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Abstract

The toll-like receptor 5 agonist (TLR5) flagellin is an effective adjuvant for vaccination. Recently, we
demonstrated that the adaptive responses stimulated by intranasal administration of flagellin and
antigen were linked to TLR5 signaling in the lung epithelium. The present study sought to identify the
antigen presenting cells involved in this adjuvant activity. We first found that the lung dendritic cells
captured antigen very efficiently in a process independent of TLR5. However, TLR5-mediated
signaling specifically enhanced the maturation of lung dendritic cells. Afterward, the number of
antigen-bound and activated conventional dendritic cells (both CD11b* and CD103") increased in the
mediastinal lymph nodes in contrast to monocyte-derived dendritic cells. These data suggested that
flagellin-activated lung conventional dendritic cells migrate to the draining lymph nodes. The lymph
node dendritic cells, in particular CD11b* cells, were essential for induction of CD4 T-cell response.
Lastly, neutrophils and monocytes were recruited into the lungs by flagellin administration but did not
contribute to the adjuvant actvity. The functional activation of conventional dendritic cells was
independent of direct TLR5 signaling, thereby supporting the contribution of maturation signals
produced by flagellin-stimulated airway epithelium. In conclusion, our results demonstrated that
indirect TLR5-dependent stimulation of airway conventional dendritic cells is essential to flagellin's

mucosal adjuvant activity.

Wordcount: 205
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Introduction

Many pathogens of public health concern colonize the respiratory tract in general and the lung
mucosa in particular. Mucosal vaccines induce a local adaptive immune response (i.e. secretory
antibodies and mucosal T cells) and constitute a unique means of preventing these infections [1]. The
few commercially available mucosal vaccines contain live attenuated pathogens and are effective.
However, so far mucosal adjuvant candidates to be formulated with subunit vaccines have not
demonstrated sufficient levels of potency and safety.

Most vaccines are delivered systemically and use systemic adjuvants. In recent years, it
appears that these adjuvants mimic activation of immunity by live microorganisms and thereby
enhance appropriate memory responses to infections [2, 3]. A common feature is the transient
induction of an innate pro-inflammatory response [2, 4-7]. Thus, adjuvants like MF59 and alum
trigger the infiltration of polymorphonuclear neutrophils (PMNs) and antigen-presenting cells (APCs,
i.e. inflammatory monocytes and/or dendritic cells (DCs)) at the injection site [5, 8-11]. They
specifically induce the functional maturation of APCs, thereby promoting functions related to antigen
presentation.

Dendritic cells (DCs) are the most professional APCs that drive adjuvant activity [12]. In non-
Ilymphoid tissues (such as lung) and at steady state, conventional DCs (cDCs) that originate from a
pre-DC precursor serve as sentinels [13]. cDCs are characterized by the expression of CD11c, MHCII,
CD24 and ZBTB46 and one can distinguish in the lungs between CD11b* and CD103* ¢cDCs [13, 14].
When activated by systemic adjuvants, tissue DCs migrate to draining lymph nodes and give rise to
migratory DCs that trigger adaptive immunity [15-18]. The CD11b* cDCs are mainly associated with
the trigger of Th2 responses, whereas CD103* ¢DCs rather promote Th1/Th17 responses and cross-
presentation [17, 19-21]. Upon vaccination or infection, inflammatory monocytes that have entered
tissues via CCR2 can also differentiate into DCs [10-12, 22]. These monocyte-derived DCs (moDCs)
express not only CD11c and MHCII but also CD11b and the monocyte/macrophage marker CD64.
However they lack CD24 [17, 23]. Depending on the adjuvant or the inflammatory injury, moDCs

elicit or reactivate CD4 and CD8 T cell responses [8, 11, 24]. To develop safe and potent mucosal
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vaccines, it is thus necessary to determine their impact on c¢cDCs and moDCs recruitment and
activation.

Toll-like receptors (TLRs) are essential for the activation of adaptive immunity by DCs and
TLR agonists represent therefore potent adjuvant candidates for future vaccines. Flagellins are
detected by TLR5, which in turn drives adjuvant activity via systemic and mucosal immunization
routes [25]. When delivered by systemic route, flagellin directly stimulates the maturation of spleen
DCs and thus activates T and B cell responses [26-28]. When flagellin is administered by the
intranasal (i.n.) route, radioresistant cells of the lung epithelium expressing TLR5 control the innate
immune responses [29, 30]. Recently, the antibody and CD4 T cell responses stimulated i.n. by
flagellin as a mucosal adjuvant were linked to TLRS5 signaling in the lung epithelium [30, 31]. Hence,

this study aims at characterizing the APCs involved in flagellin's mucosal activity.
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Materials and methods

Mice and reagents. Animals were maintained in a specific pathogen-free facility (#A59-350009,
Institut Pasteur de Lille) and all experiments complied with national regulations and ethical guidelines.
Six to 10-weeks-old mice (C57BL/6, C3H/HeN, TIr5", Cd11c-DTR, CD45.1, OT-1lon the C57BL/6
background) were obtained from Janvier, Charles River or bred in house. To generate bone marrow
(BM) chimeric mice, wild type C57BL/6 (WT) or TIr57 mice were lethally irradiated (11 Gray) and
intravenously (i.v.) injected with 3-5 x10° BM cells. After 12-14 weeks, the reconstitution was
assessed by flow cytometry using CD45.1 and CD45.2 markers. Flagellin (FIiC) from Salmonella
enterica Serovar Typhimurium, as well as “flagellintLrsmut” (Signaling motif [QRVRELAV] changed
in the non signaling motif [DTVKVKAT]) were prepared as described [32]. Endograde ovalbumin
(OVA) was purchased from Hyglos, AlexaFluor® 647 ovalbumin (OVA-AF647) from Molecular
Probes and Hen Egg Lysosyme (HEL) from Appligene. All proteins were free of or depleted of

endotoxin activity using Triton X-114 and/or Detoxi-Gel Affinity Columns (Pierce).

Immunization and sampling. Mice were anesthetized by intraperitoneal (i.p.) injection of ketamine-
xylazine and immunized i.n. with 30pL of PBS containing OVA (10ug), OVA-AF647 (30ug) or HEL
(800ug) + flagellin (1pg). Mice were euthanized by i.p. injection of sodium pentobarbital and perfused
lungs, MdLNs, cervical lymph nodes (CLN), spleen, or blood were collected. Intravenous injection of
CD45-PE-Cy7 antibody was performed 5min prior to sampling to specifically label vasculature-
associated or marginated cells [33]. To deplete DC, Cd11c-DTR = WT mice were i.p. injected with
600ng and 200ng diphtheria toxin (DTX) 48h and 24h respectively before i.n. immunization as

described [34].

Flow cytometry. Cells were isolated from tissues by digestion with collagenase 1A (Img/mL, Sigma)
and DNAse | (40ug/ml, Sigma) for 30 min at 37°C. The lung hematopoietic cells were recovered after
centrifugation on Percoll 20%. After incubation with anti-CD16/CD32 Fc block (2.4G2), cells were

stained with specific antibodies: CD45 (30F11), CD3¢ (145-2C11), CD19 (1D3), CD4 (RM4-5), Va2-
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TCR (B20.1), CD11c (N418), CD24 (M1/69), CD64 (X54-5/7.1), MHCII (M5/114.5.2) specific for I-
AY/1-EP/I-A¥, CD103 (2E7), CD11b (M1/70), Ly6C (AL21), Ly6G (1A8), CCR2 (475301), CD86
(GL-1), CD80 (16-10A1) (Becton Dickinson, BioLegend and eBioscience). C4H3-biotinylated
antibody was used to detect HEL .61 peptide loaded on I-A [26, 35]. Intracellular staining of IL-
12 p40 (C15.6) was performed using cells incubated for 3h at 37°C with brefeldin A (1pg/mL, Sigma-
Aldrich) and fixation/permeabilization kit from eBioscience. Data were collected on a BD LSR

Fortessa and analyzed with BD FACSDiva or FlowJo. Cells were sorted on a BD FACSAria.

Adoptive transfer of CD4 T cells. CD4 lymphocytes were isolated from lymphoid organs of OT-II
mice by negative selection (CD4 isolation kit, Miltenyi Biotec). Cells were stained with 5uM of
carboxyfluorescein diacetate succinimidyl ester (CFSE) or 10uM of CellTrace™ Violet (CTV)
(Invitrogen) and 5x10° cells were injected intravenously into animals. One day later, mice were
immunized i.n. with PBS or OVA (20ug) * flagellin. Tissues were sampled at day 5 for analysis of

fluorescence dilution in T cells.

Antigen presentation assays. C57BL/6 mice were immunized i.n. with flagellin and OVA (47.5ug),
MdLNs were sampled 18h later, and APCs were FACS sorted. APCs were cultured in round bottom
96 wells plate with 3-5x10° CTV-stained OT-II cells at a ratio of 1:10. At day 5, cell proliferation was
assessed by flow cytometry. The cytokines IL-13 and IFN-y were detected in supernatants using

ELISA Kits (eBioscience).

Statistical analysis. Results are expressed as mean = SEM. Mann-Whitney test was used to assess

statistically significant between groups.
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Results

Flagellin promotes the recruitment of conventional dendritic cells into lung draining lymph
nodes

To dissect flagellin's mode of action as an i.n. adjuvant, we investigated the early dynamic of
lung DCs including cDCs and moDCs, as well as monocytes and PMNs (Fig.1). As previously
described [29, 36, 37], our experiments revealed a recruitment of PMNs (Ly6C*Ly6G") as early as 3h
post-instillation that peaked at 6h (Fig.1B). Monocytes (Ly6G"™Ly6C*) were recruited by flagellin
treatment in similar kinetics. These cells were also found to express CCR2 and CX3CRL1, features of
inflammatory monocytes (data not shown). In contrast, we observed a consistent but not significant
decrease in the numbers of lung CD11b* or CD103" DCs at 6h (Fig.1B). Analysis of lung CD11b* DC
revealed that cDC (CD24") and moDC (CD64*) were similarly altered by flagellin immunization.
Interestingly, the increase of lung monocyte counts was not associated with similar changes in
moDCs, suggesting that monocytes did not give rise to moDC.

The MdLNs that drain the lung are known to be a major site for the induction of T cell-
mediated immunity following flagellin administration [30, 31]. Relative to the lungs, significant
changes in the MdLN counts of CD11b* and CD103* DCs were observed after i.n. administration of
flagellin or flagellin plus antigen, relative to controls (Fig.1C-D). The changes in DC numbers were
observed after 18h treatment (but not after 6h) and rapidly returned to baseline. We further established
that the increase of MdLN CD11b* DCs was due to cDCs but not moDCs, given their expression of
CD24 and the lack of CD64 expression (Fig.1E). Importantly, DC recruitment was not detected in the
CLNSs draining the nasal cavity (Fig.1F). In summary, intranasal administration of flagellin triggers an

early recruitment of PMN and monocytes into the lung and an increase of cDC numbers in MdLNs.

Antigen-bound dendritic cells predominates in the airways and draining lymph nodes

In order to track the cells that had captured the antigen, fluorescent ovalbumin (OVA-AF647)
was administered intranasally (Fig.2). As early as 3h post-immunization, lung cells were associated
with the fluorescent antigen (data not shown). Six hours post-administration of OVA-AF647, we

found that 50% of CD11b* DCs, 70% of CD103* DCs, 20% of PMNs and 10% of monocytes were

7
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bound to antigen (Fig.2A). Remarkably, the same proportion of antigen-bound cells was found 6h
after administration of flagellin plus OVA-AF647. However, the number of monocytes and PMNs
bound to OVA increased >3-fold and >20-fold, respectively, thereby correlating with the magnitude of
these cells' infiltration (Fig.2B). In contrast, the CD11b* and CD103* DC counts bound to OVA did
not change significantly after flagellin treatment. We also investigated the localization of OVA-bound
lung cells by injecting an intravenous pulse of CD45-specific antibody (Fig.2C-D). Interestingly,
antigen-bearing monocytes were mostly marginated (i.e. in the vasculature) whereas DCs were mostly
interstitial. In contrast, PMNs shifted from marginated to interstitial position after flagellin
stimulation, revealing the translocation of PMN into the bronchoalveolar compartment. Taken as a
whole, these data suggest that lung DCs have a key role in antigen capture following intranasal
vaccination.

We next investigated whether cells that had captured fluorescent OVA can be found in the
MdLNSs. In contrast to lungs, we did not detect any significant changes of DC harboring antigen in the
MdLN 6h post-administration of flagellin (data not shown). However, the number of OVA-bound
CD11b* and CD103* MdLN DCs was significantly enhanced at 18h (Fig.3A). We did not detect any
antigen-bound PMN or monocytes in MdLN. Moreover, there was not any flagellin-dependent
increase of antigen-bound cells in the CLNSs draining the nasal cavity. These observations suggest that
antigen capture by lung DC is followed by migration of cDC into MdLN.

Finally, we assessed the potential contribution of infiltrating monocytes or PMNs to flagellin's
adjuvant activity by performing experiments with clodronate liposomes, Ccr2” mice and Ly6G-
specific depleting antibodies (Supplementary Fig.1). Animals depleted or deficient in PMNs or
monocytes responded in much the same way as control animals did to i.n. immunization - suggesting

that monocytes and PMNs do not modulate the adjuvant activity.

Dendritic cells are functionally activated by flagellin

Since lung DCs from control and flagellin-immunized animals captured similarly antigen, we
next assessed whether flagellin impact on DC activation Microarray analysis of transcriptional
changes over time in lung highlighted that the DC maturation pathway and the functions related to

antigen presentation were upregulated (Supplementary Fig.2). In contrast, these patterns were not

8
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observed in the blood. We next observed that both CD11b* and CD103" lung cDCs upregulated the
expression of MHCII and the co-stimulatory molecules CD80 and CD86 as soon as 6h post-
immunization (Supplementary Fig.3A-C). In addition, the lung cDCs upregulated functions of
processing and presentation of antigen since immunization with hen egg lysozyme (HEL) and flagellin
significantly increased staining with the C4H3 antibody that recognizes the MHCII-loaded HEL 661
(Supplementary Fig.3D).

The flagellin administration was also associated with functionally activated cDCs in MdLNs
18h post-immunization as evaluated by the upregulation of CD80, CD86 as well as C4H3 staining
(Fig.3B-D). Lastly, MdLN CD11b* but not CD103* cDCs were shown to produce the T-cell activating
cytokine 1L-12 p40 (Fig.3E-F). Altogether, these results suggest that flagellin signaling enhances the

functional activation of lung cDCs and their migration to the MdLNs.

CD11b* c¢DCs are crucial for the flagellin-mediated CD4* T cell activation

To ascertain the role of cDCs, we performed experiments with chimera mice harboring
Cd11c-DTR bone marrow that can be injected with DTX to eliminate lung DCs (Fig.4A). Passively
transferred, OVA-specific CD4" OT-II cells were monitored as a guide to adjuvant activity. Flagellin
and OVA strongly stimulated the proliferation of OT-II cells both in MdLNs from control wild type
animals and control Cd11c-DTR chimera animals (Fig.4B-C). DTX treatment of Cd11lc-DTR mice
prior to immunization abrogated the proliferation of the OT-II cells. Interestingly, DC depletion did
not impact on the flagellin-mediated lung innate response, as assessed by production of the chemokine
CCL20 (Fig.4D). Therefore, these data strongly suggest that mucosal cDCs are essential for the
adjuvant activity of i.n. flagellin.

The cDCs' ability to present antigen was further analyzed in vitro. OT-Il lymphocytes were
cultured with total DCs, CD11b* or CD103* DCs that were sorted from the MdLNs of animals
immunized i.n. with flagellin and OVA. We found that CD11b* DCs efficiently activated OT-II cells
and thus prompted them to proliferate and secrete the T cell-specific cytokines IFNy and 1L-13. In
these conditions, CD103* DCs hardly stimulated proliferation or cytokine production (Fig.4E-G).

Similar results were obtained by injecting sorted MdLN DCs into mice adoptively transferred with
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OT-II cells (Supplementary Fig.4). These data demonstrated that CD11b™ MdLN cDCs are essential

components in the flagellin's adjuvant activity by stimulating CD4* T cell responses.

Direct TLR5 signaling in DCs is not required for the cells' functional activation

Intranasal adjuvant activity of flagellin depends on TLR5 and is abrogated in TIr57 mice or
mice immunized with flagellin mutated within the TLR5 motif, i.e. flagellintgrsmyt [30, 32]. We
therefore studied whether flagellin-mediated MdLN DC activation depends on TLR5 signaling.
Notably, we did not detect any activation of MdLN ¢DCs in TIr5’ mice in contrast to the situation in
WT animals (Fig.5A-B). Similarly, intranasal immunization of WT animals with flagellint rsmu, did
not induce any activation of MdLN DCs in contrast to native flagellin (Fig.5C).

To determine whether nasal administration of flagellin directly activate airway DCs, we
generated chimeric mice by transferring a combination of TIr57 and WT bone marrow (Fig.5D).
Activation was measured by the expression of co-stimulatory molecules in CD45.1-expressing DC
(i.e. WT) and CD45.2-expressing DC (i.e. TIr5"). As previously reported, intraperitoneal
administration of flagellin only induced activation of WT spleen DC but not TIr57 DC (Fig.5E). This
systemic DC activation was therefore a process dependent on direct TLR5 signaling. In contrast, after
intranasal flagellin administration, MdLN DC activation occurred independently of TLR5 expression
on DCs (Fig.5F-G), indicating that TIr5"- MdLN DC are transactivated by WT cells. Using chimera
where TIr57 animals were transferred with WT cells and the opposite condition, we found that MdLN
DC activation required TIr5 expression in the radioresistant cell compartment (Supplementary Fig.5).
Interestingly, TIr5 mRNA levels were respectively 8-fold lower in lung DC compared to airway
epithelial cells (Supplementary Fig.5). In summary, these data suggest that flagellin's effect on cDC
activation was independent of direct TLR5 signaling in DCs but requires instruction by TLR5-

dependent mechanisms in epithelial cells.
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Discussion

The development of novel prophylactic strategies requires knowledge of the APCs involved in
vaccine efficacy. Our present results demonstrate that the intranasal adjuvant activity of flagellin is
linked to the functional activation of lung DCs and MdLN cDCs. Our data suggest that flagellin
enhances the ability of lung cDC to present antigen and to migrate to draining lymph nodes for CD4*
lymphocyte stimulation. Furthermore, cDC activation does not involve direct TLR5 signaling but is
likely dependent on transactivation signals originating from TLR5-expressing airway epithelial cells.
Finally, we provided strong evidence that transactivation does not rely on the expression of I1L-25,
TSLP, IL-33, IL-1a, IL-1B, or IL-36y.

How DCs are activated is an important parameter in the development of adjuvants. A
prominent concept is the direct activation of DCs by adjuvants [38]. The mucosal activity of flagellin
requires epithelial TLR5 signaling in airways [29, 30]. The present data indicate that DCs are not the
target cells of flagellin since they are activated by indirect TLR5 rather than direct TLR5 signaling,
reinforcing the contribution of airway epithelium as flagellin target. This contrasts with the systemic
route of flagellin immunization that directly stimulate TLR5 signaling in DCs (Fig.5 and
Supplementary Fig.5) [27, 39]. Airway epithelial cells were also found essential to induce the DC
activation in response to respiratory delivery of TLR4-dependent allergen that leads to asthma [40].
Epithelial cytokines that activate lung DCs in response to mucosal challenge have been identified [41-
44]. Defining the epithelial factors involved in the adjuvant effect of flagellin will open up
unprecedented avenues in the vaccine field.

Our results demonstrated that lung DCs are activated and that MdLN cDCs, particularly
CD11b* ¢DCs present antigen to CD4* T cells. The counts of MdLN ¢DCs rose during immunization
and thus supported the migration of lung cDCs to lymph nodes. Lung cDCs efficiently capture antigen
in absence of any stimulation since they are ideally positioned for antigen sampling [45]. Our data
demonstrate that the main activity of flagellin as an adjuvant is to functionally activate DCs.
Consistently, CD11b* DC have a key role in the mucosal adjuvant activity of cholera toxin [46].

The lung transcriptional signature induced by intranasal administration of flagellin shares

features of various adjuvants [5-7, 21]. Adjuvants generally upregulate the pathways of acute phase

11



281
282
283
284
285
286
287
288
289
290
291
292
293

294

response and chemokine signaling, highlighting the recruitment of inflammatory cells. PMNs are
mobilized in response to flagellin and the process is linked to the production of chemokines by the
epithelial TLR5 signaling pathway [29, 36]. Our data suggest that PMNs do not regulate the flagellin's
adjuvant activity (as for the adjuvant MF59 [47]). Flagellin administration also promoted the
recruitment of monocytes into lung but monocytes and moDCs are not required for flagellin-mediated
activity. It is noteworthy that in asthma, high doses of allergen stimulates lung moDC migration to the
lymph nodes [20]. In our setting, the low antigen doses and the transient innate response stimulated by
flagellin may impair differentiation into moDCs. The observation that flagellin's adjuvant activity is
dissociated from inflammatory cell recruitment is a fascinating perspective for vaccine improvement.
The development of mucosal adjuvants requires a detailed understanding of the transactivating
factors and the signals that bypass the tolerogenic imprinting of the mucosa on DCs. In conclusion,
this study opens up new avenues for designing safer adjuvants with a less intense pro-inflammatory

response and fewer side effects.

12



295  Acknowledgements

296

297  We thank Dr. C. Faveeuw for critical reading of the manuscript, Dr. F. Trottein for Cd11c-DTR mice,
298 Dr. R. Steinman for C4H3-specific antibodies, Dr. David Hot for technical assistance in IPA analysis,
299  Julien Tabareau for flagellin production, and Emeric Deruy and Bioimaging Center Lille-Nord de
300  France for flow cytometry and cell sorting, respectively.

301

13



302
303
304
305
306
307
308
309
310
311
312

313

Authorship

Contribution: D.F. planned studies, performed experiments, analyzed data, and wrote the manuscript;
L.V.M. performed experiments and analyzed data. D.C. and P.S. performed experiments. N.V.R., and
W.D.H. contributed vital reagents. DH, H.J.M. and A.G.B. performed experiments and analyzed

microarray data. J.C.S. supervised the project and wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no competing financial interests.

Correspondence: Jean-Claude Sirard, Institut Pasteur de Lille, Centre d'Infection et d'Immunité de

Lille, Equipe Infection Pulmonaire et Immunité Innée, 1 rue du Professeur Calmette, 59019 Lille

Cedex, France; e-mail: jean-claude.sirard@inserm.fr

14



314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

341

Figure legends

Figure 1: Analysis of recruitment of neutrophils, monocytes and dendritic cells into the lungs
and draining lymph nodes following flagellin immunization. C57BL/6 mice (n=4) were treated i.n.
with either flagellin, ovalbumin (OVA), or flagellin plus OVA. Lung, mediastinal (MdLN) or cervical
(CLN) lymph nodes samples were collected at the indicated time points for flow cytometry analysis.
(A) Gating strategy for the identification of lung cells. After gating on CD45%, lung cells were
identified as follows: c¢cDCs  (lin"¥CD11c*MHCII*CD24*CD11b*"9CD103*9),  moDCs
(lin"CD11c*MHCII*CD64*CD11b*), monocytes  (CD11bM"Ly6C"9"Ly6G™%) and  PMNs
(CD11b"9"Ly6C*LYy6G"). The same strategy was used for MdLN and CLN cells. (B,C) Absolute
counts of lung total PMNs, monocytes, CD11b* ¢cDCs, moDCs, and CD103* cDCs over time in lungs
(B) and MdLNs following flagellin immunization (C). (D) Numbers of CD11b* and CD103* DC in
MdLNs 18h post-immunization with OVA or flagellin plus OVA. (E) Analysis of composition of
CD11b* DC in MdLNSs. (F) Numbers of CD11b* and CD103* DC in CLNs 18h post-immunization
with OVA or flagellin plus OVA. Results are expressed as the mean £ SEM and are representative of

2-5 experiments (* p <0.05).

Figure 2: Analysis of antigen uptake by lung neutrophils, monocytes and dendritic cells.
C57BL/6 mice (n=4) were treated i.n. with fluorescent ovalbumin (OVA-AF647) in the presence or
absence of flagellin. Lung samples were collected at 6h for flow cytometry analysis. (A) Absolute
counts of OVA-positive PMNSs (CD45*CD11b"9"y6C*LY6G"), monocytes
(CD45*CD11bMon_y6Chis"Ly6G"), CD11b* and CD103" DCs
(lin"9CD45*CD11c*MHCII*CD11b*"9CD103*"9), (B) Representative histograms of antigen uptake
by cell type. For each cell type, the number indicates the percentage of OVA-positive cells among the
total population considered. (C-D) Six hours post-immunization, mice were injected i.v. with anti-
CD45-PeCy7 (1pg) and lung tissues were sampled 5 minutes later. Cells stained by anti-CD45-PeCy7
are defined as marginated cells. (C) Percentage of margination was determined for monocytes, DC,

and PMN. (D) Representative plots showing the correlation between antigen uptake and cell
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localization. Results are expressed as the mean + SEM, and are representative of 2-4 experiments (* p

<0.05).

Figure 3: Draining lymph nodes CD11b* c¢DC process antigens and exhibit functional
maturation after flagellin intranasal administration. Mice (n=3-4) were immunized i.n. and
mediastinal lymph nodes (MdLN) were sampled at 18h for flow cytometry analysis. Dendritic cells
were defined as 1in"9CD45*CD11¢c*MHCII*CD11b*-CD103*". (A-C) C57BL/6 animals were
immunized i.n. with fluorescent ovalbumin (OVA-AF647) or flagellin and OVA-AF647. (A) Absolute
numbers of antigen-positive MdLN DCs. (B) Representative histograms of CD80 and CD86
expression by MdLN DCs. (C) Quantitative analysis of CD86 expression in DCs. (D) C3H/HeN
animals were immunized i.n. with either hen egg lysozyme (HEL), flagellin, or flagellin and HEL.
Antigen presentation by DCs was assessed with C4H3 antibody that detects HEL peptide loaded on I-
AX. Fluorescence of the C4H3 antibody was normalized against the 1-A* fluorescence. (E-F) C57BL/6
were immunized i.n. with PBS or flagellin. (E) Representative histograms of 1L-12 p40-producing
DCs. (F) Percentage of IL-12 p40-producing CD11b* and CD103* DC among the total population of

DC. Results are expressed as the mean £ SEM and are representative of 2-4 experiments (* p <0.05).

Figure 4: CD11b" dendritic cells are essential for flagellin's mucosal adjuvant activity.

(A-D) C57BL/6 (WT) and Cd11c-DTR = WT chimera mice (n=3-4) were treated twice i.p. with PBS
or diphtheria toxin (DTX) (200 ng 24h before immunization and 600 ng at immunization). (A)
Representative plots of DC depletion in the spleen and lung. Using flow cytometry, dendritic cells
were defined as 1lin"¥CD45'CD11c*MHCII*CD11b*”"CD103*". Numbers indicate the DC as
percentage of CD45* cells 24h after DTX injection. (B-C) WT and Cd11c-DTR - WT mice were
adoptively transferred with CFSE-labeled OT-11 CD4" T cells that are specific for ovalbumin (OVA)
and treated i.p. with DTX or PBS. After 24h, Animals were immunized i.n. with PBS or flagellin and
OVA and treated i.p. with DTX or PBS. The proliferation of OT-II cell was analyzed 5 days after
immunization in the spleen and the mediastinal lymph nodes (MdLN). Abrogation of T cell response
by DC depletion is shown as representative plots (B) and quantification of division (C). Plots show the

CFSE fluorescence of CD4"Va2* OT-II cells and are representative of two experiments. (D) Lung
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innate response to flagellin after DC depletion. WT and Cd11c-DTR - WT mice were DTX-treated
and immunized i.n. with PBS or flagellin and OVA. CCL20 production was measured in the serum 6h
after the i.n. administration as a marker of lung activation. (E-G) C57BL/6 mice (n=16) were
immunized i.n. with flagellin and OVA and the MdLN were sampled 18h later. DCs were sorted as the
total DC population (lin"¥CD45*CD11c*MHCII*), CD11b* and CD103* DC subsets. DCs (5x10%)
were cultured with CTV-labeled OT-11 cells (5x10°) for 5 days. (E-F) T cell proliferation induced by
DCs is shown as representative histograms of CTV dilution (E) and quantification of division as a
percentage of total OT-II cells (F). (G) Analysis of cytokine production in the DC-OT-II co-culture

supernatants. The results are representative of three experiments (* p <0.05).

Figure 5: Dendritic cell maturation following intranasal administration of flagellin does not
require direct activation through TLR5 signaling.

(A-B) TIr5" or C57BL/6 (WT) mice (n=3-4) were immunized i.n. with PBS or flagellin. (C) C57BL/6
mice (n=3-4) were immunized i.n. with PBS, flagellin or flagellin mutated for the TLR5 signaling
motif (flagellintLrsmur). Cells isolated 18h after immunization from mediastinal lymph nodes (MdLN)
were analyzed by flow cytometry. Dendritic cells (DC) were defined as
lin"9CD45*CD11¢c*MHCII*CD11b*-CD103*". (A-C) Quantitative analysis of CD80 and CD86
expression. (D) Experimental strategy of mixed bone marrow chimera. Bone-marrow from TIr5"
[CD45.2] and WT [CD45.1] (1:1 ratio) animals were injected into lethally irradiated WT [CD45.2]
mice. Three months after engraftment (>95% reconstitution of DC compartment), chimera mice (n=3-
5) were immunized with flagellin by intravenous (E) or intranasal route (F-G). The functional
maturation of spleen DC (E) or MALN DC (F-G) was assessed 18h after PBS or flagellin
administration as described in (A-C). (E) Quantitative analysis of CD86 expression in spleen TIr5"
and WT DC. (F) Representative plots of CD86 expression by TIr5”-and WT MdLN DC in response to
intranasal injection of PBS or flagellin. (G) Mean CD86 expression in TIr5”- and WT MdLN DC. Data

represent the mean = SEM and are representative of 2-4 experiments (*p<0.05).
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Supplementary Materials and Methods

Mice. Six to 10-weeks-old mice Cer2”, TIr5” on the C57BL/6 background and NMRI mice were obtained from
Taconic or bred in house. Broncho-alveolar lavages (BAL) were collected after the intra-tracheal injection of 1ml
PBS with Protease Inhibitor Cocktail (Roche). Lung protein extracts were prepared by homogenizing tissue in

Tissue Protein Extraction Reagent (Pierce) supplemented with protease inhibitors as described previouly [1, 2].

Neutrophil and monocyte depletions
Neutrophils were depleted by i.p. injection of anti-Ly6G (NIMP.R14, 200ug), or control isotype HB152 (rat
IgG2b) as described previously [3]. Circulating monocytes were depleted by i.v. injection of clodronate liposome

or empty liposomes [4]. Inmunizations were performed 12h to 24h after the depletions.

Antigen-specific antibodies. Immunizations consisted in prime-boost at days 1 and 21 followed by serum
sampling at day 28 for OV A-specific antibody titer determination. Levels of OV A-specific IgG were determined
by ELISA as previously described [1]. Briefly, MaxiSorp microplates (Nunc) were coated overnight at 4°C with
OVA (20pg per well in phosphate buffer 0.2M pH 6.5), washed with PBS/Tween20 0.05%, blocked with PBS/Dry
Milk 1% for 1h, and washed again. Serial dilutions of samples were incubated for 1h, washed, and incubated for 1h
with HRP-conjugated anti-mouse IgG (Southern Biotechnology Associates). After washing, development was done
with 3,3',5,5' tetramethylbenzidine (Becton Dickinson Bioscience) and stopped by addition of H,SO,4 and the OD at
450nm was determined. The IgG titer was defined as the reciprocal of the highest sample dilution yielding an

absorbance value of 0.1 OD for OVA and was systematically compared with a reference serum.

Cell Culture. Mouse airway epithelial cells, both mouse tracheal epithelial cells and type II alveolar epithelial cells

were differentiated from trachea and lungs of C57BL/6 mice, respectively, as described previously [5-7].

Gene expression. Total RNA from whole lung or cultured cells was extracted with Nucleospin RNA kits
(Macherey-Nagel). RNA was reverse-transcribed with the High-Capacity ¢cDNA Archive Kit (Applied
Biosystems). cDNA was amplified using SYBR Green or TagMan assays. Relative quantification was performed

as described previously [8].

Antigen-specific cytokine production. OV A-specific T cell responses were analyzed in mice 7 days after the last
immunization. Spleen cells (2-5x10°) were incubated for 72h with RPMI medium supplemented with 5% fecal calf

serum + OVA (1mg/mL) to measure secretion of [L-13 and IFN-y.

Microarrays. Total lung RNA and blood RNA was extracted with the Nucleospin RNA kits (Macherey-Nagel).
Lung RNA was processed on Applied Biosystems Mouse Whole Genome Arrays v2.0 and analyzed using the
NeONORM method [9]. Blood RNA was processed on Agilent whole mouse genome microarrays and the Rosetta

Resolver Biosoftware. Microarray data were MIAME compliant and deposited in the publicly available database:
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http://mace.ihes.fr with accession number: 2176499768 and http://www.ncbi.nlm.nih.gov/geo/ with accession

number: GSE46421. Gene lists containing group means of expression, p-values and standard fold changes were
utilized as input for subsequent bioinformatics analysis. Genes belonging to the same biological
functions/pathways were mapped using Ingenuity Pathway Analysis 1.0 (IPA, Ingenuity Systems), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and The Immunological Genome Project (www.immgen.org). Heat

maps were generated using Gene-E (Broad Institute).
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Figure S1. Monocytes and neutrophils are dispensable for flagellin-mediated adjuvant activity.

Neutrophils were depleted by i.p. injection of anti-Ly6G (NIMP.R14, 200ug), or control isotype HB152 (rat
IgG2b, 200png). Circulating monocytes were depleted by i.v. injection of clodronate liposome or empty liposomes.
Immunizations were performed 12h to 24h after the depletions. (A) C57BL/6 and NMRI (§) mice were injected i.p.
with Ly6G-specific depleting antibody NIMP.R14 or isotype HB152 (control), or i.v. with clodronate liposomes or
empty liposomes (control). The percentage of depletion was measured with respects to control mice. Neutrophils
(CD45'1in™tCD11b"®Ly6C ' Ly6G") and monocytes (CD45 lin™tCD11b""Ly6C""Ly6G™) were counted in the
lung and in the blood after 12h to 24h. (B) NIMP.R14-depleted and isotype-treated C57BL/6 mice (n=7-8) were
vaccinated i.n. at day 0 and day 21 either with ovalbumin (OVA) or flagellin plus OVA. OVA-specific IgG titer
was determined in the serum at day 28. (C) NMRI mice (n=5-8) were injected i.v. with clodronate liposomes or
empty liposomes and immunized i.n. with OVA or flagellin plus OVA. OV A-specific IgG titer was determined in
the serum at day 21. (D-F) C57BL/6 and Ccr2” animals (n=8-9) (C) and (D) were vaccinated i.n. at day 0 and day
21 with OVA or flagellin plus OVA. OVA-specific IgG titers were measured by ELISA at day 28 (D). T cell
secretion assays were performed on splenocytes stimulated with OVA for 3 days (E-F). Data are expressed as the
mean = SEM and are representative of 1-2 experiments. Statistical significance (*p<0.05) was determined using the

Mann-Whitney test.
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Figure S2. The flagellin-specific lung but not blood response displays specific features of DC maturation.
C57BL/6 mice (n=3-5 per group) were treated i.n. with flagellin for 2h, 4h, and 18h. Lung (A-C) and blood (D-E)
whole-genome microarrays were analyzed. Differentially expressed genes with absolute fold change of expression
> 2 relative to controls (Oh) were used for analysis. (A-D, B-E) IPA analysis of microarray data. The significance is
expressed as “-log(p-value)”. (A, D) Main canonical pathways upregulated by flagellin in lung (A) and blood (D).
(B, E) Main biological functions upregulated by flagellin in lung (B) and blood (E). (C) Heat maps of KEGG
molecular functions and cell signatures established according to the Immgen database of lung tissue with respect to

DC functions. Heat maps are based on average linkage method and Pearson Correlation as distance metric.
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Figure S3. Intranasal administration of flagellin elicits the maturation of lung dendritic cells.

C57BL/6 (n=3-4) were immunized i.n. with ovalbumin OVA or flagellin and OVA. Lungs were sampled at
indicated time for flow cytometry analysis. Dendritic cells were defined as 1lin™CD45'CD11¢"MHCII'CD11b""
CD103"". (A) Expression of MHCII by lung total CD11c¢" cells over time. (B) Representative histograms of MHCII
and CD86 expression by the indicated population in the lung. (C) Functional activation of lung CD11b" and
CD103" DCs (CD86 and CD80 expression). Data are presented as the mean fluorescence intensity. (D) C3H/HeN
animals (n=4) were immunized i.n. with either hen egg lysozyme (HEL), flagellin, or flagellin and HEL, and lungs
were sampled 18h post administration. Antigen presentation by lung CD11b" and CD103" DCs was assessed with
C4H3 antibody that detects HEL peptide loaded on I-A*. Fluorescence of the C4H3 antibody was normalized

against the I-A* fluorescence.
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Figure S4. Mediastinal lymph node CD11b" dendritic cells from intranasally immunized animals present
antigen to CD4 lymphocytes.

(A) Schematic representation of the protocol used for ex vivo antigen presentation assay. Naive C57BL/6 mice
(n=4 per group) were adoptively transferred with CFSE-labeled ovalbumin (OVA)-specific OT-II CD4" T cells 24h
before immunization. (ii) C57BL/6 mice (n=16) were immunized i.n. with flagellin and OVA and the mediastinal
lymph nodes (MdLN) were sampled 18h later. DCs (lin"®CD45'CD11¢"MHCII") were sorted as CD11b" and
CD103" DC subsets and injected in the footpad of adoptively transferred recipient animals. With respects to their
relative number in the MALN, 5x10* CD11b" or 2.8x10* CD103" DC were respectively injected in recipient mice.
In addition, 5x10* CD11b" or 2.8x10* CD103" DC loaded in vitro with OVA peptide (323-339) (denominated
‘pulse’) and CpG + OVA footpad immunization were used as positive controls. (B) Proliferation of CFSE-labeled
OT-II T cells in the popliteal lymph nodes was analyzed 3 days after the injection (C) Representative dot plots of
CFSE dilution of transferred OT-II cells induced by DCs or control treatment. Data are expressed as the mean =+
SEM and are representative of 1-2 experiments. Statistical significance (*p<0.05) was determined using the Mann-

Whitney test.
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Figure S5. TLRS expression in airway dendritic cell is not required for response to intranasal flagellin.

(A) Experimental strategy of bone marrow chimera. Bone marrow from 77r5” or WT animals were injected into
lethally irradiated T/r5" or WT mice. Three months after engraftment (>95% reconstitution of DC compartment),
chimera mice (n=3-5) were immunized with flagellin by intravenous (B) or intranasal (C-E) route. The maturation
of spleen DC (B) or mediastinal lymph node (MdIN) DC (C-E) was assessed 18h after PBS or flagellin
administration by flow cytometry analysis. Dendritic cells were defined as lin"*CD45°CD11¢"MHCII'CD11b™"
CD103"". (B) Quantitative analysis of CD80 expression by splenic DC in response to intravenous immunization.
(C-E) Quantitative analysis of CD80 and CD86 expression by MALN ¢DCs. (F) Total CD11¢"MHCII" DC were
sorted from lung or spleen of C57BL/6 mice. Airway epithelial cells were differentiated from mouse trachea and
lung tissues. T/r5 mRNA levels were determined by quantitative PCR. Levels of mRNA in airway epithelial cells
were arbitrarily set to 1 and used to calculate relative gene expression in spleen DC and lung DC. Data represent

the mean + SEM and are representative of 1-3 experiments (*p<0.05).
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