine and human cells, cells were fixed and

459

permeabilized with the Foxp3 staining buffer set (eBioscience, cat no 00-5523-00). The

460

intracellular cytokine staining was performed using the Cytofix/Cytoperm™ kit from BD

461

Biosciences (cat#555028). The single lung cell suspension was fixed in Cytofix/perm buffer (BD

462

Biosciences) in the dark for 20min at RT. Fixed cells were then washed and kept in Perm/Wash

463

buffer at 4°C. Golgi-plug was present during every step before fixation.

464

Mouse monocyte purification and adoptive transfer

465

Mouse Ly6Chi monocytes were purified from the bone marrow of naïve mice (C57BL/6J or

466

CD45.1) following the protocol according to the manufacturer (Stemcell Technologies, 19861).

467

Mice were intranasally vaccinated with CDG (5µg) and antigen. Ly6Chi monocytes (1.5

468

million/mouse) were administered intranasally into immunized mice at 30mins, 2hrs and 4hrs post-
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469

immunization.

470

Flow cytometry. Single-cell suspensions were stained with fluorescent-dye-conjugated antibodies

471

in PBS containing 2% FBS and 1mM EDTA. Surface stains were performed at 4C for 20 min.

472

Cells were washed and stained with surface markers. Cells were then fixed and permeabilized

473

(eBioscience, cat no. 00-5523-00) for intracellular cytokine stain. Data were acquired on a BD

474

LSRFortessa and analyzed using the FlowJo software package (FlowJo, LLC). Cell sorting was

475

performed on the BD FACSAriaIII Flow Cytometer and Cell Sorter.

476

Experimental Design. Data exclusion was justified when positive or negative control did not

477

work. All experiments will be repeated at least three times. All repeats are biological replications

478

that involve the same experimental procedures on different mice. Experiments comparing different

479

genotypes, adjuvant responses are designed with individual treatments being assigned randomly.

480

Where possible, treatments will be assigned blindly to the experimenter by another individual in

481

the lab. When comparing samples from different groups, samples from each group will be analyzed

482

in concert, thereby preventing any biases that may arise from analyzing individual treatments on

483

different days

484

Statistical Analysis. All data are expressed as means ± SEM. Statistical significance was

485

evaluated using Prism 6.0 software. One-way ANOVA was performed with post hoc Tukey’s

486

multiple comparison test, Mann-Whitney U-test, or Student’s t-test applied as appropriate for

487

comparisons between groups. A p-value of <0.05 was considered significant.

488
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Supplemental Material

490

A pdf file containing 10 Supplementary Figures can be found online.

491
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669

Figure 1. moDCs promote CDG adjuvant-induced lung mucosal IgA and CD4 memory TH

670

responses. A-B. RelAfl/fl and RelAfl/flCD11ccre mice were immunized (i.n.) with two doses (14

671

days apart) of PspA or PspA plus CDG (5g). Anti-PspA IgG in serum (A) and IgA in BALF (B)

672

were determined by ELISA 28 days post-immunization. (n=3mice/group) Data are representative

673

of three independent experiments. C-D. Lung cells (D) or splenocytes (C) from immunized

674

RelAfl/fl and RelAfl/flCD11ccre mice (A) were recalled with 5g/ml PspA for 4 days in culture.

675

Cytokines were measured in the supernatant by ELISA. E. Frequency of activated (CD86+)

676

pulmonary DC subsets in RelAfl/fl and RelAfl/flCD11ccre mice administered (i.n.) with PBS or 5µg

677

CDG for 16 hours. (n=3mice/group). Data are representative of two independent experiments. F.

678

Experimental design for adoptive transfer. RelAfl/flCD11ccre mice (n=3mice/group) were

679

immunized with CDG/OVA. WT bone marrow Ly6Chi monocytes (1.5 million total cells) were

680

transferred (i.n.) at 30mins, 2hrs and 4hrs post-immunization. Mice were harvested on day 14. G.

681

Lung cells from (F) were recalled with 2g/ml OVA for 4 days in culture. Cytokines were

682

measured in the supernatant by ELISA. Data are representative of three independent experiments.

683

H. Frequency of lung TFH from (F). Data are representative of three independent experiments. I.

684

CD4+CD69+CD49a+ TRM were determine by flow cytometry from (F). Data are representative of

685

three independent experiments. J. BALF anti-OVA IgA on day 14 from (F) were determined by

686

ELISA. Data are representative of three independent experiments. Graphs represent the mean with

687

error bars indication S.E.M. P values determined by one-way ANOVA Tukey’s multiple

688

comparison test (C, D, H) or unpaired student t-test (E, G). *P<0.05

689

34

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.135244; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

690
691

Figure 2. moDCs differentiate into Bcl6+ and Bcl6- mature moDCs in the lung mucosa. A.

692

Flow cytometry analysis of Bcl6 expressing DCs in the mediastinal lymph nodes and lungs of WT
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693

mice immunized with CDG/OVA. Lungs were harvested on day 14. (n=3mice/group) Data are

694

representative of two independent experiments. B. The absolute numbers of Bcl6+ pulmonary DC

695

subsets in the lungs of WT mice immunized with CDG/OVA on day 14. (n=3mice/group) Data

696

are representative of two independent experiments. C. Flow cytometry analysis of Bcl6 (top) and

697

pRelA (bottom) expression in lung moDCs of WT mice immunized with CDG/OVA. Lungs were

698

harvested at different time points. (n=3mice/group) Data are representative of two independent

699

experiments. D. The kinetics of the absolute number of Bcl6+ moDCs in WT mice at different time

700

points following immunization (i.n.) with CDG/OVA. (n=3mice/group) Data are representative of

701

two independent experiments. E. WT mice receiving CD45.1+ monocytes (i.n.) were immunized

702

with CDG/NP6CGG. On day 14, CD45.1+Bcl6+ moDCs were determined by Flow cytometry.

703

(n=3mice/group) Data are representative of two independent experiments. F. WT mice were

704

immunized with Eα-OVA or Eα-OVA/CDG (5µg). YAE+ moDCs were determined by flow

705

cytometry in the lung on day 14. (n=3mice/group) Data are representative of three independent

706

experiments. G. Analysis of IL-21+ cells in the lungs of IL-21-VFP reporter mice on day 14 post-

707

immunization with CDG/OVA (i.n.). (n=3mice/group) Data are representative of two independent

708

experiments. H. Flow cytometry analysis of CXCL13+ lung moDCs in C57BL/6J mice on day 14

709

post-immunization (i.n.) with CDG/OVA. (n=3mice/group) Data are representative of two

710

independent experiments. I-J. Flow cytometry analysis of IL-10 (I), and TGFβ1 (J) production by

711

lung moDCs in C57BL/6J mice on day 14 post-CDG/OVA immunization. (n=3mice/group) Data

712

are representative of two independent experiments. Graphs represent the mean with error bars

713

indication s.e.m. P values determined by unpaired student t-test.

714

***P<0.0001.
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715
716
717

Figure 3. CDG induces lung TFH responses but not CD4+ memory TH in Bcl6fl/flCD11ccre. A-

718

C. Bcl6fl/fl and Bcl6fl/flCD11ccre mice were immunized (i.n.) with CDG (5µg) and PspA (2µg).

719

Flow cytometry plots of CD4+PD1+CXCR5+ TFH on day 14 (A). Frequency of TFH (B) and

720

CD19+Bcl6+ GC B cells (C) in the lung on day 14 post-immunization. (n=3mice/group) Data are

721

representative of three independent experiments. D. BALF anti-PspA IgA in mice from (A) was

722

determined on day 14 by ELISA. Data are representative of three independent experiments. E-F.

723

Flow cytometry plots (E) and frequency (F) of CD4+CD69+CD49a+ TRM in immunized Bcl6fl/fl

724

and Bcl6fl/flCD11ccre mice from (A). Data are representative of three independent experiments. G.

725

Lung cells from immunized mice (A) were recalled with 5g/ml PspA for 4 days in culture.

726

Cytokines were measured in the supernatant by ELISA. Data are representative of three

727

independent experiments. Graphs represent the mean with error bars indication s.e.m. P values

728

determined by unpaired student t-test. *P<0.05, **P<0.001, ***P<0.0001.

729
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730
731

Figure 4. HDM induces CD4+ memory TH cells in mLNs but not in the lungs from

732

Bcl6fl/flCD11ccre mice. A. A cartoon of chronic HDM treatment in mice. n=3 mice/group. B. Flow

733

cytometry analysis (left) and frequency (right) of CD4+CD69+CD49a+ TRM in HDM-induced

734

Bcl6fl/fl and Bcl6fl/flCD11ccre mice on day 35. (n=3mice/group) Data are representative of three

735

independent experiments. C-D. Lung cells (C) or mediastinal lymph nodes (mLNs) (D) from HDM

736

treated mice on day 35 from (A) were stimulated with 25g/ml HDM for 4 days in culture. TH2

737

and TH17 cytokines were measured in the supernatant by ELISA. Data are representative of three

738

independent experiments. E. Serum anti-HDM IgG1 were determined in the HDM mice on day 35

739

from (A) by ELISA. Data are representative of three independent experiments. Graphs represent

740

means ± standard error. The significance is determined by one-way ANOVA Tukey’s multiple

741

comparison test (C, D) or unpaired Student’s t test (B). *p<0.05, **P<0.001, ***P<0.0001.
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742
743

Figure 5. Bcl6+ moDCs promote lung mucosal CD4+ memory TH responses. A-D. Flow

744

cytometry analysis and frequency of TGFβ1 (A), IL-10 (B), IL-12p70 (C), and CCL20 (D)
39
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745

production by lung moDCs in Bcl6fl/fl and Bcl6fl/flCD11ccre mice on day 14 post CDG/NP6CGG

746

immunization. (n=3mice/group) Data are representative of two independent experiments. E.

747

RelAfl/flCD11ccre mice receiving (i.n.) Bcl6fl/fl or Bcl6fl/flCD11ccre bone marrow Ly6Chi monocytes

748

were immunized with CDG/NP6CGG. Lung CD4+CD69+CD49a+ TRM cells were determined by

749

Flow cytometry on day 14. (n=3mice/group) Data are representative of two independent

750

experiments. F. A cartoon of adoptive moDCs transfer into Bcl6fl/flCD11ccre mice. n=3 mice/group.

751

Sorted naïve WT lung moDCs (~35,000 cells) were adoptively transferred (i.n.) into

752

Bcl6fl/flCD11ccre mice. Recipient Bcl6fl/flCD11ccre mice were immunized with CDG/NP6CGG. G-

753

H. Lung CD4+CD69+CD49a+ TRM cells were determined by flow cytometry on day 14. I. Lung

754

cells from immunized mice were recalled with 5g/ml NP6CGG for 4 days in culture. Cytokines

755

were measured in the supernatant by ELISA. (n=3mice/group) Data are representative of two

756

independent experiments. Graphs represent means ± standard error. The significance is determined

757

by one-way ANOVA Tukey’s multiple comparison test (A, B, C, H, I) or unpaired Student’s t test

758

(D). * p<0.05, **P<0.001, ***P<0.0001.

759
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760
761

Figure 6. Targeting soluble and transmembrane TNF to moDCs in vivo generate functionally

762

distinct lung Bcl6+ and Bcl6- moDCs respectively. A. Sorted naïve lung TNFR2+ cDC2 were

763

adoptively transferred (i.n.) into IRF4fl/flCD11ccre mice and immunized with CDG/PspA. On Day

764

14, Bcl6+ moDCs were determined by flow cytometry. (n=3 mice/group) Data are representative
41

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.135244; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

765

of three independent experiments. B. WT mice were treated (i.n.) with 200ng recombinant TNF

766

and PspA or PspA alone. On day 14, Bcl6+ moDCs in the lung were determined by Flow

767

cytometry. (n=3 mice/group) Data are representative of two independent experiments. C. Cartoon

768

illustrating the sTNF-Fc (IgG2A) and tmTNF-Fc (IgG2A) fusion proteins. D-F. IRF4fl/flCD11ccre

769

mice were immunized (i.n.) with CDG/NP6CGG and 100ng tmTNF-Fc (IgG2A) or 100ng sTNF-

770

Fc (IgG2A). Lungs were harvested on day 14. Flow cytometry analysis of CCL20 (D), Bcl6 (E),

771

and CXCL13 (F) expression by lung moDCs. (n=3 mice/group) Data are representative of three

772

independent experiments. G-H. Flow cytometry analysis of lung TFH (G) and lung antigen-specific

773

IgA (H) in mice from (D-F). Lungs were harvested on Day 14. Data are representative of three

774

independent experiments. I. Flow cytometry analysis of lung CD4+ TRM cells in mice from (D-F)

775

on day 14. Data are representative of three independent experiments. J. Lung cells from mice in

776

(D-F) on day 14 post-immunization were recalled with 5g/ml NP6CGG in culture for 4 days.

777

Cytokines were measured in the supernatant by ELISA. Data are representative of three

778

independent experiments. K. Flow cytometry analysis of lung CD4+ T cells in mice from (D-F)

779

on day 14. Data are representative of three independent experiments. Graphs represent means ±

780

standard error. The significance is represented by one-way ANOVA Tukey’s multiple comparison

781

test. * p<0.05, **P<0.001, ***P<0.0001.

782
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783
784

Figure 7. Model – Differentiated lung Bcl6+ and Bcl6- moDCs induce CD4+ memory TH cells

785

and TFH cells in the lung respectively. A. We previously showed(Mansouri et al., 2019) that

786

intranasal administration of adjuvant CDG activates STING pathway in TNFR2(-) cDC2

787

population to mature moDCs via the transmembrane TNF and generate TFH cells, IgA in lung

788

mucosa. B. CDG activates STING pathway in the lung TNFR2(+) cDC2 population to secrete

789

TNF(Mansouri et al., 2019), which differentiate moDCs into Bcl6+ moDCs that provide “Signal

790

4” in lung mucosa to drive CD4+ TEF cells into lung memory CD4+ TH cells.

791
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