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Adjuvants  are  relevant  for mucosal  immunization  in order to  induce  long  lasting  protective  immu-
nity.  It  has  been  shown  that  targeting  to  different  regions  of  the airway  results  in different  capacity
to  trigger  adaptive/protective  immunity.  Nevertheless  there  is  scarce  knowledge  regarding  topological
responsiveness  along  airways  to TLR  agonists.  We  analyzed  the  effects  of intranasal  administration  of
lipopolysaccharide  (LPS),  poly  I:C  and  flagellin  on  the expression  of  a panel  of innate  response  markers
along  murine  airways  by laser  microdissection  and  RTqPCR.  In all cases  treatment  induced  recruitment  of
inflammatory  cells  to airways.  However,  regional  gene  expression  indicated  that  whereas  deeper  airways
(mainly  alveoli)  respond  with high  expression  of  IL6,  CXCL1  and  CXCL10,  the  response  in  conductive  air-
ways  (bronchi  and  bronchioles)  is  dominated  by  expression  of  CCL20.  On  the  other  hand,  triggering  TLR3
irways
nnate response
opological response

elicits  a response  dominated  by CXCL10,  showing  higher  expression  at 6 h  compared  to  2  h, whereas  LPS
and  flagellin  induce  a response  peaking  at 2  h  and dominated  by  IL6  and  CXCL1.  The  results  presented
here  showed  difference  in  topological  response  triggered  by  different  TLR  agonist.  These  results  make  the
targeting  of  different  sites of airways  a variable  to  evaluate  when  selecting  the  appropriate  combinations
of  TLR  and  vaccinal  antigens  for intranasal  delivery.

©  2015  European  Federation  of  Immunological  Societies.  Published  by  Elsevier  B.V.  All rights  reserved.
. Introduction

Respiratory mucosa is one of the body surfaces that are heavily
xposed to external environment interacting with thousands of
iters of air inhaled daily. This poses a permanent challenge to
ocal immune system which has to deal with potentially harm-
ul particles and pathogenic microorganisms that should be kept
nder control to preserve the primary function of gas exchange at
lveolar surfaces [1]. In this context functionality of innate immu-

ity results essential, with pattern recognition receptors (PRR) as
ey players in the initial induction of host-defenses. Between PRR,
oll like receptors (TLRs) are the best characterized family so far
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and their participation in protection against a diverse array of
respiratory pathogens including virus, fungi and bacteria has been
well documented [2]. Recognition of ligand by these transmem-
brane proteins leads to activation of MyD88 and/or TRIF dependent
signaling pathways which promote differential activation of NFkB,
the mitogen-activated protein kinase (MAPK) pathways and some
members of the interferon responsive factor (IRF) family [3]. These
events result in transcription of inflammatory and immunoreg-
ulatory genes such as cytokines, chemokines and co-stimulatory
molecules allowing the establishment of initial containment mech-
anisms and instruction of dendritic cells for the development of
specific adaptative response [4]. This ability has prompted the
use of TLR agonist for development of therapeutic and prophy-
lactic approaches against different pathologies [5,6]. Among them,
strategies involving intranasal delivery of TLR agonists have been
proposed to improve local and systemic immune response to pep-
tide vaccines, achieving protection in several experimental models

of respiratory infections [7–10]. These studies have established the
proof of concept that TLR ligands can be combined with the appro-
priate antigens and delivered by intranasal route as vaccination
strategy.

r B.V. All rights reserved.
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However different aspects regarding TLR dependent orchestra-
ion of innate immune response at respiratory mucosa are not
ompletely understood. Airways present a particular histological
andscape, with several cell types, including epithelial cells, alve-
lar macrophages and different subsets of dendritic cells (DCs),
hich can respond in a different way to TLR activation [1]. Another
articular aspect of the intranasal route, which has been relatively
ell established in humans [11], is that by changing the size of the
elivered particle differential depths of the respiratory tract can be
eached. In addition, studies in mouse models, as well as in human
eports, have shown that targeting to different depths of the respi-
atory tract may  also influence the outcome of the elicited response
12,13]. In this context, there is a lack of information related to
he responsiveness of the different sectors of the airways to TLR
igand stimulation in vivo. In a previous work we  have character-
zed the cellular specificity of flagellin-dependent innate response
rofile of the airways [14]. In the present work we used three TLR
gonists to study the in vivo innate response at different regions
f lower respiratory tract after intranasal treatment of mice. We
ocused on the response promoted by intranasal delivery of Poly
:C, lipopolysaccharide (LPS) and flagellin (FliC) whose performance
s inducers of lung immune response have been clearly stated
14–16]. Through the use of these agonists we also contemplated
iversity of TLR signaling pathways. Thus, while Poly I:C is sensed
hrough TLR-3 leading to activation of TRIF dependent pathways
nd TLR-5, which recognize FliC, involves MyD88 dependent path-
ays, TLR-4 detection of LPS is able to trigger both signaling routes.
y comparing gene expression patterns of a group of cytokines and
hemokines we showed that although the three agonists had an
ffect on functional response of cells belonging to different anatom-
cal compartment, these responses were not exactly equal having
ifferent kinetics of activation. Understanding this aspect of TLR
unctionality at respiratory mucosa would help not only to discern
ow recognition of different type of pathogens occurs along respi-
atory tract but also to improve design of immune-intervention
trategies based on use of TLR agonist by intranasal route.

. Materials and methods

.1. Mice and reagents

Six-week-old Balb/C female mice were purchased from the
chool of Animal Science at the National University of La Plata (La
lata, Argentina). Mice were housed in appropriate conventional
nimal care facilities and handled according to the guidelines set
y the National Institutes of Health (NIH publication vol. 25, No. 28
evised, 1996).

Endotoxin-free flagellin (FliC) was prepared and detoxified from
almonella enterica serovar Typhimurium ATCC 14.028 as described
reviously [17]. Escherichia coli LPS O111:B4 and Poly I:C were pur-
hased from Sigma.

.2. Intranasal stimulation and tissue collection for gene
xpression

Mice were intranasally stimulated by administration of 25 �l
f sterile saline solution containing 1 �g FliC, 1 �g LPS or 50 �g
oly I:C into the nostrils under light anesthesia. These dose were
elected since they were already described to promote functional
ffects by intranasal administration [19]. Administration of vehi-

le alone was employed as control treatment. Volume of delivery
as selected upon optimization experiments as the highest vol-
me  showing no significant induction of the selected markers when
ompared vehicle treated mice with non-treated mice.
tters 164 (2015) 33–39

At different times post-administration mice were euthanized by
cervical dislocation. Trachea and inferior lobe of right lungs were
collected in lysis buffer for RNA isolation. Left lung lobe were imme-
diately placed in CRYOPLAST® medium (Biopack, Argentina) and
flash frozen with liquid nitrogen. Experiments were performed at
least twice using 3 mice per condition.

2.3. Laser capture microdissection (LCM)

Laser microdissection was  performed as previously described
[18]. Briefly, frozen lung sections of 15 �m were obtained with
Shandon Cryotome from Thermo Scientific (Waltham, MA,  USA)
at −20 ◦C and placed on membrane Slides PEN-Membrane 2.0 �m
(Leica, Weslar, Germany). Tissue sections were fixed in 70% ethanol
for 1 min, stained with hematoxylin for 30 s and putted in 100%
ethanol for 1 min. According to histology cells fractions from
bronchi, bronchioles and lung parenchyma was  obtained with
microscope LMD6000 from Leica and collected in lysis buffer for
RNA isolation. As average 30 microdissected pieces were collected
in a single tube.

2.4. Gene expression analysis: RNA isolation, reverse
transcription and quantitative real-time PCR

Total RNA was  isolated using the Illustra RNAspin Kit (GE, CA,
USA) following the manufacturer’s instructions. Quantification of
RNA was performed using a He�ios � Thermo spectrophotometer
(Sirio S SAECS, Rome, Italy) at 260 nm.  Measurements of A260/280
were used to determine the purity of the RNA.cDNA was obtained
using 500 ng of total RNA of each sample as previously described
[19]. All reagents used were from Invitrogen (Carlsbad, CA, USA).
Briefly, reverse transcription was  performed using a Mastercy-
cle gradient thermal cycler (Eppendorf, Hamburg, Germany) using
10 min  at 25 ◦C for annealing, 90 min  at 42 ◦C for extension and
15 min  at 95 ◦C for inactivation of enzymes.

SYBR green master mix  2× (Bio-Rad, USA) and 1:20 diluted
cDNA were used to determine gene expression on the iCycler
(BioRad) real-time PCR detection system (BioRad). All samples
and non-template controls were run in duplicates as previously
described [19]. The specificity of the PCR reaction was  confirmed by
melting curves. Data were analyzed using ��Ct method using �-
actin expression levels as normalizer [19]. Results were expressed
as fold increase over values from PBS-treated mice. The specific
primers pairs used were:

IL6: Fwd: 5′GTT CTC TGG GAA ATC GTGGAAA 3′; Rev:
5′AAGTGCATCATCG TTG TTCATACA 3′

CXCL1: Fwd: 5′ CTT GGTTCA GAA AAT TGT CCA AAA 3′; Rev: 5′ CAG
GTG CCATCAGAGCAGTCT 3′

CXCL10: Fwd: 5′ GGA GTG AAG CCA CGC ACA C 3′; Rev: 5′ TGA TGG
AGA GAG GCT CTC TGC 3′

CCL20: Fwd: 5′ TTTTGGGATGGAATTGGACAC 3′; Rev: 5′ TGCAGGT-
GAAGCCTTCAACC 3′

Ccsp Fwd: 5′ AAGCCTCCAACCTCTACCATG 3′; Ccsp Rev: 5′ ATGTC-
CGAAGAAGCTGAGCTG 3′

Spc Fwd: 5′ CACTGGCATCGTTGTGTATGACT 3′; Spc Rev:
5′AGGTTCCTGGAGCTGGCTTATA 3′

2.5. Bronchoalveolar lavage (BAL) and leukocytes recruitment

After 24 h of intranasal administration of 25 �l of sterile saline
solution containing 1 �g FliC, 1 �g LPS or 50 �g Poly I:C mice were

euthanized by cervical dislocation. Vehicle alone treated mice were
used as control. To perform BAL, trachea was partially cut and 1 ml
sterile PBS 0.1% BSA was flushed into the lungs and then withdrawn.
This procedure was  repeated 3 times. To eliminate contaminating
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ed blood cells, BAL fluid was treated with potassium acetate Lysis
uffer (BD Biosciences, CA, USA) during 3 min  at room temperature,
hen cells were washed and counted in Neubauer’s chamber.

Cells from BAL were stained with fluorocrome conjugated anti-
odies for 1 h at 4 ◦C, followed by flow cytometry analysis using

 FACSCalibur from Becton Dickinson. The FITC-, PE-, APC- and
erCP-conjugated monoclonal specific antibodies for CD11c (clone
418, hamster IgG: eBioscience, San Diego, CA, USA), CD11b (clone
1/70.15, Rat IgG2b: Caltag Laboratories, CA, USA), Ly-6G (clone

A8, Rat IgG2a: BD Pharmingen) and Ly-6C (AL-21, Rat IgM: BD
harmingen) were used to label the cells. Experiments were per-
ormed at least two times using 3 mice per condition.

.6. Statistical analysis

Differences among means were assessed by one-way and
wo-way ANOVA with significance accepted at the p < 0.05 level.
ifferences between groups were analyzed using Bonferroni Test

GraphPad Prims®).

. Results

.1. Poly I:C, LPS and FliC treatment induce a robust innate
mmune response in lungs and airways

To analyze the ability of TLR agonist to promote response of
espiratory tract, we assessed the recruitment of leukocytes to
ronchoalveolar space after intranasal administration of 50 �g of
oly I:C or 1 �g of LPS or FliC. A significant increase in total cel-
ularity of BAL samples was detected after 24 h of treatment with
PS and flagellin compared with PBS treated mice (Fig. 1A). This
ncrease was equivalent for all tested agonist and corresponded
o neutrophils recruitment, characterized as CD11b+, CD11cLy6G+,
y6C+ (Fig. 1B), which were not found in airways of control mice
Fig. 1C). Poly I:C showed a slight increase in leukocytes also asso-
iated to neutrophils recruitment but unlike LPS and FliC it did not
each statistical significance.

In order to understand differences in the capacity of these
LR agonists to promote lung innate immunity we analyzed
ene expression of classical proinflamatory molecules including
hemokines responsible for neutrophil recruitment, such as CXCL1.
s preliminary experiment we performed a time course expres-
ion of different innate activation markers along the first 24 h
ost-treatment. According to the transient response described for
LR stimulation [20], we found that highest response was found
n the first hours post-stimulation, coming back almost to basal
xpression upon 24 h post-treatment (Supplementary Fig. 1). Con-
equently, we focused our analysis in the first 6 h post stimulation.
ntranasal delivery of Poly I:C, LPS and FliC promoted robust
xpression of IL-6, CCL20, CXCL10 and CXCL1 as early as 2 h post-
timulation (Fig. 1D). However differences in lung response to
ach agonist could be found. Response elicited by FliC was the
trongest, with average induction levels around 800 fold for IL-6
nd CXCL1 (***p < 0.001 vs CTR) which represents almost 7 times
igher expression than those induced by Poly I:C or LPS (p < 0.001
PS/Poly I:C vs FliC for both markers). A similar profile was found for
he chemokine CCL20, responsible for lymphocyte and immature
endritic cells recruitment (Fig. 1D) and for the neutrophil chemoa-
ractant CXCL2 whose levels were about 4.5 times higher for FliC

reatment (p < 0.001 FliC vs LPS/Poly I:C, not shown). On the other
and, the LPS that induced leukocyte recruitment similar to FliC,
voked an equivalent lung gene expression to those generated by
he TLR-3 agonist, even for CXCL1.
tters 164 (2015) 33–39 35

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.imlet.2015.01.004.

Gene expression was also evaluated at 6 h post-intranasal
administration (Fig. 1D). Response to FliC was  lower compared to
2 h but still significant at 6 h for all markers evaluated (p < 0.05).
FliC was also the only treatment inducing expression of CCL2
(66.8 ± 10.7 vs control treatment p < 0.05, not shown) responsible
for monocyte recruitment [21]. A Poly I:C dependent response was
also detected at 6 h as shown by up-regulation of IL-6 and CXCL10
(p < 0.05 and p < 0.01 respectively). Nevertheless, no induction of
CXCL1 was assessed while IL-6 expression was almost 6 times lower
than for FliC treatment. Oppositely, CXCL10 up-regulation was sim-
ilar for both agonists. In the case of LPS treatment no marker was
significantly induced at 6 h.

Altogether our data showed that even when TLR activation gives
a common prototypic response, there are slight differences in lung
response with TLR-5 agonist promoting the stronger response after
intranasal delivery.

Upon analysis of Poly I:C, LPS and FliC dependent lung’s response
we wonder if central conducting airways also contribute differen-
tially to lower respiratory tract immune response induced by these
TLR agonists. To this aim, we evaluated transcriptional expression
of IL6 and CXCL1, which were the markers with highest induc-
tion levels in the previous analysis (Fig. 1E). We  observed that at
2 h post-stimulation all treatments produced a significant tracheal
induction of both markers (p < 0.001). However, tracheal expres-
sion levels were around 4–60 times lower compared to those from
lung, depending on marker and agonist considered (Fig. 1E). At 6 h
post-stimulation, FliC and Poly I:C induced both markers while
LPS showed only up-regulation of IL-6 (Fig. 1E). Moreover, Poly
I:C showed a differential capacity to trigger tracheal induction of
IL6 and CXCL1, since it was similar at 2 and 6 h post-treatment,
being higher than lung’s response to Poly I:C at 6 h post-treatment
(Fig. 1E). Thus, while in lung FliC was  the agonist promoting the
most pronounced and long-lasting effect, in tracheal tissue Poly I:C
treatment induced the more pronounced response. Altogether our
results indicate that central conducting airways are responsive to
Poly I:C, LPS and FliC but the profile of response differs among them
and from lung.

3.2. Poly I:C, LPS and FliC promoted differential activation of
diverse lung regions

In order to assess whether the observed differences in the
immune responses to the 3 tested agonists are maintained in dif-
ferent anatomical regions of the lungs, we evaluated the expression
levels of IL6, CXCL1, CXCL10 and CCL20 at different cellular fractions
obtained by laser capture microdissection. By histological analysis
we defined 3 anatomical regions: central intrapulmonary conduct-
ing airways (bronchi), smaller airways encompassing diameters
lower than 300 �m (bronchioles) and parenchymal lung tissue. To
sample this last compartment, the presence of blood vessels or
airways were excluded from the microdissected tissue (Fig. 2A).
To assess proficiency of microdissection, we  used expression of
known markers of type II alveolar cells (surfactant C protein) and
conductive airways (clara cell secreted protein) [22,23] to verify
enrichment of these markers in the corresponding microdissected
samples (Supplementary Fig. 2). Transcriptional response of all
fractions was evaluated at 2 h and 6 h after intranasal delivery of
each agonist. For the three agonists, significant induction of all
markers was detected at bronchi, bronchioles and lung parenchyma

as soon as 2 h after intranasal administration (Fig. 2B). However, dif-
ferences according agonist and the region considered were found. A
global analysis indicated a highly inducible functionality of airways
compartments in response to all agonist, with increments in gene

http://dx.doi.org/10.1016/j.imlet.2015.01.004
http://dx.doi.org/10.1016/j.imlet.2015.01.004
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Fig. 1. Lungs and central airways inflammatory response induced by intranasal treatment with different TLR agonists. Mice received 50 �g Poly I:C, 1 �g LPS or 1 �g FliC by i.n.
route. (A–C) Cellular populations in airways were sampled by broncho-alveolar lavage (BAL) and analyzed by flow cytometry at 24 h after treatment (n = 3). (A) Quantitative
analysis of BAL leukocytes. (B) Upper panel: representative dot plot of BAL showing leukocyte populations in control and agonist treated mice. Neutrophils are depicted as
CD11c−  CD11b+. Lower panel: Ly6G and Ly6C expression on neutrophils (gray line). Isotype controls are indicated in black. (C) Total neutrophils in BAL. Results are given
as  mean ± SEM and are representative of two  experiments. (D–E) Induction of pro-inflammatory markers was determined by RT-qPCR at 2 and 6 h after treatment. (D)
IL-6,  CXCL1, CXCL10 and CCL20 expression in lung. (E) Comparative expression of IL-6 and CXCL1 in lungs and central conducting airways. Data represents means of folds
i pende
c *p < 0.
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ncrease over PBS treatment ± SEM. Results are representative of two  similar inde
ontrol  treatment. ◦p< 0.05 statistically different from FliC treatment. (E) *p < 0.05, *

xpression higher than 1000-fold over control for IL6 and CCL20
xpression at 2 h upon FliC or LPS stimulation. In addition, com-
arisons of expression levels suggest that bronchiolar and bronchi
ractions have a differential response dominated by CCL20 among
he markers tested (Fig. 2B) whereas in lung parenchyma all ago-
ists induced comparable levels of expression of CXCL1, CXCL10,
CL20 and IL6. In the case of LPS, all markers – with exception of

XCL1 – presented higher induction levels in airways compared to

ung parenchyma, dominated by IL-6 and CXCL10 in bronchioles
nd CCL20 induction in bronchus (p < 0.05). Response promoted
y FliC was also stronger in airways (Fig. 2B) and dominated
nt experiments. (A–D) *p < 0.05, **p < 0.01, ***p< 0.001 statistically different from
01, ***p< 0.001 statistical differences between trachea and lung for each treatment.

by CCL20 expression, being even higher than that promoted by
LPS (p < 0.001). Furthermore, FliC triggered a high induction of all
analyzed markers in parenchymal tissue.

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.imlet.2015.01.004.

In the case of Poly I:C stimulation, levels of CXCL1 and CXCL10

induced in parenchymal fraction was higher than in bronchi
(Fig. 2B). The same pattern was  found for CXCL2 expression with
300-fold induction in parenchymal tissue compared with no sig-
nificant increase in bronchi (p < 0.001). Moreover, comparison of

http://dx.doi.org/10.1016/j.imlet.2015.01.004
http://dx.doi.org/10.1016/j.imlet.2015.01.004
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Fig. 2. Expression of inflammatory molecules at different anatomical intra-lung compartments induced by intranasal treatment with different TLR agonists. (A) Definition
of  lung anatomical regions for laser microdissection analysis (LDM). (1 and 2) Microdissection process. (1) Partial sectioning of bronchiolar tissue. (2) Complete sectioned
tissue. (3 and 4) Region definition for microdissection. (3) Lung section showing bronchiole (circle) and bronchus (black arrow) selected for microdissection. Big black arrow
i ung re
e 10 an
a each e
e ween

a
t
c
a

b

ndicates presence of blood vessel excluded of all previously defined regions. (4) L
xcluded. (B) Mice received 50 �g Poly I:C, 1 �g LPS or 1 �g FliC. IL-6, CXCL1, CXCL
nd  6 h after treatment. Material from three mice per condition was  processed in 

ach  compartment ± SEM. *p < 0.05, **p  < 0.01, ***p< 0.001 statistical differences bet

irways response to different agonist suggested that Poly I:C was
he less powerful treatment after 2 h of intranasal delivery. Bron-

hiolar expression of CXCL1, CCL20 and IL6 induced by the TLR-3
gonist were around 3–12 times lower than for FliC or LPS (p < 0.05).

Microdissection study at 6 h also highlighted differences
etween agonist dependent responses along pulmonary
gion selected as lung parenchyma fraction where airways and blood vessel were
d CCL20 were determined by RT-qPCR in cellular fractions obtained by LDM at 2 h
xperiment. Data represents means of folds increase over PBS induced response at

 response of anatomical regions to the same TLR agonist.

compartments. Analysis of gene expression elicited by each
tested agonist showed that the response to LPS was lower than

the response elicited at 2 h post treatment. In this case, significant
level of expression of CXCL10 in bronchi and parenchymal tissue
and CCL20 in bronchi and bronchioles was observed (Fig. 2B).
Absence of gene induction for some compartments, together with
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ncrements lower than 20-folds over the control could explain the
bsence of response seen in whole lung 6 h after the TLR agonist
dministration. Moreover, no significant induction was detected
or IL6 or CXCL1 even when both were highly increased in all com-
artments at 2 h post-stimulation (Fig. 2B). FliC treatment induced
he up-regulation of all markers analyzed although with lower
evels than observed at 2 h post-stimulation. As mentioned above,
CL20 was also the marker with the highest level of induction upon
liC stimulation at 6 h post-treatment with average increments as
igh as 300 and 450 fold for bronchi and bronchioles respectively.
XCL10 was also highly up-regulated by FliC in both airways and

ung parenchyma where the detected levels of expression were the
ighest. Contrary to response seen at 2 h, bronchial levels of these
wo markers were significantly higher than those of bronchioles
p < 0.01). All together, this data showed that in the case of FliC,
irways still contribute significantly to whole lung response at 6 h
hile parenchymal lung tissue evidence stronger diminutions in

he intensity of the response.
Intranasal administration of Poly I:C promoted an innate

esponse along all compartments analyzed which was detectable
 h after stimulation. For this agonist CXCL10 and CCL20 were
lso the most up-regulated genes and increment’s magnitude was
onserved or increased compared with response observed at 2 h
ost-stimulation. Bronchial gene expression was induced for all
arkers analyzed.
Globally our results indicate that even when intranasal delivery

f Poly I:C, LPS and FliC leads to activation of diverse lungs regions
heir contribution is not exactly equivalent for the 3 of them. More-
ver, participation of each region to global response promoted by
ach agonist could vary along the first 6 h post-stimulation.

. Discussion

Airways responsiveness to TLR agonist intranasal adminis-
ration has been extensively documented [24,25]. It has been
stablished that response to intranasally delivered LPS has an
mportant contribution from structural cells [26], although alve-
lar macrophages are also responsive to this agonist [27]. Similar
icture was described for flagellin [14,28]. Expression of several
LR receptors in the apical side of epithelial cells along airways
as been described, explaining the high responsiveness to TLR

igand intranasally administered [24]. Nevertheless, although mul-
iple cell types are TLR responsive along airways, there is a lack of
nowledge regarding in vivo response elicited at different anatom-
cal compartments of respiratory tract. In our study we employed

 TLR agonists, FliC, LPS and Poly I:C, at doses already described
o promote functional effects by intranasal administration [19].
lthough it is difficult to establish an equivalence of dosing among
ifferent TLR ligands, we could confirmed that in all cases analyzed,

 functional response was established by assessment of neutrophil
ecruitment to airways (Fig. 1). To analyze innate response induc-
ion by the effects of triggering different TLRs along airways we
elected a set of genes typically induced by TLR activation in
irways [29,30]. Regional characterization of response was per-
ormed at the transcriptional level since nucleic acid amplification
echniques provides highest sensitivity for the small amount of

aterial recovered by LCM techniques. Concordantly to previ-
us reports [12], we detected a non-homogeneous distribution of
timuli along airways using intranasal administration of methylene
lue in preliminary experiments (not shown). Thus, while prox-

mal airways were highly exposed, small amounts of the stimuli

each deep airways (data not shown). However, innate response
atterns observed were complex and did not correlate with stimuli
xposure levels. Whereas deeper airways (mainly alveoli) are pro-
ucing high response of IL6, CXCL1 and CXCL10, conductive airways
tters 164 (2015) 33–39

(bronchi and bronchioles) response is dominated by expression of
CCL20 (Fig. 2). The higher CCL20 response observed in bronchus and
bronchioles compared to alveolar regions and compared to other
innate activation markers has not been described so far. CCL20 is the
single ligand of CCR6, that is expressed in immature DCs and acti-
vated T and B cells [31]. A dense network of DCs is formed around
conductive airways and functional differences have been described
for different subsets of DCs present in separate lung microcompart-
ments [32,33]. Upon activation of innate response in airways, the
higher expression of CCL20 may  contribute to differential DC migra-
tion to the airways epithelial compartment. Recruitment of DCs
upon proinflammatory activation of airways has been described
[34]. Local activation of DCs and increase in sampling and antigen
processing has been associated to indirect activation depending
on TLR-triggered epithelial response [14,35]. Although CCR6 has
been involved in constitutive recruitment of DCs to mucosal sites
[36], it has also been shown that it also plays a role in proinflam-
matory settings [37,38]. The increase of CCL20 expression mainly
in conductive airways described in our study could be related to
this epithelial-dependent process of recruitment and activation of
DCs upon intranasal delivery of TLR agonists. In all cases, we use
histopathological analysis to rule out the possibility of including of
iBALT-like lymphoid structures that are known to express CCL20,
in microdissected sample [39].

On the other hand, we  have also shown that triggering TLR3
elicits a response dominated by CXCL10, which has higher expres-
sion at 6 h compared to 2 h, whereas flagellin and LPS induce a
response peaking at 2 h and dominated by IL6 and CXCL1 (Figs. 1
and 2). This observation is consistent with the capacity of trigger-
ing IRF-type I interferon pathways by TLR3 activation, that results
in critical activation of CXCL10 chemokine expression [40,41]. We
have previously shown that CXCL10 exhibits a different kinetics
of induction upon innate response activation when compared to
other proinflammatory markers such as IL6 or CXCL2 showing an
initial rise but reaching highest levels upon 24 h post stimulation
[29].

Although there are several differences at the histological and
physiological level between the airways of mice and human [42],
there are evidences in both species that vaccinal efficacy varies
if different regions of airway are targeted. Minne et al. [12] have
shown that targeting the alveolar compartment in mice using a
split influenza virus vaccine induces virus neutralizing antibody
titers as high as obtained with intramuscular vaccination whereas
it produces a much higher secretory antibody response than i.m.
route. Furthermore, by careful evaluation of antigen deposition
studies, they showed that when antigen was delivered to the alveo-
lar compartment, elicited immune response was higher than when
antigen remained in the nasal cavity or in the conductive airways.
Similar results were reported by Menzel et al. [43] and Meyer et al.
[13] working on healthy human volunteers that received intranasal
delivery of pneumococcal antigens. In this case, antibody responses
were higher when antigen was delivered to the deeper airways.
In both studies the antigens used were different, however in both
cases the superior capacity of deeper airways was  documented and
it was speculated that differences in the local microenvironment
originates in differences in cellular composition or in the type of
response elicited by local populations may  skew the resulting adap-
tive response. In this scenario, our proof of concept study indicates
that even when using a single TLR agonist, regional differences in
response along the airways are established. This draws the neces-
sity to improve our understanding on the type of local response
elicited by TLR activation and how this may  condition the out-

come of the resulting adaptive response. Furthermore, taking into
account that different regions of the respiratory tree can be tar-
geted by changing the particle size or using different administration
methods [11,44,45] it could be envisaged a rational formulation of
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ntranasal vaccines by combining different TLR agonists with dif-
erent targeting strategies in order to shape the generated adaptive
esponse according to the type of pathogen confronted.

We have shown here that intranasal treatment with different
LR agonists elicit a local response that may  be dependent on the
gonist used; on the other hand, general differences in the response
ere observed between the alveolar region and the conductive air-
ays, which may  contribute to the different microenvironments

enerated upon innate response activation. Although a deeper
haracterization is needed, this rise the possibility of considering
he targeting site of the airways as other variable to take into con-
ideration when selecting the appropriate combinations of TLRs
nd vaccinal antigens for intranasal delivery.
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