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15 Abstract

16 Following repeated encounters with adenoviruses most of us develop robust humoral and 

17 cellular immune responses that are thought to act together to combat ongoing and 

18 subsequent infections. Yet in spite of robust immune responses, adenoviruses establish 

19 subclinical persistent infections that can last for decades. While adenovirus persistence 

20 pose minimal risk in B-cell compromised individuals, if T-cell immunity is severely 

21 compromised, reactivation of latent adenoviruses can be life threatening. This dichotomy 

22 led us to ask how anti-adenovirus antibodies influence adenovirus-specific T-cell 

23 immunity. Using primary human blood cells, transcriptome and secretome profiling, and 

24 pharmacological, biochemical, genetic, molecular, and cell biological approaches, we 

25 initially found that healthy adults harbor adenovirus-specific regulatory T cells (Tregs). As 

26 peripherally induced Tregs are generated by tolerogenic dendritic cells (DCs), we then 

27 addressed how tolerogenic DCs could be created. Here, we demonstrate that DCs that 

28 take up immunoglobulin-complexed (IC)-adenoviruses create an environment that causes 

29 bystander DCs to become tolerogenic. These adenovirus antigen-loaded tolerogenic DCs 

30 can drive naïve T cells to mature into adenovirus-specific Tregs. Our results may provide 

31 ways to improve antiviral therapy and/or pre-screening high-risk individuals undergoing 

32 immunosuppression.

33 Author summary

34 While numerous studies have addressed the cellular and humoral response to primary 

35 virus encounters, relatively little is known about the interplay between persistent 

36 infections, neutralizing antibodies, antigen-presenting cells, and the T-cell response. Our 

37 studies suggests that if adenovirus–antibody complexes are taken up by professional 

38 antigen-presenting cells (dendritic cells), the DCs generate an environment that causes 

39 bystander dendritic cells to become tolerogenic. These tolerogenic dendritic cells favors 

40 the creation of adenovirus-specific regulatory T cells. While this pathway likely favors 

41 pathogen survival, there may be advantages for the host also.
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42 Introduction

43 Human adenoviruses (HAdVs), of which there are currently >80 types, typically cause 

44 self-limiting respiratory, ocular, and gastro-intestinal tract infections in immunocompetent 

45 individuals. After repeated encounters, most young adults generally harbor cross-reactive, 

46 long-lived humoral and T-cell responses [1–3] that are thought to work together to 

47 efficiently blunt subsequent HAdV-induced morbidity. However, in spite of the robust anti-

48 HAdV immune responses, HAdVs routinely establish decades-long, subclinical infections 

49 that are characterized by low level shedding of progeny virions [4,5]. While potential 

50 molecular mechanisms by which HAdVs evade the immune response have been 

51 proposed [6], we suspected that complementary mechanisms also exist. Of note, in T-cell 

52 compromised patients the loss of cellular control of persistent HAdV infection can lead to 

53 fulminant and fatal disease [4,5]. It is noteworthy that serological evidence that the patient 

54 has been infected by a given HAdV type before hematopoietic stem cell transplantation is 

55 predictive of escape from the same HAdV type during immune suppression [7]. 

56 While T-cell therapy has shown a notable potential to prevent HAdV disease in 

57 immunocompromised patients [8,9], immunoglobulin therapy has had remarkably little 

58 impact [4]. Due to omnipresent anti-HAdV antibodies, it is not surprising that 

59 immunoglobulin-complexed HAdVs (IC-HAdVs) are detected in some patients with HAdV 

60 disease [10–12]. In a broader view, immunoglobulin-complexed viruses can form during 

61 prolonged viremia, secondary infections, primary infections when a cross-reactive humoral 

62 response exists, and in the presence of antibody-based antiviral therapy. It is important to 

63 note that IC-HAdVs are potent stimulators of human dendritic cell (DC) maturation [13,14]. 

64 In immunologically naïve hosts, immunoglobulin-complexed antigens are efficient 

65 stimulators of antibody and cytotoxic T-cell responses [15]. However, most studies using 

66 immunoglobulin-complexed antigens have used prototype antigens that have little impact 

67 on their intracellular processing. This is not the case for IC-HAdVs. The endosomolytic 

68 activity of protein VI, an internal capsid protein, prevents the canonical processing of the 

69 IC-HAdVs by enabling the escape of HAdV capsid and its genome from endosomes into 

70 the cytoplasm [14]. In the cytoplasm, the HAdV genomes are detected by absent in 

71 melanoma 2 (AIM2), a cytosolic pattern recognition receptor (PRR) [16]. AIM2 

72 engagement of the 36 kb HAdV-C5 genome induces pyroptosis, a pro-inflammatory cell 

73 death in conventional DCs [17]. Pyroptosis entails inflammasome formation, caspase 1 

74 recruitment/auto-cleavage/activation, pro-IL-1β processing, gasdermin D (GSDMD) 

75 cleavage, GSDMD-mediated loss of cell membrane integrity, and IL-1β release [18,19]. 

76 Just as immune responses need to be initiated, suppression of cellular responses are 

77 primordial to avoid excessive tissue damage and feature prominently in acute and chronic 
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78 infection [20–22]. Control of antigen-specific T cells can be mediated in part by 

79 peripherally induced regulatory T cells (Tregs) [23]. When regulation of immune responses 

80 goes awry, antigen-specific Tregs can favor the establishment of persistent viral infections. 

81 Moreover, tolerogenic DCs are required for antigen-specific Treg formation. The variable 

82 phenotype and functionality of tolerogenic DCs are globally characterized by a semi-

83 mature profile encompassing cell surface costimulatory molecules, cytokine expression 

84 and secretion, and antigen uptake and processing [24,25]. 

85 The goals of our studies were to determine how HAdV-specific humoral immunity impacts 

86 the cellular response to HAdVs, and whether this might affect persistence. Initially, we 

87 found that healthy adults harbor HAdV-specific Tregs. We then demonstrated that IC-

88 HAdV5-challenged human DCs induce a tolerogenic phenotype in bystander DCs. We 

89 show that the bystander DCs are capable of taking up and presenting HAdV antigens, and 

90 can drive naïve T cells to mature into HAdV-specific Tregs. Our study reveals a mechanism 

91 by which an antiviral humoral responses could, counterintuitively, favor virus persistence. 
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92 Results

93 HAdV-specific Tregs in healthy donors dampen HAdV-specific T cell proliferation

94 Initially, we asked if healthy adults harbor HAdV-specific Tregs and if so, are they capable 

95 of dampening HAdV-specific T-cell proliferation. To address these questions, we pre-

96 screened a cohort of healthy individuals using an IFN- ELISpot assay for a memory T-cell 

97 response to HAdV5 using a pool of overlapping hexon peptides (hexon is the major 

98 protein in the HAdV capsid). PBMCs from individuals with a spot forming unit ratio 5-fold 

99 greater than mock-treated cells were selected for further analyses. Because inducible Tregs 

100 can produce IL-10 in response to their cognate antigen, the ability of HAdV-specific CD4+ 

101 T cells to produce IL-10 as well as IFN-, TNF, and IL-2 was assessed by multi-parametric 

102 flow cytometry. Consistent with our previous results [13], the cytokine profile of HAdV-

103 specific memory CD4+ T cells was dominated by polyfunctional IFN-+/IL-2+/TNF+/IL-10- 

104 cells (approximately 25% of total HAdV-specific CD4+ T cells) and IFN-+/IL-2-/TNF-/IL-10-

105  cells (approximately 20%) (Figure 1A, a representative donor). We then characterized the 

106 combinations of the responses and the percentage of functionally distinct populations in 

107 all donors (Figure 1B). Each slice of the pie chart corresponds to HAdV-specific CD4+ T 

108 cells with a given number of functions, within the responding T-cell population. Of note, IL-

109 10-producing HAdV-specific CD4+ T cells, which were approximately 5% of total, were 

110 predominantly IFN--/IL-2-/TNF-. To determine if the IL-10 producing T cells have a Treg 

111 phenotype, the expression of conventional Treg markers, CD45RO, CD25, FoxP3, and 

112 CD127 [26], were assessed. We found that approximately 8% of the IL-10 producing T 

113 cells were CD25+/FoxP3+/CD127dim. By contrast, most of IFN- producing HAdV-specific 

114 CD4+ T cells harbored a conventional memory phenotype (CD45RO+/FoxP3-/CD25-

115 /CD127+) (Figure 1C). These data demonstrate the presence of HAdV-specific Tregs in 

116 healthy adults. 

117 To determine if putative HAdV-specific Tregs have regulatory functions, we incubated 

118 CFSE-labeled PBMCs, or PBMCs depleted in CD25-expressing cells, with a hexon 

119 peptide pool and quantified T-cell proliferation. We found that depletion of all CD25+ cells 

120 caused CD4+ cells to proliferate greater than control peptide-challenged CD4+ cells 

121 (Figure 1D), suggesting that the HAdV-specific Tregs in the CD25+ population can restrict 

122 the proliferative anti-HAdV-specific T cells. Taken together, these data indicate that a 

123 fraction of HAdV-specific CD4+ T cells harbors an inducible Treg phenotype, and that 

124 healthy adults have Tregs that dampen the proliferation of HAdV-specific T cells.
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125
126 Figure 1) HAdV-specific Tregs are present in normal healthy adults

127 A) Representative flow cytometry profile of hexon peptides- and HAdV5-specific (bottom left and right panels) 
128 CD4 T cells producing TNF, IL-2, IFN-, and IL-10 in a representative subject. Top left panel: mock stimulated 
129 (negative control). Top right panel: cytokine profiles of CD4 T cells stimulated with SEB (Staphylococcal 
130 enterotoxin B, positive control). B) Cumulative (n = 11 donors) cytokine profiles of hexon peptides (blue 
131 points) and HAdV5 (red points) CD4 T cells producing TNF, IL-2, IFN-, and IL-10. All possible combinations 
132 of responses are shown on the x-axis, and the percentage of functionally distinct cell populations within the 
133 CD4 T-cell populations are shown on the y-axis. Responses are grouped and color-coded on the basis of the 
134 number of functions. The pie chart summarizes the data, and each slice corresponds to the fraction of CD4 T 
135 cells with a given number of functions, within the responding CD4 T cells. Red arcs correspond to IL-10 
136 producing CD4 T cell. C) Proportion of IL-10 or IFN--producing HAdV5-specific CD4 T cells expressing CD25 
137 and FoxP3 among IL-10, or IFN- producing HAdV5-specific CD4 T cells. D) Proliferation of CFSE-labeled 
138 PBMCs and PBMCs depleted in CD25+ cells (∆CD25) activated by HAdV5 (red lines) or hexon peptides (blue 
139 lines) and cultured for 7 days. The cells were analyzed by flow cytometry for proliferation (CFSElow) and CD4 
140 using FlowJo software (n = 6 donors and assayed in duplicate). 
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141 Phenotypic maturation of bystander DCs 
142 A prerequisite for antigen-specific Treg formation is the presence of antigen-presenting 

143 tolerogenic DCs [27,28]. Because the cellular profile of HAdV5-challenged DC [29] is 

144 inconsistent with that of tolerogenic DCs [29], we asked if IC-HAdV5 could be involved in 

145 the generation of HAdV-presenting tolerogenic DCs. When HAdV5 is mixed with 

146 neutralizing antibodies from human sera, 200 nm-diameter complexes are formed that 

147 induce DCs to undergo pyroptosis, or, if the DC does not die, a hypermature profile 

148 [13,14]. As these profiles are also inconsistent with that of tolerogenic DCs, we 

149 hypothesized that it was not due to IC-activated DCs, but rather an effect on bystander 

150 DCs. 

151 To assess the impact of IC-HAdV5-induced pyroptosis and DC maturation on bystander 

152 DCs we developed a transwell assay (Figure S1A for schematic). Briefly, CD14+ 

153 monocytes isolated from fresh buffy coats were induced to differentiate into immature DCs 

154 for 6 days. Immature DCs seeded in 12-well plates were mock-treated, challenged with 

155 bacterial lipopolysaccharides (LPS), HAdV5, IgGs, or IC-HAdV5 (these cells will be 

156 referred to “direct DCs”). At 6 h post-challenge, a transwell insert was added and naive 

157 immature DCs (bystander DCs) from the same donor were seeded in the upper chamber 

158 (see Figure S1B-D for controls concerning transfer of HAdV5 particles between chambers 

159 and cell death). Twelve hours after adding the bystander DCs to the upper chamber, the 

160 direct and bystander DCs were collected and assayed as described below. Compared to 

161 bystander DCs stimulated by direct DCs challenged with IgG or HAdV5, bystander DCs 

162 stimulated by IC-HAdV5-challenged DCs increased their cell surface levels of the 

163 maturation/activation markers CD80, CD83, CD86 (Figure 2A), CD40, and MHC II 

164 (Figure S2A). The level of CD86 on bystander DCs tended to increase as the number of 

165 IC-HAdV5 particles increased during the stimulation of the direct DCs (Figure S2B). The 

166 cell surface increase of CD86 and CD83 was also accompanied by an increase in total 

167 (cell surface + intracellular) CD86 and CD83 levels (Figure 2B). Together, these data 

168 demonstrate that IC-HAdV5-challenged DCs enhanced the synthesis and cell surface 

169 expression of maturation/activation markers on bystander DCs.
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170 Figure 2) Activation/maturation 
171 marker expression in bystander 
172 DCs 

173 Representative flow cytometry 
174 profile of cells that were mock-
175 treated (red), challenged with IgG 
176 (light blue), LPS (green), HAdV5 
177 (orange), or IC-HAdV5 (dark 
178 blue). A) The cell surface 
179 expression of CD86 (top panels), 
180 CD83 (middle panels), and CD80 
181 (bottom panels) were quantified 
182 12 h post-stimulation. The profile 
183 of mock-treated cells is included 
184 in each panel as a reference. 
185 Assays were carried out in 
186 duplicate in 5 donors with similar 
187 results. B) Representative flow 
188 cytometry profile of total 
189 (intracellular and extracellular) 
190 CD86 and CD83 levels in 
191 bystander DCs incubated with 
192 DCs challenged with IgG, LPS, 
193 HAdV5, or IC-HAdV5 12 h post-
194 stimulation (color-coded as in A). 
195 The mock-treated cells are 
196 included in each panel as 
197 references. The graphs to the 
198 right are the cumulative data from 
199 4 donors and performed in 
200 duplicate. Error bars are ± SEM. * 
201 p < 0.05, ** p < 0.01. 

202 The cytokine transcriptome of bystander DCs suggests a tolerogenic profile

203 To characterize bystander DC functional capabilities we used an 84-plex inflammatory 

204 cytokine, chemokine and their receptor mRNA array to quantify transcriptional changes 

205 (Figure S2C for the list of mRNAs that gave unique amplification profiles). Stimulation of 

206 bystander DCs with the milieu from HAdV5-challenged DCs (without IgGs) led to notable 

207 increases (>50 fold) in mRNA levels of Th1/Th17 cell activation/differentiation markers 

208 (e.g. CXCL9, CXC10 & CXC11) (see Figure S2C for all data and Figure 3A left hand 

209 columns for selected data). By contrast, the bystander DC response to the IC-HAdV5-

210 challenged DCs was greater with respect to the number of mRNAs altered (>20) and 

211 magnitude (up to 10,000-fold increase) (Figure 3A right column, and Figure S2C middle 

212 column). Of particular relevance was the lack of TNF mRNA by bystander DC because 

213 tolerogenic DCs should not, a priori, secrete TNF. To better understand the transcriptional 

214 responses of the different conditions, we applied a principal component analysis (PCA) to 

215 find patterns in these data sets. We found that two principal components (see Materials & 
216 Methods for genes in the F1, F2, and F3 axes) explained 89% and 39% of the total 

217 information, respectively, and each stimulus is distinguishable from the others (Figure 

218 3B).
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219

220 Figure 3) Bystander DC cytokine transcription profile
221 A) Transcription profile of selected cytokines from bystander DCs at 12 h post-activation following exposure to 
222 HAdV5- or IC-HAdV5-challenged direct DCs. The transcription profile of bystander DCs created by IgG-
223 challenged direct DCs was used as the baseline. For the genes in bold, primer sequences were designed in-
224 house (n = 2 donors). B) Principal component analysis (PCA) of the changes in the 66 mRNAs included in the 
225 array. Three principal components showed 61% (F1), 28% (F2), and 11% (F3) accordance. C) TNF, IFNβ, 
226 and CXCL10 mRNA levels in bystander DCs. Direct DCs were mock-, IgG-, LPS-, HAdV5-, or IC-HAdV-
227 challenged. IC-HAdV5s were used at 20 x 103, 10 x 103, 5 x 103, or 1 x 103 physical particles/direct DC. 
228 Assays were carried out in 3 donors in at least duplicates. The fold increase is shown as mean ± SEM. See 
229 Table S1 for additional statistical analyses. D) Kinetics (3, 6, 18 h) of TNF (top panels) and IFNβ (bottom 
230 panels) mRNA levels of THP-1-derived DC challenged with LPS, HAd5, IgG or IC-HAdV5 (left panels) or 
231 bystander DCs (using the milieu from the direct DCs in the left panel) (right panels). Three independent 
232 assays in duplicate were performed. The fold increase is shown as the mean ± SEM. P values were derived 
233 from one-way ANOVA with Dunnett’s test: ** p < 0.01 and *** p < 0.001. 

234 Because a cell infected by one HAdV particle could produce >104 virions ~36 h later, local 

235 and global HAdV levels, as well as IC-HAdV formation, are dynamic. Of note, IC-HAdV5 

236 causes a dose-dependent induction of pyroptosis in direct DCs [14]. We therefore 

237 extended the mRNA array analyses by quantifying dose-dependent response of bystander 

238 DCs. Using RT-qPCR we analyzed TNF, IFNβ and CXCL10 (Figure 3C) and IL1β, IL12 
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239 (p40), CCL3 and IL6 (Figure S2D) mRNA levels. In all cases the transcriptional response 

240 of bystander DCs varied depending on the IC-HAdV5 challenge dose. These data suggest 

241 that the bystander DC response is linked to the percentage of direct DCs undergoing 

242 pyroptosis [14]. 

243 To characterize time-dependent transcriptional changes in direct DC and bystander DCs, 

244 we compared mRNA levels of TNF, IFNβ (Figure 3D), Mip-1α and IL6 (Figure S3, which 
245 also includes dose-dependent response). Globally, mRNAs that code for pro-inflammatory 

246 molecules were 2 to 10-fold greater in direct DCs than in bystander DCs. In addition, only 

247 IL1β and Mip-1α mRNA levels changed significantly (p < 0.01) over time. These data 

248 demonstrate that bystander DCs have a semi-mature tolerogenic transcriptional profile, 

249 which is linked to DC pyroptosis, and lack noteworthy levels of TNF mRNA [30]. 

250 Cytokine secretion by bystander DCs is consistent with a tolerogenic profile

251 To examine the events downstream the transcriptional response, we quantified the 

252 secreted cytokine from direct and bystander DCs. Because proteins can readily diffuse 

253 across the transwell membranes, bystander DCs were removed from the upper chamber 

254 12 h post-challenge, rinsed, and then placed in a separate well with fresh medium for 9 h 

255 before collecting the medium. The direct DC medium was collected at 12 h post-

256 challenge, or after a wash at 12 h and then collected 9 h later (21 h) to compare 

257 conditions similar to that used for bystander DCs (see Figure 4A for schematic). 

258 Challenging DCs with HAdV5 alone had a modest effect on their secretome with the 

259 exception of a 5 to 10-fold increase in TNFSF10, and CXCL9 & 10 levels (Figure 4B, 
260 second column from the left). By contrast, IC-HAdV5-challenged DCs responded with 

261 increases of >15 fold in approximately half of the cytokines (Figure 4B, middle columns). 

262 These data are consistent with previous results showing the robust maturation of IC-

263 HAdV5-challenged DCs [13,14]. HAdV5-challenge DCs that were rinsed 12 h post-

264 stimulation had overall lower cytokine levels than prior to washing, but TNFSF10, CXCL9, 

265 CXCL11, and CCL5 levels remained robust (Figure 4C, middle columns). Interestingly, 

266 instead of a positive correlation between the cytokine secretion and the IC-HAdV5 dose, 

267 we found that as the IC-HAdV5 dose increased, the cytokines secreted by direct DCs 

268 tended to decrease (Figure 4C, middle columns).

269 Using HAdV5-challenged DCs (without IgGs) to generate bystander DCs, we found that 

270 the latter secreted 3 to 12-fold higher levels of TNFSF10, CCL5, CXCL9, CXCL10 and 

271 CXCL11 compared to bystander DCs exposed to the medium from IgG-challenged DCs 

272 (Figure 4D, second column). Similarly, when bystander DCs were generated using IC-

273 HAdV5-challenged DCs, the level of the above five cytokines also increased. In addition, 
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274 three chemokines involved in immune cell recruitment (CCL15, CCL20, and CCL2) 

275 increased >3 fold. Consistent with the transcriptome analyses, we did not find a notable 

276 dose-dependent effect on bystander DCs when direct DCs were incubated with increasing 

277 IC-HAdV5 particles (Figure 4D, middle columns). 

278  

279
280 Figure 4) Direct and bystander DC 
281 cytokine secretomes 

282 A) Schema showing how DCs were 
283 activated with LPS, HAdV5, IgG, 
284 and IC-HAdV5 and when the cell 
285 supernatants were harvested. 
286 B) Cytokine secretion from IgG-, 
287 HAdV5-, dose-dependent IC-
288 HAdV5-, and LPS-challenged DCs 
289 at 12 h. 
290 C) Cytokine secretion from IgG-, 
291 HAdV5-, dose-dependent IC-
292 HAdV5-, and LPS-challenged DCs 
293 at 12-21 h. 
294 D) Cytokine secretion from 
295 bystander DCs (the stimulus used to 
296 challenge the direct DCs is above 
297 each column at 12-21 h). The color 
298 code shows relative increases 
299 compared to IgG-challenged-DCs 
300 (raw values in first column). The 
301 assays were performed twice in 
302 duplicate with similar results. 
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

318

319

320 Together, these data suggest that the release of pathogen-associated molecular patterns 

321 (PAMPs), danger-associated molecular patterns (DAMPs), and/or the increased levels of 

322 cytokines secreted by a greater number of DCs that do not undergo pyroptosis, are key 

323 factors in bystander DC maturation. In addition, the environment created by IC-HAdV5 

324 induces a semi-mature cytokine secretion profile in bystander DCs.

325 Cytokines and pyroptosis-associated factors impact bystander DC phenotype
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326 To determine how cytokines and pyroptosis impact bystander DCs, we used a 

327 combination of drugs and mutant viruses to selectively modify the environment created by 

328 IC-HAdV5-challenged DCs. To determine the impact of IL-1, direct DCs were pre-treated 

329 with ZVAD, a pan-caspase inhibitor that blocks caspase 1 auto-cleavage and pro-IL-1 

330 processing. Importantly, ZVAD has no effect on TNF and canonical protein secretion 

331 (Figure S4A and reference [14]). We found that blocking IL-1  production by direct DCs 

332 reduced bystander DC maturation as demonstrated by their lower levels of CD86 and 

333 CD83 (Figure 5A-B). We then used brefeldin A to block ER to Golgi-mediated cytokine 

334 secretion in direct DCs (see Figure S4B for controls). Of note IL-1β release is not 

335 significantly affected by brefeldin A, (Figure S4C). In brefeldin A-treated IC-HAdV5-

336 challenged DCs the levels of CD83 and CD86 did not change markedly (Figure 5C), while 

337 the bystander DCs responded with lower levels of CD83 and CD86 (Figure 5D).

338 Next, we generated ICs using AdL40Q [31], an HAdV5 capsid containing a mutated protein 

339 VI that attenuates endosomolysis. While IC-AdL40Q poorly induces pyroptosis in direct DCs 

340 [14], they secrete levels of TNF that are similar to IC-HAdV5-challenged DCs. 

341 Furthermore, IFNβ and IL1β mRNA levels are lower [14]. We found notably lower levels of 

342 CD86 and CD83 on bystander DCs following stimulation with the response from IC-

343 HAdV5 versus IC-AdL40Q-challenged DCs. In addition, the reduced maturation/activation 

344 effects were only modestly altered by increasing the IC-AdL40Q dose (Figure 5E). 

345 Together, these data demonstrate a role for pyroptosis-associated factors in the 

346 maturation of bystander DCs. 

347 We then compared cytokine mRNA levels in bystander DCs stimulated by HAdV5-, IC-

348 AdL40Q-, or IC-HAdV5-challenged DCs (Figure 5F and Figure S5A-C). Consistent with the 

349 phenotype, the transcriptional responses of bystander DCs to both ICs were globally 

350 higher than to HAdV5 alone. The bystander DC transcriptional response to IC-AdL40Q-

351 challenged DC milieu was generally lower than in IC-HAdV5-challenged DCs, and it was 

352 qualitatively distinguishable as determined by PCA (Figure 5G). 

353 We then assessed the effect of pyroptosis using IC-Ad2ts1. Ad2ts1 has a hyper-stable 

354 capsid due to a mutation in protease that results in failure to process the capsid pre-

355 protein [32,33]. We previously showed that IC-Ad2ts1 poorly induces DC pyroptosis, likely 

356 because the HAdV genome does not escape from the capsid and therefore does not 

357 nucleate AIM2 (see reference [14] and Figure S5D-F for Ad2ts1 controls). Of note, TNF 

358 levels are comparable in DCs challenged with IC-Ad2ts1 or IC-HAdV5 [14]. Here, we 

359 found that IC-Ad2ts1-challenged DC induced an increase of CD86 cell surface levels on 

360 bystander DCs (Figure 5H). Together, these data demonstrate that cytokines and 
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361 pyroptosis-associated factors play a role in the activation and semi-maturation of 

362 bystander DCs.

363
364 Figure 5) Impact of cytokines and pyroptosis-associated factors on bystander DC maturation
365 A & B) Shown are representative flow cytometry profile of direct DCs pretreated with ZVAD using the approach 
366 described in Figure S1. The cell surface levels of CD86 and CD83 on bystander DCs was quantified by flow 
367 cytometry (n ≥3 donors). C & D) Representative flow cytometry profile of IC-HAdV5-challenged DCs treated with 
368 brefeldin A and the cell surface levels of CD86 and CD83 quantified by flow cytometry in direct DCs and 
369 bystander DCs (n ≥ 5 donors). E) Bystander DCs were incubated with milieu generated by DC challenged with 
370 increasing doses of IC-AdL40Q (representative flow cytometry profiles of CD86 and CD83 levels). F) Bystander 
371 DC inflammatory cytokine mRNA levels were measured by RT-qPCR array following incubation with DC 
372 challenged with HAdV5, IC-HAdV5 and IC-AdL40Q. The heat map denotes the fold change relative to DCs 
373 challenged by IgGs (n = 3 donors). G) PCA of the changes in the 66 mRNAs included in the array when 
374 including IC-AdL40Q. H) Bystander DCs were incubated with milieu generated by DCs challenged with increasing 
375 doses of IC-Ad2ts1. Representative flow cytometry profiles of cell surface level of CD86 (n = 2 donors). 
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376 Engagement of TLR4 on bystander DCs

377 To characterize how bystander DCs are activated, we focused on Toll-like receptor 4 

378 (TLR4). TLR4 is a multifunctional cell surface PRR that can directly or indirectly (by 

379 forming a complex with MD-2, CD14, or other PRRs) be activated by extracellular viral 

380 components (PAMPs) and, under inflammatory conditions, extracellular high-mobility 

381 group box 1 and heat shock proteins (DAMPs) [34–36]. Of note, MD-2 acts as a co-

382 receptor for recognition of both exogenous and endogenous ligands [37–40]. While TLR4 

383 does not bind to, or become activated by, HAdV5 alone [41], TLR4 might be activated by 

384 PAMPs or DAMPs that interact directly with the HAdV5 capsid. We therefore used TAK-

385 242 to disrupt TLR4 signaling in bystander DCs (see Figure S6 for TAK-242 control). As 

386 readouts, we used the upregulation of TNF and IL1β mRNAs, and activation/maturation 

387 cell surface markers. When TLR4 signaling was blocked in bystander DCs stimulated by 

388 the IC-HAdV5-challenged DC milieu, there was a significant (p < 0.05) decrease in IL1β 

389 mRNA levels and 2-fold decrease of TNF mRNA (Figure 6A). CD83 and, to a lesser 

390 extent, CD86 levels were also reduced (Figure 6B). These data suggest that bystander 

391 DCs use TLR4 to detect PAMPs and DAMPs released by IC-HAdV5-challenged DCs, 

392 leading to changes in bystander DC maturation.

393

394 Figure 6) Impact of TLR4 engagement on cytokine transcription and activation/maturation markers in 
395 bystander DCs 
396 Involvement of TLR4 signaling in bystander DCs was assessed by A) IL1β and TNF mRNA levels in 
397 bystander DCs pre-treated with TAK-242, and then added to milieu of DCs challenged with LPS, IgG, HAdV5 
398 and IC-HAdV5. Fold increase is represented as mean ± SEM (n = 3 donors, * denotes p < 0.05) B) 
399 Representative flow cytometry profiles of CD86 and CD83 cell surface levels in bystander DCs. DCs were 
400 mock-treated (red line), TAK-242 alone (with TAK-242 and without direct DCs, green line) challenged with IC-
401 HAdV5 (dark blue) or pretreated with TAK-242 and challenged with the milieu generated from IC-HAdV5-
402 challenged DCs (violet line).

403 Minimal loss of phagocytosis in bystander DCs is consistent with tolerogenic 
404 profile

405 Immature DCs survey the extracellular environment by random phagocytosis. Once PRRs 

406 are engaged, DC maturation is accompanied by decreased uptake of fluid phase 

407 molecules [42]. Of note, a functional hallmark of tolerogenic DCs is their ability to retain 

408 some antigen uptake properties. To address the functional maturation of IC-HAdV5-
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409 challenged DCs and bystander DCs, we incubated cells with FITC-labeled dextran and 

410 quantified uptake by flow cytometry. We found that phagocytosis was modestly 

411 downregulated in direct DCs stimulated with HAdV5 or LPS (Figure 7A). By contrast, IC-

412 HAdV5-challenged DC phagocytosis was near background levels, consistent with 

413 complete maturation (see Figure S7 for controls) [29]. While bystander DCs had reduced 

414 phagocytosis when created by IC-HAdV5-challenged DCs, the bystander DCs still took up 

415 17-fold more FITC-dextran than background levels (Figure 7B). These functional data are 

416 consistent with semi-mature, tolerogenic DCs.

417
418 Figure 7) Fluid phase uptake by direct 
419 and bystander DCs 
420 Fluid phase antigen uptake by direct and 
421 bystander DCs was quantified using FITC-
422 labeled dextran and flow cytometry. 
423 A) Representative flow cytometry profiles 
424 of direct DCs challenged with LPS, 
425 HAdV5, IgG, or IC-HAdV5 and B) 
426 Representative flow cytometry profiles of 
427 bystander DCs with the corresponding 
428 direct DC milieu. Experiments were 
429 performed 3 times, in duplicate, with 
430 similar results. Nonspecific binding of 
431 dextran to cells was controlled by 
432 incubation at 4°C (Figure S7). MFI – 
433 median fluorescent index.

434
435 Bystander DCs create loop to recruit antigen-presenting cells 
436 While tolerogenic DCs can induce, recruit, and maintain Treg homeostasis, tolerogenic 

437 DCs can also create a feedback loop to promote their own generation [43]. Because 

438 monocytes are recruited to sites of inflammation [44,45], we compared the functional 

439 recruitment capabilities of direct DCs and bystander DCs (see Figure S8 for setup and 

440 controls). Unexpectedly, we found that IC-HAdV5-challenged DCs inhibited monocyte 

441 recruitment in an IC-HAdV5 dose-dependent manner (Figure 8A & B). Of note, the 

442 inhibition was abrogated when the IC-HAdV5-challenged DC were washed, suggesting 

443 that inhibitory factors were generated <3 h post-IC-HAdV5 challenge (Figure 8B). To 

444 determine if pyroptosis-related factors are responsible for the inhibition of monocyte 

445 recruitment, we used IC-AdL40Q and ZVAD to reduce pyroptosis and IL-1β secretion. The 

446 effect of ZVAD was modest and did not markedly influence the monocyte recruitment 

447 induced by IC-HAdV5-challenged DC, suggesting that pyroptosis related factors (e.g. IL-

448 1β) did not have a role in this process (Figure 8C & D). In contrast to the IC-HAdV5-

449 challenged DC response, the IC-AdL40Q-challenged DC response significantly (p < 0.05) 

450 increased monocyte recruitment, in an IC-AdL40Q dose-dependent manner (Figure 8E & 
451 F). These data demonstrate that pyroptosis factors other than IL-1β inhibit monocyte 
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452 recruitment. We then examined the ability of bystander DCs to recruit monocytes. In 

453 contrast to IC-HAdV5-challenged DCs, bystander DCs promoted monocyte recruitment 

454 (Figure 8G). These data are consistent with the bystander DC milieu containing more 

455 chemoattractants (Figure 5). There was also a trend towards greater recruitment when 

456 higher IC-HAdV5 doses were used on the direct DCs. 

457 Once monocytes migrate into an inflammatory environment they acquire distinct 

458 phenotypic and functional profiles [46]. One phenotypic hallmark of monocyte 

459 differentiation is CD14, which is high on monocytes and macrophages, but lower on DCs. 

460 We therefore characterized migrating and static monocytes for CD14 and CD86 levels at 

461 24 and 72 h (see schematic at the left of each panel in Figure 8H-J for the times and 

462 location of cells, and Figure S8 for controls). At 24 h the level of CD14 on monocytes that 

463 had migrated into the bystander DCs environment did not change markedly, while CD86 

464 levels were lower (Figure 8H). At 72 h the recruited monocytes had two distinct 

465 populations based on CD14 levels (Figure 8I). The decrease in CD14 levels suggested 

466 that they differentiated into DCs, while the CD86 levels suggest the maintenance of an 

467 immature phenotype. In addition, monocytes recruited by bystander DCs had increased 

468 CD14 levels. By contrast, CD86 levels decreased on monocytes in the upper chamber 

469 (bottom chamber containing bystander DCs) (Figure 8J). 

470 Together, these data demonstrate that DCs challenged with IC-HAdV5 inhibit monocyte 

471 recruitment. Monocytes recruited to the bystander DC environment was abetted by 

472 pyroptosis of direct DCs. Recruited monocytes had reduced CD14 levels, possibly due the 

473 engagement and internalization of TLR4/CD14 complexes. Monocyte-DC contact also 

474 appeared to favor the increase in cell surface levels of activation/maturation markers. We 

475 concluded that the dynamic environment created by bystander DCs is consistent with a 

476 feed-forward loop to foster tolerogenic DCs. 
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477
478 Figure 8) Direct and bystander DC monocyte recruitment and their phenotype
479 A 5 μm-pore transwell system (see Figure S8 for details) was used for monocyte migration assays. 
480 A) Representative FCS/SSC profiles of CFSE-labeled monocyte (blue) that migrated into the lower direct DC 
481 chamber; The numbers in dark blue correspond to the percentage of CFSE-labeled monocytes. B) Cumulative 
482 data from monocyte migration at 24 h into the lower chamber containing DCs challenged with HAdV5, IgGs or 
483 decreasing doses (20 x 103, 10 x 103 and 5 x103) of IC-HAdV5 and washed after 30 min post-challenge; data 
484 are mean ± SEM, n = 4 donors; C) Representative FCS/SSC profiles of direct DCs (red) pretreated with ZVAD 
485 before activation with IC-HAdV5. The CFSE-stained monocytes (blue) were added to the upper compartment 
486 and migration was quantified at 24 h; Numbers in dark blue correspond to the percentage of CFSE-labeled 
487 monocytes. D) Cumulative data from assay in (C) n ≥3 donors; E) Representative FCS/SSC profiles of DCs 
488 (red) challenged with decreasing doses of IC-HAdV5 or IC- AdL40Q and CFSE-labeled monocyte (blue) 
489 recruitment at 24 h. The numbers in dark blue correspond to the percentage of CFSE-labeled monocytes. F) 
490 Cumulative data from assay in (E) using DCs from ≥3 donors; G) Bystander DCs activated for 12 h with milieu 
491 from DC challenged with increasing concentration of IC-HAdV5. The bystander DCs were seeded in the lower 
492 chamber of a transwell and CFSE-labeled monocyte recruitment was quantified by flow cytometry at 24 h (n 
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493 ≥4 donors). The numbers in dark blue correspond to the percentage of CFSE-labeled monocytes. H) 
494 Phenotypic characterization of the monocytes (green cells seeded in the upper chamber) recruited by 
495 bystander DCs. DCs were challenged with increasing doses of IC-HAdV5 (colored coded on top of each 
496 panel). The milieu from these direct DCs was used to generate bystander DCs. The bystander DCs were 
497 seeded in the lower chamber of the transwell system and the monocytes that were recruited were 
498 characterized for their expression of CD14 and CD86 at 24 h, and I) at 72 h. J) Monocytes that did not migrate 
499 into the lower chamber were also characterized for the CD14 and CD86 levels. The data are representative 
500 flow cytometry profiles of experiments carried out in ≥5 donors. p values in B, D, and F were derived from t-
501 tests: * p < 0.05, ** p < 0.01, and *** p < 0.001. 

502 Bystander DCs induce memory T-cell proliferation and naïve CD4 T cells towards 
503 HAdV-specific Tregs

504 A functional characteristic of tolerogenic DCs is that they take up and present antigens. 

505 Therefore, we asked if some of the bystander DCs generated in our ex vivo model are 

506 capable of inducing proliferation of HAdV5-specific memory T cells. We used IC-HAdV-

507 challenged DC to generate bystander DCs, which were then added to CFSE-labeled 

508 PBMCs. Seven days post-incubation we found that CD3+/CFSElow cells harbored memory 

509 T cell markers (CD45RO+/CD45RA-) (Figure 9A). These data are consistent with the 

510 potential of some of the bystander DCs to maintain fluid phase uptake and subsequent 

511 presentation of HAdV5 antigens to memory T cells. 

512 In addition to antigen presentation, tolerogenic DCs can induce naïve CD4+ cells to 

513 become Tregs. To address this functional characteristic, bystander DCs were generated 

514 and incubated with autologous naïve CD4+/CD45RAhigh cells for 3 or 7 days. The T cells 

515 were then assayed by multi-parametric flow cytometry for CD4, CD25, CD127 and FoxP3, 

516 markers that are indicative of Tregs. While activated T cells transiently express FoxP3 

517 (Figure S9), the relatively low-level does not result in acquisition of suppressor activity 

518 [27]. By contrast, stable and high levels of FoxP3 can be used to identify bona fide Tregs. 

519 At day 3, naïve T cells expressed Treg markers in all conditions (except mock-treated 

520 direct DCs) (Figure 9B). At day 7, the number cells with Treg phenotype was near 

521 background following incubation in the milieu of mock-, IgG-, or HAdV5-challenged direct 

522 DC (Figure 9C). By contrast, bystander DC created from IC-HAdV-direct DCs had a 

523 significant (p < 0.05) increase in cells with a Treg profile. This functional assay 

524 demonstrates that bystander DCs can induce naïve CD4 into cells with a Treg phenotype, 

525 further supporting our conclusion that they are tolerogenic DCs. 

526 As shown in Figure 1D, healthy adults harbor CD25+ cells can inhibit HAdV-specific CD4+ 

527 cell proliferation. We therefore asked if the tolerogenic bystander DCs generated in our ex 

528 vivo assay could induce the production of HAdV-specific Tregs. To address this question 

529 we isolated PBMCs, CD14+ monocytes, and naïve CD4+ T cells from 3 donors that 

530 harbored anti-HAdV memory T cells (see Figure S10 for flow chart). Briefly, monocytes 

531 were used to create direct DCs that were incubated with IC-HAdV-C5. Bystander DCs 
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532 were generated as previously described. VPD 450-labeled naïve CD4+ T cells were 

533 incubated with bystander DCs to generate Tregs. VPD 450low/CD4+/CD25+ cells (600 to 

534 5,000 cells) were isolated by FACS and mixed with CFSE-labeled PBMCs ± hexon 

535 peptides. We found that the ex vivo generated Tregs from all donors reduced the 

536 proliferation of anti-HAdV T cells (CFSElow/CD4+) (Figure 9D). These data demonstrate 

537 that HAdV-specific Tregs can be generated via bystander DCs. 

538

539 Figure 9) Bystander DCs induce memory T cell proliferation and promote naïve CD4 cells towards Treg 
540 phenotype that inhibit proliferation of anti-HAdV T cells
541 A) Bystander DCs, generated via IC-HAdV stimulation of direct DCs or mock-treated DCs, were incubated 
542 with CFSE-labeled PBMCs and proliferation was quantified by flow cytometry. CD3+/CFSElow cells were 
543 screened for memory T cell profile (CD45RO vs. CD45RA). Bystander DCs, generated using the media from 
544 DCs challenged with IgG, HAdV5, and IC-HAdV5, were incubated with 105 naive CD4+ T (ratio of 10:1 PBMC/ 
545 bystander DC) cells isolated from the same donors. 
546
547 The percentage of Tregs (CD25+/FoxP3high/CD127dim/CD4+ cells) varies between 1 to 5% of CD4+ cells in 
548 peripheral blood. The number of Tregs in the CD4+ cell population, ± bystander DCs, was quantified by 
549 analyzing 50,000 cells by flow cytometry. The results are presented as percentage of increase of mock-
550 treated cells at day 3 (B) or day 7 (C).
551 D) Tregs generated by bystander DCs reduce the proliferation of memory anti-HAdV CD4 T cells.
552 Experiments were carried out in ≥7 donors with similar results. * p < 0.05 vs. mock, HAdV5 and IgG. 
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553 Discussion

554 HAdV infections lead to multifaceted, robust, long-lived cellular and humoral responses in 

555 most young immunocompetent adults. Nonetheless, several HAdV types somehow 

556 circumvent immune surveillance to establish persistent infections. It is well documented 

557 that HAdV neutralizing antibodies are type specific, while the anti-HAdV cellular response 

558 is cross-reactive [1,3,8,47–49]. In addition, it is the anti-HAdV cellular response that 

559 protects us from reactivation of persistent infections. The dichotomy between the two 

560 arms of the adaptive immune response led us to address how anti-HAdV antibodies 

561 influence HAdV-specific T-cell responses. In this study, we initially asked if healthy adults 

562 harbor HAdV-specific Tregs, which would be indicative of a path towards HAdV 

563 persistence. We then explored how HAdV-specific tolerogenic DCs and Tregs could be 

564 generated. We previously showed that IC-HAdV5s are internalized by, and aggregate in, 

565 DCs [14]. Following protein VI-dependent endosomal escape of the capsid, the viral 

566 genome is engaged by AIM2 in the cytoplasm. AIM2 nucleation induces ASC (apoptosis-

567 associated speck protein containing a caspase activation/recruitment domain) 

568 aggregation, inflammasome formation, caspase 1 auto-activation, pro-IL-1β and GSDMD 

569 cleavage, and GSDMD-mediated loss of cell membrane integrity. Here we demonstrate 

570 that the pyroptotic environment plays a significant role the creation of tolerogenic 

571 bystander DCs. We further show that these bystander DCs can induce HAdV5-specific 

572 memory T cells to proliferate, and can drive naïve CD4 cells towards a Treg phenotype. 

573 The Tregs generated in this ex vivo assay are capable of inhibiting the proliferation of anti-

574 HAdV T cells. We therefore propose that HAdV neutralizing IgGs [14] abet HAdV 

575 persistence.

576 Our assays using a human pathogen, naturally occurring human antibodies and primary 

577 blood-derived human cells address the immune cell-based mechanisms of adenovirus 

578 persistence. Yet, ex vivo results cannot unequivocally show causality. Host-pathogen-

579 based studies have often used mice to address questions underlying disease-immune 

580 relationships. However, the impact of HAdVs on human and mouse DCs is notably 

581 different. Furthermore, we are unaware of studies directing addressing the impact of 

582 murine adenovirus (MAV) on murine DCs. In 1964, D. Ginder showed that a MAV can 

583 cause persistent infections for 10 weeks in outbred Swiss mice [50]. K. Spindler and 

584 colleagues then showed that MAV-1 infections persist for at least 55 weeks in outbred 

585 Swiss mice [51]. In addition, Spindler and colleagues demonstrated that in contrast to 

586 humans, mice that lack B cells are highly susceptible to MAV-1 infection, while mice that 

587 lack T cells are not susceptible [52]. In light of our results, the question could be raised as 

588 to whether anti-MAV-1 antibodies are needed to generate Tregs to reduce the potential 
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589 impact T-cell induced immunopathology [27]. To address this one could use a single pre-

590 injection of sera from MAV-1-challenged mice into B-cell deficient mice and quantify 

591 disease progression. Using nonhuman primates (NHPs) to address the dichotomy 

592 between the two arms of the adaptive immune response to adenoviruses is likely a more 

593 informative option, but use of NHPs entails unique challenges when it comes to pre-

594 existing exposure to their own set of adenoviruses. Nonetheless, Miller and colleagues 

595 elegantly showed that NHPs, harboring neutralizing antibody response against a HAdV5 

596 host-range mutant, and then re-challenged with the same virus, respond with a significant 

597 increase in circulating Tregs [53]. These in vivo observations, which hinge on the pre-

598 existing neutralizing antibodies, are consistent with our proposed mechanism. One also 

599 needs to take into the dynamic, recurrent exposure to HAdVs during childhood and 

600 adolescence. These encounters provide multiple opportunities for the formation of IC-

601 HAdVs and the impetus to form HAdV-specific tolerogenic DCs and Tregs.

602 Our data also complement the mechanism for HAdV5 persistence described by Hearing 

603 and colleagues [6]. Using human cell lines, they showed that IFN-α and IFN- production 

604 block HAdV5 replication via an E2F/Rb transcriptional repression of its E1A immediate 

605 early gene [54]. The E1A gene product is essential for activating expression of the other 

606 early genes and reprogramming the cell into a state that allows virus propagation. Of note, 

607 type 1 IFN secretion is significant from IC-HAdV5-challenged DCs and may allow HAdVs 

608 (including those that are covered with non-neutralizing Abs) to be taken up by neighboring 

609 cells to establish persistent infections. 

610 Mechanisms by which DCs promote tolerance include induction of Tregs, the inhibition of 

611 memory T-cell responses, T-cell anergy, and clonal deletion [24–26]. The semi-mature 

612 phenotype of tolerogenic DCs provide insufficient stimulatory signals and drive naïve T 

613 cells to differentiate into Tregs rather than effector T cells [55]. The global anti-viral 

614 response by DCs acts via a combinatorial cytokine code to direct the response of 

615 neighboring immune cells. The cytokine profile produced by the IC-HAdV5-challenged 

616 DCs and bystander DCs is noteworthy, particularly in the context of the combination and 

617 dose that influences activation of other immune cells. Recently, a biochemical and 

618 functional chemokine interactome study suggested that several chemokines form 

619 heterodimers that have unique functions in certain conditions [56]. Based on these 

620 interactome data, we plotted the possible combinations that could influence the direct and 

621 bystander DCs in our assays (Figure S11). What impact these heterodimers could have 

622 on HAdV persistence will require future study, in particular because we did not find 

623 notable levels of TGFβ secreted by direct or bystander DCs. More than other cytokine 

624 families, the IL-1 family may be primordial because it is tightly linked to IC-HAdV-induced 
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625 DC pyroptosis. Indeed, the intracellular domain of the IL-1R1 shares similar signaling 

626 function properties with TLRs. In general, IL-1β release from monocytes is tightly 

627 controlled; less than 20% of the total pro-IL-1β precursor is processed and released. IL-1β 

628 also increases the expression of intercellular adhesion molecule-1 and vascular cell 

629 adhesion molecule−1, which, together with the chemokines, promote the infiltration of 

630 cells from the circulation into the extravascular space and then into inflamed tissues [57]. 

631 While circulating monocytes do not constitutively express IL1β mRNA, adhesion to 

632 surfaces during diapedesis induces the synthesis of large amounts that are assembled 

633 into large polyribosomes primed for translation [58]. 

634 Two aspects of the IC-HAdV-induced DC immune response that remain unknown are the 

635 impact of neutrophils and the phenotype/function of recruited monocytes. Neutrophils are 

636 pertinent because they can secrete/release proteinase 3 (PR3), elastase, cathepsin-G, 

637 chymase, chymotrypsin, and meprin α or β, which can process extracellular pro-IL-1β into 

638 its active form [59,60]. In addition, IC-HAdVs activate neutrophils (L-selectin shedding) via 

639 Fc receptors and complement receptor 1 interactions [61]. Moreover, neutrophils are a 

640 major source for anti-microbial peptides (e.g., defensins and LL-37) and proteins (e.g. 

641 lactoferrin) for which a pro- or anti-viral roles in HAdV infection has been proposed [62]. 

642 With respect to the phenotype/function of recruited monocytes, Ly6Chi monocytes [63], 

643 which suppress T-cell proliferation during HAdV-induced inflammation [64], may also 

644 impact the creation of HAdV antigen-presenting tolerogenic DCs and HAdV-specific Tregs.

645 The dynamic equilibrium between recurrent HAdV infections and IC-HAdV formation, DC 

646 maturation/pyroptosis, recruitment and generation of bystander DC, and Tregs 

647 production/activation, likely starts in childhood and develops nonlinearly over decades. 

648 While it is hard to argue that the generation of persistent infections is not beneficial to the 

649 pathogen, it is possible that the sustained anti-HAdV cellular and humoral responses 

650 partially shield a healthy host from infections by other pathogens (e.g. hepatitis C virus 

651 [65]) or the related immune-induced tissue damage [66]. Avoiding chronic tissue damage 

652 is particularly important because, as mentioned previously, HAdVs infect the eye, 

653 respiratory and gastrointestinal tracts. However, in a T-cell compromised host IC-HAdV-

654 induced pyroptosis of FcR+ cells (neutrophils, monocytes, macrophages, DCs) may also 

655 prime the host for HAdV-disseminated disease. 

656 In summary, our findings suggest a mechanism by which humoral immunity to HAdV 

657 fosters tolerance. Understanding this complex virus-host interplay may enable us to 

658 identify high risk patients undergoing immunosuppression and develop therapies to treat 

659 disseminated HAdV-disease [67,68]. 
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660 Materials and Methods

661 Ethics statement

662 Blood samples from >120 anonymous donors from the local blood bank (Etablissement 

663 Français du sang, Montpellier, France) were used during this study. All donors provided 

664 written informed consent. 

665 Cells and culture conditions 

666 DCs were generated from freshly isolated CD14+ monocytes in the presence of 50 ng/ml 

667 granulocyte-macrophage colony-stimulating factor (GM-CSF) and 20 ng/ml interleukin-4 

668 (IL-4) (PeproTech, Neuilly sur Seine, France) [3]. DC stimulations were performed 6 days 

669 post-isolation of monocytes. THP-1 cells purchased from ATCC (TIB-202) were cultured in 

670 RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). Similar to DCs, 

671 THP-1 cells were differentiated into DCs using 50 ng/ml GM-CSF and 20 ng/ml IL-4 for 6 

672 days. 

673 HAdV vectors & hexon peptides

674 Adgal is a E1/E3 HAdV5 vector harboring a lacZ expression cassette [69]. AdL40Q is an 

675 HAdV5-based vector with a leucine to glutamine mutation of an amino acid in protein VI 

676 that decreases its membrane lytic activity [31]. Alexa555- and Alexa488-HAdV5 were 

677 generated from Adgal by using an Alexa555 or Alexa488 Protein Labeling Kit (Life 

678 Technologies, Villebon-sur-Yvette, France) as previously described [70]. Ad2ts1 harbors a 

679 mutation in protease and results in several unprocessed capsid proteins and a hyper-

680 stable capsid [71]. All HAdV viruses/vectors were produced in 293 or 911 cells and 

681 purified by double banding on CsCl density gradients as previously describe [14]. Vector 

682 purity typically reaches >99%. HAdV concentrations (physical particles/ml) were 

683 determined as previously described [72]. The hexon peptide pool (PepTivator AdV5 

684 hexon, Miltenyi) is overlapping sequences of the HAdV5 hexon protein. 

685 Antibodies

686 Anti-human CD4-PE, anti-human CD83-FITC (cat 556910), anti-human HLA-ABC-PE (cat 

687 555553), anti-human HLA-DR-PE (cat 555812), anti-human CD80-FITC (cat 557226), 

688 anti-human CD86-APC (cat 555660), anti-human CD25-PE (cat 555432), anti-human 

689 CD127-FITC (cat 561697), anti-human CD4-PE-Cy7 (BD) (cat 348809), anti-TNF-PE-Cy7 

690 (cat 557647), anti-IL-2-PE (cat 554566), anti-IFN-γ-APC (cat 554702), anti-IL-10-PE (cat 

691 554706) were from Becton Dickinson, Pharmigen. Anti-human Foxp3-APC (cat 17-4776-

692 41) was from eBioscience. Anti-human CD14-PE (cat A07764) was from Beckman 

693 Coulter. Anti-human CD45RO-APC/Cy7 (cat 304227), anti-human CD45RA-PE (cat 
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694 304205), anti-human CD3-APC (cat 300411), and anti-human CD40-APC (cat 313008) 

695 were from BioLegend).

696 Immune complex formation and DC stimulations 

697 DCs (4 x 105 in 400 µl of complete medium) were incubated with HAdV5 or IC-HAdV5 (or 

698 IC) (2 x 104 physical particles (pp)/cell, unless otherwise indicated) for the indicated times. 

699 IC-HAdV5s were generated by mixing the virus (8 x 109 physical particles) with 2.5 µl of 

700 IVIg (human IgG pooled from 1,000 to 50,000 donors/batch) (Baxter SAS, Guyancourt, 

701 France) for 15 min at room temperature. IVIg is used in patients with primary or acquired 

702 immunodeficiency as well as autoimmune diseases. Z-VAD-FMK 20 µM (ZVAD) was 

703 added 2 h before stimulation. Brefeldin A was used at 3 µg/ml after 6 h stimulation or for 

704 the same time with stimulation.

705 Bystander DC stimulation

706 DCs (1.5 x 106 in 1.5 ml of full media) were incubated ± LPS 100 ng/ml, HAdV5, and IgG 

707 in the lower compartment of the well (12 mm diameter polyester membranes with 0.4 µm 

708 pores; (Corning, Bagneaux-sur-Loing, France). After 6 h incubation, fresh immature DCs 

709 (6 x 105 in 600 µl of media) were added to the upper compartment and are referred to as 

710 bystander DCs. TAK-242 was added to DCs 1 h pre-challenge.

711 Quantification of mRNA

712 Expression levels of cytokine and chemokine genes were evaluated using RT-qPCR 

713 assays. Total RNA was isolated from cells using the high pure RNA isolation Kit (Roche, 

714 Berlin, Germany) with a DNase I treatment during the purification and subsequent elution 

715 in 50 µl of RNase-free water (Qiagen, IN, USA). Reverse transcription was performed with 

716 the superscript first-strand synthesis system (Invitrogen) using 10 µl of total RNA and 

717 random hexamers. The cDNA samples were diluted 1:20 in water and analyzed in 

718 triplicate using a LightCycler 480 (Roche, Meylan, France). SYBR green PCR conditions 

719 were as follows: 95°C for 5 min and 45 cycles of 95°C for 15 s, 65°C or 70°C for 15 s, and 

720 72°C for 15 s using GAPDH as a standard. See Table S2 for primers sequencers. 

721 Relative gene expression levels of each respective gene were calculated using the 

722 threshold cycle (2-ΔΔCT) method and normalized to GAPDH mRNA levels. 

723 RT2 Profiler TM PCR array 

724 Expression levels of cytokine and chemokine mRNAs were analyzed using PCR array 

725 assays. Total RNA was isolated from cells using the High Pure RNA isolation Kit (Roche, 

726 Berlin, Germany) with a DNase I treatment during the purification and elution in 50 µl of 

727 RNase-free water (Qiagen). Reverse transcription was performed with the RT2 First strand 
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728 Kit (Qiagen, Courtaboeuf, France), and the cDNA samples were analyzed in duplicate 

729 using a RT2 Profiler TM PCR array (Qiagen). SYBR green PCR conditions were 95°C for 

730 10 min and 40 cycles of 95°C for 15 s, and 60°C for 1 min using 84 human inflammatory 

731 and receptor genes. The potential mRNAs were chosen and then confirmed by RT-qPCR.

732 The genes that contributed in each axis in the PCA were as follows: F1 = CCL1, 2, 4, 5, 7 

733 13, 15, 17, 20, 22, CSF1, CX3CL1, CXCL 1 to 3, 5, 8 to 11, FASLG, IFNG, IL10RA, 

734 IL10RB, IL15, IL1a, IL1b, IL7, NAMPT, TNFSF4, 10, 11, 13, 13B, and VEGFA. F2 = 

735 AIMP1, C5, CCL1, 2, 13, 17, 23, CRR1, 2, 3, 4, 5, CSF1, CX3CR1, CXCR2, IL10RA, 

736 I10RB, IL15, LTA, LTB, MIF, SPP1, TNF, TNFSF4, 10, 11, 13, and 13B. F3 = CCL17, 23, 

737 CCR5, CX3CR1, IL10RA, IL5, IL9, MIF, and OSM.

738 Co-stimulatory protein levels

739 Surface levels of CD83, MHCII, CD80, CD40, and CD86 were assessed by flow 

740 cytometry. Cell membrane integrity was assessed by collecting cells via centrifugation at 

741 800x g; the cell pellets were then resuspended in PBS containing 10% FBS, propidium 

742 iodide (PI) (Sigma-Aldrich, Missouri, USA), or 7-aminoactinomycin D (7AAD) (Becton-

743 Dickinson, New Jersey, USA). The cell suspension was incubated for the indicated times 

744 and analyzed using a FacsCalibur flow cytometer (Becton-Dickinson) and FlowJo 

745 software.

746 Intracellular staining

747 Surface and intracellular levels of CD83 and CD86 (total protein) were stained with a BD 

748 Cytofix/Cytoperm™ Fixation/Permeabilization Kit, and then measured by flow cytometry. 

749 To assess cell membrane integrity, the cells were collected and centrifuged at a speed of 

750 800x g; the cell pellets were then resuspended in PBS, 10% FBS, PI (Sigma), or 7AAD 

751 and analyzed on a FacsCalibur flow cytometer (Becton-Dickinson) and FlowJo software.

752 Monocyte migration assay

753 Monocyte migration was evaluated using a 5.0 µm-diameter pore transwell system 

754 (Corning, Bagneaux-sur-Loing, France). Monocytes (2 x 105 in 200 µl of full media) were 

755 added into inserts and DCs or DCs (7.5 x 105 in 750 µl of full media) and ± LPS (100 

756 ng/ml), HAdV5, HAd555, or IgG in the lower wells. Monocytes were stained by carboxy-

757 fluorescein diacetate-succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR, USA) 

758 (CellTrace™ CFSE Cell Proliferation Kit). DCs incubated for 30 min with HAd555 or 

759 HAdV5 and IgG in the lower chamber were or were not washed in medium before adding 

760 the stained CFSE monocytes. After 3, 6, and 24 h incubation at 37°C, the cells in the 
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761 upper and lower compartment were detected quantified using a FacsCalibur flow 

762 cytometer (Becton-Dickinson) and FlowJo software.

763 Cytokine secretion: ELISA and Luminex assays

764 Supernatant from the cells were collected and cytokine secretion was measured by ELISA 

765 and Luminex assays. The secretion of TNF and IL-1 was quantified by ELISA using an 

766 OptEIA human TNF ELISA Kit (Becton Dickinson) and human IL-1β/IL-1F2 DuoSet ELISA 

767 (R&D Systems, Lille, France) following the manufacturer’s instructions. Additionally, 22 

768 other cytokines and chemokines were detected by Luminex using a Bio-plex pro human 

769 chemokine, cytokine kit (Bio-Rad, Marnes-La-Coquette, France) following the 

770 manufacturer’ instructions.

771 Depletion of CD25+ from PBMC 

772 PBMC were isolated using standard gradient separation techniques. Half were CD25+-

773 depleted, using anti-CD25 in a human CD4+CD25+CD127dim/- Regulatory T Cell Isolation 

774 Kit II and MACS separation system. 

775 CFSE and VPD 450 labeling 

776 PBMCs were washed and suspended in PBS for labeling with CFSE or Violet Proliferation 

777 Dye 450 (VPD 450) (BD Horizon™, Le Pont de Claix, France) at a final concentration of 

778 2.5 μM or 1 μM, respectively, for 3 min at room temperature. Labeling was terminated by 

779 the addition of fetal calf serum (FCS) (40% of total volume).

780 PBMC activation assays

781 PBMCs ± CD25+ were stained with CFSE and cultivated in 96-well U-bottom plates; (cell 

782 concentration 1 x 106/ml and a final volume of 200 μl; PBMC CD25+/ PBMC CD25- ratio 

783 1:10). HAdV5 hexon peptides (PepTivator, Miltenyi, Paris, France) were added at 0.3 

784 nmol. On days 3 and 5 the cells were split and IL-2 was added (final concentration 100 

785 U/ml). Cells were analyzed on a FACS Canto II using FlowJo software. 

786 Treg generation

787 Naïve CD4+ T cell were isolated using naïve CD4+ T Cell Isolation Kit II and MACS 

788 separation system. DCs indirectly activated for 12 h with LPS, HAdV5, IC-HAdV5 and IgG, 

789 and then were co-cultured with CD4+ naïve T cells labeled VPD450 (with ratio bystander 

790 DCs/ T cells is 3:1) in RPMI 1640 supplemented with 10% FCS and IL-2 (Proleukin 18 x 

791 106 IU, CA, USA) (100 U/ml) for 3 or 7 days. Recombinant IL-2 was added on day 3 and 

792 day 5. CD25, CD127, and FoxP3 levels were quantified by flow cytometry using FACS 

793 Canto II. 
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794 Statistical analyses

795 All experiments were performed at least in duplicate a minimum of three independent 

796 times, and the results are expressed as mean  SEM unless otherwise stated. The 

797 statistical analyses were performed using the Student’s t-test unless otherwise stated. A p 

798 value < 0.05 is denoted as significant. Statistical analyses of the global cytokine profiles 

799 (pie chart) were performed by partial permutation tests using the SPICE software. 

800 Data availability

801 All data generated or analyzed during this study are included in this published article (and 

802 its supplementary information files).
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988 Supporting information

989
990
991 Figure S1) Transwell assay setup and controls 
992 A) We used transwell inserts with 0.4 um filter to generate direct and bystander DCs. Direct DCs (1.5 x106 

993 cells unless mentioned otherwise) were incubated with the stimulus (e.g. LPS, HAdV5, mutant virus, ± IVIg ± 
994 drugs) in lower compartment for 6 h. Fresh DCs (6 x 105) were added to the upper compartment.
995 B) To determine if HAdV5 particles (2 x 104 pp/ml) added to the lower chamber diffused to the upper 
996 compartment and impact the bystander DCs, we quantified (by qPCR) HAdV5 genomes in the supernatant of 
997 each compartment. 1.6 x 1010 pp of HAdV5 pp were used in the control medium. These data demonstrate that 
998 10,000-fold fewer particles could be found in the upper chamber. 
999 C) Quantification of HAdV5 genomes associated with bystander DCs as measured by qPCR (n ≥3). DNA 

1000 from mock-treated samples was extracted and virus/cell was normalized to GAPDH copy number. The 
1001 quantity of HAdV5 genomes/cell was normalized by lacZ (transgene in the vector) vs. GAPDH copy number. 
1002 While direct DCs take up ~600 pp/cell [14], we found that 1 in 10 bystander DC contains a single HAdV5 
1003 genome. 
1004 D) The 7AAD+ bystander and direct DCs (i.e. DCs with compromised plasma membrane integrity) in each 
1005 condition were quantified by flow cytometry. The assays were carried out in 4 donors (mean ± SEM. These 
1006 results demonstrate that bystander DCs do not show loss of cell membrane integrity. p values were derived 
1007 using Student’s t-test (B & C) or one-way ANOVA with Dunnett’s post-tests (D). * p < 0.05, ** p < 0.01 and *** 
1008 p < 0.001. 
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1009
1010 Figure S2) Maturation/activation markers on bystander DCs
1011 Bystander DCs were generated using milieu from DCs challenged with IgG, LPS, HAdV5, or IC-HAdV5. The 
1012 color code is as in Figure 2. A) The data are representative flow cytometry profiles of CD40 and MHC II 
1013 surface expression. A modest increase was noted in each case. B) In a dose-dependent assay (20,000, 
1014 5,000, or 1,000 pp/cell) CD86 cell surface levels were quantified detected by flow cytometry. The data are 
1015 representative flow cytometry profiles. Assays were carried out in 4 donors with similar results. C) PCR array 
1016 profiles from bystander DCs exposed to the milieu generated by DCs challenged by HAdV5, IC-HAdV5, and 
1017 IC-AdL40Q. The 66 cytokine mRNAs that gave unique qPCR peaks in our hands. D) IL1β, IL12p40, CLL3 and 
1018 IL6 mRNA levels in bystander THP1 DCs assayed in a dose-dependent (20,000, 10,000, 5,000, or 1,000 
1019 pp/direct DC) response. Data are mean ± SEM with 3 independent experiments. p values were derived from 
1020 one-way ANOVA with Dunnett’s test. * p < 0.05, ** p < 0.01 and *** p < 0.001. 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 30, 2018. ; https://doi.org/10.1101/334508doi: bioRxiv preprint 

https://doi.org/10.1101/334508
http://creativecommons.org/licenses/by/4.0/


IgG-complexed adenovirus and tolerance

34

1021
1022 Figure S3) Bystander and direct DC cytokine mRNA levels as a function of time and dose
1023 We extended the mRNA array results by quantifying dose-dependent responses of a handful of mRNA levels 
1024 by RT-qPCR. Because DCs derived from monocytes from random blood bank donors can have widely 
1025 different levels of mRNAs, we compared mRNA levels in THP-1-derived DCs to provide a standardized view 
1026 of the changes. THP-1 cells were differentiated into DCs for 6 days, then directly and indirectly activated. A) 
1027 CCL3, IL1β, and IL6 mRNA levels in DCs challenged with LPS, IgG, HAdV5 and IC-HAdV5 (left hand 
1028 column), and bystander DCs (right hand column) incubated in the respective direct DC milieu were quantified 
1029 at 3, 6, and 18 h post-incubation. B) Changes in TNF, IL1β, IFNβ, IL6, and CCL3 mRNA levels in direct (left 
1030 hand column) 
1031 TNF: IC 2 x 104 vs. 104 ns; 104 vs. 5 x 103 ns; 5 x 103 vs. x 103 ***; IL1β IC 2 x 104 vs. 104 ns; 104 vs. 5 x 103 
1032 ns; 5 x 103 vs. 103 ns; IC 2 x 104 vs. 103 **, IC 104 vs. 103 *;
1033 IFNβ: IC 2 x 104 vs. 104 ns; 104 vs. 5 x 103 ns; 5 x 103 vs. 103 ns, IC 2 x 104 vs. 103 *; IL6: IC 2 x 104 vs. 104 
1034 ns; 104 vs. 5 x 103 **; 5 x 103 vs. 1 x 103 ns; 
1035 CCL3: IC 2 x 104 vs. 1 x 104 ns; 1 x 104 vs. 5 x 103 ***; 5 x 103 vs. 103 ns) 
1036 Bystander DC (right hand column) dose-dependent assay (2 x 104, 104, 5 x 103, or 103 pp/cell) by RT-qPCR 
1037 TNF: IC 2 x 104 vs. 104 ns; 104 vs. 5 x 103 ns; 5 x 103 vs. 1 k ns, IC 2 x 104 vs. 103 **, IC 104 vs. 103 ***; 
1038 IL1β: IC20 k vs. 104 ns; 104 vs. 5 x 103 ns; 5 x 103 vs. 103 ns; 
1039 IFNβ: IC 20 k vs. 104 ns; 104 vs. 5 x 103 ns; 5 x 103 vs. 103 **; 
1040 IL6: IC 2 x 104 vs. 104 ns; 104 vs. 5 x 103 ns; 5 x 103 vs. 103 ns, 104 vs. 5 x 103 *** ; 
1041 CCL3: IC 2 x 104 vs. 104 ns; 104 vs. 5 x 103 ***; 5 x 103 vs. 103 *). 
1042 As in “A” controls included IgG and HAdV5. 
1043 Three independent experiments were carried out. Data are mean ± SEM. p values were derived using 
1044 Student’s t-tests. * p < 0.05, ** p < 0.01 and *** p < 0.001..

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 30, 2018. ; https://doi.org/10.1101/334508doi: bioRxiv preprint 

https://doi.org/10.1101/334508
http://creativecommons.org/licenses/by/4.0/


IgG-complexed adenovirus and tolerance

35

1045
1046
1047 Figure S4) Controls for ZVAD and brefeldin A assays
1048 A) TNF and IL-1β secretion in response to ZVAD treatment (2 h before challenge) of DCs challenged with 
1049 LPS, IgG, HAdV5, and IC-HAdV5. 
1050 B) DCs were simultaneously treated with brefeldin A and challenged with LPS, IgG, HAdV5, and IC-HAdV5. 
1051 TNF secretion was quantified at 18 h. 
1052 C) DCs were simultaneously treated with brefeldin A and challenged with LPS, IgG, HAdV5, and IC-HAdV5. 
1053 IL-1β secretion was quantified at 18 h. Data are mean ± SEM, p values were derived from Student’s t-tests, n 
1054 ≥ 3 donors. *** p < 0.001.
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1055
1056
1057
1058 Figure S5) Controls for IC-AdL40Q and IC-Ad2ts1 
1059 A) DCs challenged with LPS, IgG, HAdV5, AdL40Q and increasing concentrations of IC-HAdV5 and IC-AdL40Q 
1060 were analyzed for loss of membrane integrity (7AAD+ cells), IL-1β and TNF secretion. 
1061 B) Cell surface levels of the maturation/activation markers CD86 and CD83 following direct DCs challenged 
1062 with IgG, AdL40Q, IC-AdL40Q, HAdV5, and IC-HAdV5. 
1063 C) bystander DC IL1β and IFNβ mRNA levels quantified by RT-qPCR assay. Experiments were carried out in 
1064 ≥3 donors. p values were derived from Student’s t-tests. *, **, *** denote p values of < 0.05 ,< 0.01, < 0.001, 
1065 respectively. 
1066 DCs were challenged with LPS, IgG, HAdV5, IC-HAdV5, Ad2ts1, and IC-Ad2ts1 and screened for D) time-
1067 dependent (6 to 48 h) TNF secretion; and E) time-dependent (6 to 48 h) loss of membrane integrity using 
1068 propidium iodide (PI) incorporation; or 

1069 F) DCs were challenged with LPS, IgG, HAdV5, IC-HAdV5, Ad2ts1, and IC-Ad2ts1 and then used to generate 
1070 bystander DCs in which the IL1β mRNA levels were quantified by RT-qPCR assay following dose-dependent 
1071 stimulation (20 x 103, 10 x 103, or 5 x 103 pp/cell) of the direct DCs. 

1072 All experiments were carried out in 3 donors and in duplicate. P values were derived from Student’s t-tests. ** 
1073 p < 0.01.
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1074
1075

1076
1077
1078 Figure S6) TAK-242 controls
1079 Bystander DCs were treated with TAK-242 for 1 h before adding them to the DCs challenged with LPS, IgG, 
1080 HAdV5, or IC-HAdV5. TNF secretion was quantified in direct DCs in the lower compartment (n = 3 donors). p 
1081 values were derived from Student’s t-tests. *** p < 0.0001.

1082
1083
1084
1085 Figure S7) Controls for fluid phase uptake assay
1086 Nonspecific binding of dextran to A) direct DCs and B) bystander DCs was controlled by incubating DC (post-
1087 stimulation) with FITC-labeled dextran at 4°C. Direct DCs were challenged with IgG, LPS, HAdV5, or IC-
1088 HAdV5. The cells were then incubated with FITC-labeled dextran and analyzed by flow cytometry. The data 
1089 are representative flow cytometry profiles with experiments performed using cells from in 3 donors and in 
1090 duplicate. 
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1091
1092 Figure S8) Controls for monocyte recruitment
1093 A) A 5-micron-pore membrane transwell system was used for monocyte migration assays. The timing and 
1094 stimuli are indicated in the schematics. Round green cells are CFSE-labeled monocytes. B) These data 
1095 shown percentage of monocyte in the upper chamber that potentially interact with HAdV or IC-HAdV5. C) To 
1096 address this possibility, we covalently linked Alex555 to the HAdV5 capsid (HAdV5-Alexa555 [29]) to identify 
1097 cells associated with HAdV5 or IC-HAdV5. CFSE-labeled monocytes were then assayed by flow cytometry for 
1098 loss of membrane integrity (7AAD+ cells) and the presence of HAdV5-Alexa555 at 6 and 24 h. These data 
1099 demonstrate that ICs do not go through the pore to interact with monocytes in the upper chamber. D) CD14 
1100 expression levels on monocytes recruited towards bystander DCs that were created with the milieu from DCs 
1101 challenged with IgG, LPS or HAdV5 at 24 h. E) CD14 and CD86 levels on monocytes recruited to bystander 
1102 DCs that were created with the milieu from DCs challenged with IgG, LPS or HAdV5 at 72 h. F) CD14 and 
1103 CD86 expression levels on monocytes that remained in the upper compartment at 72 h. The lower 
1104 compartment contained bystander DCs that were created with the milieu from DCs challenged with IgG, LPS 
1105 or HAdV5. The data are representative flow cytometry profiles with assays carried out in 4 donors. * p < 0.05, 
1106 ** p < 0.01 and *** p < 0.001.
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1107
1108

1109 Figure S9) Bystander DCs, generated using the media from DCs challenged with IgG, HAdV5, and IC-
1110 HAdV5, were incubated with naive CD4+ T cells isolated from the same donors. Three days post-incubation 
1111 we gated on CD127dim cells to identify CD25+/FoxP3high cells. The data are representative flow cytometry 
1112 profiles with assays carried out in 7 donors. 

1113

1114

Buffy coat

Screen donors for
anti HAdV-memory T cell response

 Purify CD4+ naive T cells  PBMC depleted CD25+

 Check proliferation to detect
present of HAdV5-specificT reg

culture in IL-2
(7 days)

 Purify CD14+ monocytes

Naive DCs 

culture in IL-4/ GMCSF
 (7 days)

create bystander DCs (12 h)

 bystander DCs

PBMC

co-culture in IL-2 (7 days)

 Check proliferation to detect
HAdV5-specific bystander DCs

 Check proliferation to detect
HAdV5-specific Treg generated by bystander DCs

co-culture in IL-2 (7 days)

co-culture in IL-2 (7 days)

sort CD4
+ 

CD25+ T cells

CD4+ CD25+ T cells

direct-DCs

PBMC

(CFSE labelling)(CFSE labelling) (VP450 labelling)

(CFSE labelling)

1115
1116 Figure S10) Flow chart demonstrating the cells and process used for the Treg assays
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1119
1120
1121 Figure S11) Potential cytokine heterodimer formation/interactions
1122 Potential cytokine heterodimers are based on von Hundelshausen et al. [56] interactome data and the 
1123 response generated by direct and bystander DCs.

1124
1125 Table S1) Statistical analyses of bystander DC cytokine transcription profile 

cytokine condition 1 condition 2 significance

IC 2 x 104 pp/cell IC 104 pp/cell p <0.0001

IC 1 x 104 pp/cell IC 5 x103 pp/cell p >0.05

TNF

IC 5 x 103 pp/cell IC 1 x 103 pp/cell p <0.0001
IC 2 x 104 pp/cell IC 1 x 104 pp/cell p <0.0001
IC 1 x 104 pp/cell IC 5 x 103 pp/cell p >0.05

IFNβ

IC 5 x 103 pp/cell IC 1 x 103 pp/cell p <0.0001
IC 2 x 104 pp/cell IC 1 x 104 pp/cell p <0.0001
IC 1 x 104 pp/cell IC 5 x 103 pp/cell p >0.05

CXCL10

IC 5 x 103 pp/cell IC 1 x 103 pp/cell p <0.0001
1126
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1127 Table S2: In-house designed primer sequences

Gene Primer sequences

5’- CTCTGGCCCAGGCAGTCAGA -3’ [forward]
TNF

5’- GGCGTTTGGGAAGGTTGGAT -3’ [reverse]

5’- AAACAGATGAAGTGCTCCTTCC -3’ [forward]
IL1β

5’- AAGATGAAGGGAAAGAAGGTGC -3’ [reverse]

5’- GTCTCCTCCAAATTGCTCTC -3’ [forward]
IFNβ

5’- ACAGGAGCTTCTGACACTGA -3’ [reverse]

5’- TATTCCTGCAAGCCAATTTTGTC -3’ [forward]
CXCL10

5’- TCTTGATGGCCTTCGATTCTG -3’ [reverse]

5’- CCAGGAGCCCAGCTATGAAC -3’ [forward]
IL6

5’- CCCAGGGAGAAGGCAACTG -3’ [reverse]

5’- CCAAGAACTTGCAGCTGAAG -3’ [forward]
IL12 (p40)

5’- TGGGTCTATTCCGTTGTGTC -3’ [reverse

5’- CTGCATCACTTGCTGCTGACA -3’ [forward]
CCL3

5’- CACTGGCTGCTCGTCTCAAAG -3’ [reverse]

5’-ACAGTCCATGCCATCACTGCC-3’ [forward]
GAPDH

5’-GCCTGCTTCACCACCTTCTTG-3’ [reverse]

1128
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