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Abstract

Tuberculosis (TB) vaccine-induced airway luminal T cells (ALT) have recently been shown to be critical to host defense
against pulmonary TB. However, the mechanisms that maintain memory ALT remain poorly understood. In particular,
whether respiratory mucosal exposure to environmental agents such as endotoxin may regulate the size of vaccine-induced
ALT population is still unclear. Using a murine model of respiratory genetic TB vaccination and respiratory LPS exposure, we
have addressed this issue in the current study. We have found that single or repeated LPS exposure increases the number of
antigen-specific ALT which are capable of robust secondary responses to pulmonary mycobacterial challenge. To
investigate the potential mechanisms by which LPS exposure modulates the ALT population, we have examined the role of
ALT proliferation and peripheral T cell recruitment. We have found that LPS exposure-increased ALT is not dependent on
increased ALT proliferation as respiratory LPS exposure does not significantly increase the rate of proliferation of ALT. But
rather, we find it to be dependent upon the recruitment of peripheral T cells into the airway lumen as blockade of
peripheral T cell supplies markedly reduces the initially increased ALT. Thus, our data suggest that environmental exposure
to airborne agents such as endotoxin has a profound modulatory effect on TB vaccine-elicited T cells within the respiratory
tract. Our study provides a new, M.tb antigen-independent mechanism by which the respiratory mucosal anti-TB memory T
cells may be maintained.
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Introduction

Global tuberculosis (TB) control is still facing major challenges

today. In 2010, there were 8.8 million new TB cases and

1.4 million died from TB, with the majority of cases occurring

in Africa and Asia [1]. Therefore, there is a desperate need for

effective vaccination strategies for the control of TB. Currently,

BCG is the only available human TB vaccine in the world. Most of

the countries use BCG for routine vaccination. To date, 4 billion

people and 90% of children have been vaccinated since its first

administration in 1921 and mass immunization in late 1940 s and

early 1950 s [2,3]. However, it has done little to lessen the current

severe situation of tuberculosis epidemic. Studies have shown that

BCG fails to protect from pulmonary TB in adults due to the

limited lung protection provided by parenteral BCG immuniza-

tion, although it can protect children against severe disseminated

TB [4]. Thus, in the past two decades, tremendous efforts have

been made to develop new tuberculosis vaccination strategies

including respiratory mucosal vaccination strategies [2,3,5].

Among the most promising TB vaccine platforms amenable to

respiratory mucosal immunization are recombinant adenovirus-

based TB vaccines [5,6]. Indeed, single intranasal (i.n) adminis-

tration of a recombinant human type 5 adenovirus-based vaccine

expressing an Mycobacterium tuberculosis (M.tb) antigen Ag85A

(AdAg85A), either alone or in combination with BCG priming,

induced robust long-lasting immune protective Ag85A-specific

CD8 T cell responses within the airway lumen and lung

interstitium [7–9]. Activation of the airway luminal T cells

(ALT) by i.n AdAg85A immunization was independent of CD4 T

cell help [10]. The maintenance of memory ALT was found to

depend on antigen-stimulated in situ proliferation but not on the

continuing recruitment of peripheral T cells [8]. Of importance,

different from the peripherally located vaccine-induced T cells

including those located within the lung interstitium, compelling

evidence indicates that the ALT are central to lung protection

particularly at early stages of pulmonary M.tb infection [8,9]. Since

the respiratory tract is continuously exposed to the environmen-

tally borne agents, presumably the vaccine-induced ALT are

subject to the potential modulating effects by some of these agents.

Mounting evidence suggests that following respiratory flu or

Sendai viral infection, the memory T cells in the airway may

respond to non-specific stimulation by other unrelated viral agents

[11,12]. However, thus far the vaccine-induced ALT have only

been studied in naı̈ve lungs, and the potential modulating effects

from environmental agents on the ALT still remain unclear.

Based on the consideration that lipopolysaccharide (LPS) is a cell

wall component of gram-negative bacteria and LPS or LPS-

contaminants are ubiquitous in the environment [13–16], in the
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present study, we have elected to investigate whether respiratory

exposure to LPS may modulate AdAg85A-induced ALT in

a murine model, and if so, what are the potential mechanisms.

We have found that respiratory mucosal LPS exposure has a potent

enhancing effect on genetic TB vaccine-elicited memory T cells in

the airway. Our findings provide new insights into the mechanisms

by which the respiratory mucosal anti-TB memory T cells may be

maintained, independent of M.tb-specific antigens.

Materials and Methods

Ethic statement
All animal experiments including animal care and procedures

were conducted in accordance with the guidelines from the

Canadian Council on Animal Care. This study was approved by

the Animal Research Ethics Board of McMaster University with

an animal utilization protocol number 10-04-23.

Mice
Female BALB/c mice (6–8 wk old) were purchased from

Charles River Laboratories (Charles River, St Constant, Quebec,

Canada) and housed in a specific pathogen-free, level B facility. All

animals were maintained on a constant light: dark 12:12 cycle and

given free access to food and water. For all experiments, mice were

euthanized by exsanguination of the abdominal artery under

anesthesia.

Intranasal viral-based TB immunization and LPS delivery
Mice were immunized intranasally (i.n) once with 56107 pfu of

a recombinant replication-deficient Ad–based TB vaccine

(AdAg85A) previously constructed by us [7]. Mice were admin-

istrated i.n with 25 mg of LPS (Sigma) at 4 weeks post-

immunization. For repeated delivery of LPS, 14 days after the

first delivery, another dose of 25 mg of LPS was delivered i.n into

mice. Control mice received only PBS. At different time points

after LPS delivery, mice were sacrificed and immune cells

harvested.

Pulmonary mycobacterial challenge
In some experiments, vaccinated and LPS-treated mice were

challenged intratracheally with 500,000 cfu of M. tuberculosis

(H37Ra) as previously described [17]. The mice were sacrificed

7 days post-challenge for T cell analysis.

Bronchoalveolar lavage and lung immune cell isolation
At different time points after LPS delivery, mice were sacrificed

and subject to bronchoalveolar lavage (BAL), and lung tissue

mononuclear cells were isolated from lavaged lung tissue as

previously described [7–9]. Briefly, the lungs were cut into small

pieces and incubated in 10 mL of 150 U/mL collagenase type I

(Sigma-Aldrich, St. Louis, MO) per lung for 1 hour at 37uC, with

agitation. The lung pieces were then crushed through 40 mm

basket filters, red blood cells were lysed with ACK lysis buffer

[0.15 mol/L NH4Cl, 1 mol/L KHCO3, 0.1 mmol/L Na2EDTA

(pH 7.4)], and the remaining lung cells were resuspended in

complete RPMI.

Cell culture, ICCS, tetramer staining, and flow cytometry
Single-cell suspensions isolated from lung were cultured in a U-

bottom 96-well plate at a concentration of 20 million cells/ml, and

BAL cells were plated at a concentration of 0.5 million cells/ml.

Cells were cultured and stimulated for ICCS, tetramer staining,

and FACS as previously described [7–9]. Briefly, cells were

cultured in the presence of Golgi plug (5 mg/ml brefeldin A; BD

Pharmingen) and with or without stimulation by Ag85A-specific

CD8 (MPVGGQSST) T cell peptides at a concentration of 1 mg/

well for 5–6 h [8,9]. Cells were then washed and blocked with

anti-CD16/CD32 in 0.5% BSA-PBS for 15 min on ice and

immunostained with CD4a APC-Cy7, CD8a-PE-Cy7, and CD3-

Pacific Blue (BD Pharmingen). Cells were then washed, permea-

bilized, and stained with IFN-c-APC according to the manufac-

turer’s instructions (BD Pharmingen). For tetramer immunostain-

ing and FACS, a tetramer for immunodominant Ag85A CD8 T

cell peptide (MPVGGQSST) bound to the BALB/c MHC class I

allele H-2Ld ordered from the MHC Tetramer Laboratory of

Baylor College of Medicine was used. Cells were washed and

blocked with anti-CD16/CD32 in 0.5% BSA-PBS for 15 min on

ice and stained with tetramer for 1 h in the dark at room

temperature. Cells are washed and stained with surface antibodies.

Stained cells were run on a LSR II (BD Pharmingen), and 100,000

events were collected per sample and analyzed with FlowJo

Software.

Cytokine and chemokine quantification
Levels of cytokines and chemokines in BAL fluids were

quantified using Luminex multianalyte technology (Luminex

Molecular Diagnostics, Toronto, ON, Canada), according to the

manufacturer’s protocols. TNF-a was determined by Elisa kit

(R&D Systems).

In vivo cell labeling and T cell proliferation assay
Proliferating rate of airway luminal Ag–specific CD8+ T cell

between different groups after LPS delivery was determined by in

vivo cell labeling techniques as described previously by us [8].

Briefly, mice were administered i.n with 40 ml of freshly prepared

8mM carboxyfluorescein succinimidyl ester (CFSE) and 24 h later

BAL cells were harvested. As the negative control, BAL cells were

harvested from PBS-treated mice. As the positive control, mice

were delivered with CFSE as above but BAL cells were harvested

30 minutes after CFSE delivery. BAL cells were stained by

tetramer as described above and stained with surface markers for

CD3, CD8 and CD4. Stained cells were then run on a LSR II (BD

Pharmingen), and 100,000 events were collected per sample. Rate

of CFSE dilution in CD8+Tet+ T cells was determined as an index

for the extent of T cell proliferation.

Administration of FTY720
To block the peripheral T cell supply and recruitment to the

airway lumen, FTY720 (Cayman Chemical, Ann Arbor, Michi-

gan) was injected intraperitoneally in 200 ml (30% of ethanol) at

4 mg/kg body weight by repeated doses to vaccinated mice to

induce and maintain the deficiency of circulating T cells as

described previously by us [8]. The first dose of FTY720 was

delivered one day before LPS delivery. The second and third dose

of FTY720 was delivered 3 days after LPS delivery and 4 days

after the second dose, respectively. The deficiency of circulating T

cells was verified one day after each dose of FTY720 and on the

last day of the experiment.

Data analysis
Statistical analysis was conducted to evaluate the significance

between different groups. For two-sample comparison, Student’s t

test was used. For comparison of more than two groups, ANOVA

was used; wherever applicable, a post hoc Fisher’s least significant

difference test was used for further comparison. A p value of ,0.05

was regarded as statistically significant.

LPS Regulation of Airway Luminal T Cells
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Results

Respiratory LPS exposure increases vaccine-induced
antigen-specific airway luminal T cells

We first investigated whether respiratory exposure to LPS had

any effect on the airway luminal T cells (ALT) following

respiratory immunization with AdAg85A vaccine. Thus, BALB/

c mice were immunized intranasally (i.n) once with AdAg85A and

4 weeks later, a single dose of LPS was delivered i.n into the lung

of these mice and the ALT and lung T cell responses in

bronchoalveolar lavage (BAL) and lung interstitium (Lung) were

examined first at 1 week post-LPS delivery (Fig. 1A). Both Ag85A

tetramer immunostaining (Tet) and intracellular cytokine staining

(ICCS) were used to evaluate the Ag85A-specific T cell responses

in these lung tissue compartments. We found that compared to

PBS control, respiratory LPS exposure did not markedly increase

the frequencies of Tet+ or IFN-c+ CD8 T cells either in BAL or

lung interstitium (Fig. 1B/C). However, there were greater

numbers of these cell populations resulting from increased total

mononuclear cells in these tissue compartments (Fig. 1B/C). To

examine whether the effect of single LPS exposure on the ALT

and lung T cells might last, the mice were treated as in Fig. 1A

except that they were sacrificed at 2 weeks post-LPS delivery

(Fig. 2A). Compared to PBS, LPS exposure increased the

Figure 1. Respiratory LPS exposure increases vaccine-induced T cells in airway lumen (BAL) and lung interstitium at 7 days. (A)
Experimental schema; At 7 days post-LPS or -PBS, mice were sacrificed and BAL and lung cells were isolated, and Ag85A tetramer (Tet)-specific (B)
and IFN-c-secreting (C) CD8+ T cells in BAL or lung interstitium were determined by immunostaining, intracellular cytokine staining and FACS.
Representative dotplots are shown with the average frequency 6 SEM from three animals/group. The data in graphs are expressed as mean value 6
SEM of three animals per group.
doi:10.1371/journal.pone.0041666.g001

LPS Regulation of Airway Luminal T Cells

PLoS ONE | www.plosone.org 3 July 2012 | Volume 7 | Issue 7 | e41666



frequencies of Tet+ and IFN-c+ CD8 T cells in the lung

interstitium but not in BAL (Fig. 2B/C). However, there were

significantly much greater numbers of Tet+ and IFN-c+ T cells

found both in the BAL and lung interstitium of LPS-treated

animals (Fig. 2B/C). The above data together suggest that single

respiratory exposure to TLR ligands such as LPS could modulate

the size of respiratory mucosal memory CD8 T cell populations

following respiratory mucosal genetic TB vaccination.

Effect of repeated respiratory LPS exposure on vaccine-
induced antigen-specific airway luminal T cells

We next investigated whether over the effect by single LPS

exposure, repeated respiratory LPS exposure might further

increase the size of respiratory mucosal memory CD8 T cell

populations following respiratory mucosal genetic TB vaccination.

To this end, mice were delivered i.n with the first LPS dose at

4 weeks post-i.n AdAg85A immunization and were then given the

second LPS delivery at 2 weeks post-1st LPS. These mice were

sacrificed at 2 weeks post-2nd LPS delivery for T cell analysis

(Fig. 3A). As control, some mice received only one dose of LPS or

PBS (Fig. 3A). Similar to the data shown in Figure 2B/C, single

Figure 2. Respiratory LPS exposure increases vaccine-induced T cells in airway lumen (BAL) and lung interstitium at 14 days. (A)
Experimental schema; At 14 days post-LPS or -PBS, mice were sacrificed and BAL and lung cells were isolated, and Ag85A tetramer (Tet)-specific (B)
and IFN-c-secreting (C) CD8+ T cells in BAL or lung interstitium were determined by immunostaining, intracellular cytokine staining and FACS.
Representative dotplots are shown with the average frequency 6 SEM from three animals/group. The data in graphs are expressed as mean value 6
SEM of three animals per group, representative of three independent experiments.
doi:10.1371/journal.pone.0041666.g002

LPS Regulation of Airway Luminal T Cells
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LPS exposure increased the number of Tet+ and IFN-c+ CD8 T

cells both in the BAL and lung intersititium (Fig. 3B/C). In

comparison, two repeated LPS exposure markedly further in-

creased not only the frequencies but also the numbers of these T

cell population primarily in the BAL compartment (Fig. 3B/C).

The frequencies of Tet+ and IFN-c+ CD8+ T cells in the BAL

were significantly different between one dose LPS- and two-dose

LPS-treated groups of mice (p = 0.029 LPS/PBS vs LPS/LPS

BAL Tet+; p = 0.028 LPS/PBS vs. LPS/LPS BAL IFN-c+ T

cells). There was also an increased trend in the number of lung

interstitial T cells by repeated LPS exposure but the difference in

absolute numbers was not significant (Fig. 3B/C). These data

suggest that repeated LPS exposure has a profound enhancing

effect on TB vaccine-induced mucosal T cell populations,

particularly the ALT.

Effect of respiratory LPS exposure on secondary
responses of vaccine-induced airway luminal T cells to
pulmonary mycobacterial challenge

To examine the ability of vaccine-induced ALT after LPS

exposure to respond to pulmonary mycobacterial challenge, at

2 weeks after single LPS delivery to AdAg85A-immunized mice,

mice were challenged via the airway with mycobacteria

(M.tbH37Ra). The mice were then sacrificed and T cell responses

examined at 7 days post-mycobacterial challenge (Fig. 4A).

Figure 3. Repeated respiratory LPS exposure further increases vaccine-induced T cells in airway lumen (BAL) and lung interstitium
at 14 days post-last LPS delivery. (A) Experimental schema; At 14 days post-last LPS or –PBS delivery, mice were sacrificed and BAL and lung cells
were isolated, and Ag85A tetramer (Tet)-specific (B) and IFN-c-secreting (C) CD8+ T cells in BAL or lung interstitium were determined by
immunostaining, intracellular cytokine staining and FACS. Representative dotplots are shown with the average frequency6 SEM from three animals/
group. Data in graphs are expressed as mean value 6 SEM of three animals per group.
doi:10.1371/journal.pone.0041666.g003

LPS Regulation of Airway Luminal T Cells
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Compared to mock-challenged control animals, LPS-exposed

animals mounted a much greater T response in BAL to pulmonary

mycobacterial challenge. The frequencies of both Tet+ and IFN-

c+ CD8 T cells in BAL of LPS-exposed animals were significantly

greater than in PBS controls (Fig. 4B/C). Furthermore, the

absolute numbers of these cells were significantly greater in BAL of

LPS-exposed animals than in PBS controls (Fig. 4B/C). In general,

LPS-exposed animals also mounted higher levels of T cell

responses in the lung interstitium but they were less dramatic

than those in BAL. Together, these data suggest that the vaccine-

induced airway luminal T cells modulated by respiratory LPS

exposure are able to vigorously respond to pulmonary mycobac-

terial infection.

Effect of respiratory LPS exposure on the proliferation of
vaccine-induced airway luminal T cells

To begin investigating the mechanisms by which respiratory

LPS exposure increased the ALT, we first examined the rate of

proliferation of the ALT with or without respiratory LPS

exposure. To this end, we employed a lung CFSE labeling

approach that we have previously established [8]. This approach

allows us to fluorescently label all airway luminal cells in vivo and

Figure 4. Respiratory LPS exposure-increased airway luminal T cells are able to undergo enhanced secondary T cell responses to
pulmonary mycobacterial challenge. (A) Experimental schema. At 7 days post-mycobacterial challenge, mice were sacrificed and BAL and lung
cells were isolated, and Ag85A tetramer (Tet)-specific (B) and IFN-c-secreting (C) CD8+ T cells in BAL or lung interstitium were determined by
immunostaining, intracellular cytokine staining and FACS. Representative dotplots are shown with the average frequency6 SEM from three animals/
group. Data in graphs are expressed as mean value 6 SEM of three animals per group.
doi:10.1371/journal.pone.0041666.g004

LPS Regulation of Airway Luminal T Cells

PLoS ONE | www.plosone.org 6 July 2012 | Volume 7 | Issue 7 | e41666



examine the extent of airway luminal T cell proliferation ex vivo

by assessing the rate of CFSE dilution within the labeled antigen-

specific T cells. Thus, mice were immunized i.n with AdAg85A

and at 4 weeks post-immunization, they were delivered i.n with

LPS. At day 13 post-LPS, these mice were given i.n with CFSE.

Mice were then sacrificed and the ALT analyzed at 24 h after

CFSE delivery (Fig. 5A). Once again, respiratory LPS exposure

significantly increased the number of Tet+ CD8 T cells in the

airway lumen (Fig. 5A). Upon comparing the rate of airway

luminal Tet+ CD8 T cell proliferation, we found that compared to

the control treatment, respiratory LPS exposure led to increased

rates of the proliferation of T cells that had undergone 1 to 3, and

4 to 6 generations/rounds of proliferation (Fig. 5C). For instance,

the average percentages of proliferating ATL in G1–3 between

control and LPS exposure groups are 8.5% and 15.4%, re-

spectively. However, there were greater frequencies of pro-

liferating ATL in the control group that had undergone 7 to 9

or more rounds of proliferation (Fig. 5C). Thus, overall about 65%

of the ALT in control animals underwent 4 to 9 rounds of

proliferation while 59% of the ALT in LPS-exposed animals

underwent only 1 to 6 rounds of proliferation. These data together

suggest that consistent with our previous findings [8], the vaccine-

induced ALT are highly proliferative but on the other hand, the

moderately altered proliferation rate of the ALT by respiratory

Figure 5. Respiratory LPS exposure does not increase the rate of proliferation of vaccine-induced airway luminal T cells. (A)
Experimental schema; At 14 days post-LPS or -PBS delivery or 1 day post-CFSE delivery, mice were sacrificed and BAL cells were isolated, and Ag85A
tetramer (Tet)-specific CD8 T cells (B) were determined by immunostaining and FACS. Representative dotplots are shown with the average frequency
6 SEM from three animals/group. The Ag85A tetramer-specific CD8+ T cells were further analyzed for the rate of proliferation based on the extent of
dilution of incorporated fluorochrome CFSE. The representative histograms of CFSE dilution profiles of BAL Tet+CD8+ T cells generated by using
FlowJo software are shown (C left). The average percentages 6 SEM from three animals/group of BAL tet+CD8+ T cells in various generations (G) of
cell division are also shown (C right). Data are representative of two independent experiments.
doi:10.1371/journal.pone.0041666.g005

LPS Regulation of Airway Luminal T Cells
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LPS exposure is unlikely the reason for the increased size of the

ALT population by LPS.

Respiratory LPS exposure increases proinflammatory
cytokine and chemokine responses in the airway lumen

To further examine the mechanisms by which respiratory LPS

exposure increased the ALT, we determined the levels of TNF-

a and chemokines KC, IP-10 and MIG in BAL collected at 7 days

after LPS delivery. The levels of TNF-a in the BAL of LPS-

exposed animals were found to be significantly elevated over those

of control animals (Fig. 6A). In comparison, the levels of

neutrophil chemokine KC were comparable between control

and LPS-exposed animals (Fig. 6B). However, we found that the

levels of mononuclear cell-recruiting chemokines IP-10 and MIG

in the BAL of LPS-exposed animals were markedly higher than

those in the control animals (Fig. 6C/D). These data supports the

possibility that LPS exposure increases the size of vaccine-induced

ALT population via enhancing the recruitment of peripheral T

cells.

Respiratory LPS exposure increases vaccine-induced
antigen-specific airway luminal T cells via enhancing
peripheral T cell recruitment

To examine whether respiratory LPS exposure indeed increased

vaccine-induced antigen-specific airway luminal T cells via

enhancing peripheral T cell recruitment, we employed an

approach that we used previously [8] by which FTY720,

a sphingosine 1-phosphate receptor modulator, was injected to

induce peripheral lymphopenia and block lymphocyte trafficking.

FTY720 was injected i.p one day before LPS exposure and was

repeated at 3 and 7 days after LPS exposure, and the mice were

sacrificed for T cell analysis 5 days post-last FTY720 injection

(Fig. 7A). As control, some mice only received the vehicle

injection. FTY720 efficacy was verified 1 day after each dose of

delivery and right before sacrifice, and was found to consistently

cause .90% decline in the circulating T cells (Fig. 7B). As shown

in Fig. 7C, FTY720 treatment significantly decreased the number

of antigen-specific Tet+ (Fig. 7C) and IFN-c+ (Fig. 7D) CD8+ T

cells in the airway lumen (BAL) of LPS-exposed and FTY720-

treated animals, compared to LPS-exposed group without

FTY720 treatment (Vehicle). The number of such T cells was

also decreased in the lung interstitium of LPS-exposed and

FTY720-treated animals (Fig. 7C/D). These data indicate that the

continuing recruitment to the airway lumen of peripheral T cells

represents a main mechanism for increased antigen-specific airway

luminal CD8+ T cells by respiratory LPS exposure.

Discussion

Our study demonstrates that single or repeated respiratory

mucosal exposure to endotoxin has a potent regulatory effect on

genetic TB vaccine-induced memory T cells in respiratory

mucosal tissue. This modulatory effect is particularly prominent

on vaccine-induced airway luminal T cells (ALT) that reside on

the surface of respiratory mucosa. LPS exposure significantly

increases the number of ALT what are not only Ag85A tetramer-

specific but also IFN-c-producing upon ex vivo antigen re-

stimulation. Such effect by a single LPS exposure begins from

3 days and can still be readily appreciated 2 weeks post-exposure,

and is able to translate to enhanced secondary effector ALT

responses upon pulmonary mycobacterial challenge. In addition to

LPS, we have also seen a similar effect by respiratory exposure to

a different TLR agonist, PGN (data not shown). Such increases by

LPS exposure in the size of vaccine-induced ALT population

cannot be accounted for by altered in situ T cell proliferation as we

find the ALT in LPS-exposed animals not to undergo an

accelerated rate of proliferation compared to the control. Rather,

we find that significantly increased ALT by LPS exposure is due to

enhanced recruitment into the airway of peripheral T cells since

the blockade of peripheral T cell supplies, by using a FTY720

approach, was found to significantly diminish the initially LPS-

increased ALT population.

Figure 6. Increased levels of proinflammatory cytokines/
chemokines in the airway lumen of LPS-exposed and vacci-
nated animals. BAL fluids were collected from the lung of the animals
set up according to Fig. 1A experimental schema. Cytokine and
chemokine contents were determined by Luminex or ELISA assays.
Data were expressed as mean value 6 SEM of three animals per group.
doi:10.1371/journal.pone.0041666.g006

LPS Regulation of Airway Luminal T Cells
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To date, whether the vaccine-induced ALT may be subject to

the modulation by respiratory exposure to environmental agents,

has remained unclear. Overall, the data from our study suggest

that environmental exposure to airborne agents such as endotoxin

may have a profound modulatory effect on TB vaccine-elicited

memory T cells within the respiratory tract. Our study thus

provides a novel, M.tb antigen-independent mechanism by which

the respiratory mucosal anti-TB memory T cells may be

Figure 7. Respiratory LPS exposure-increased airway luminal T cells in the lung of vaccinated animals is dependent on the
recruitment of peripheral T cells. (A) Experimental schema; At 1 day after each FTY720 delivery, the deficiency of peripheral blood T cells was
verified. The representative histogram is shown (B). At 5 days post-last FTY720 or -vehicle delivery, mice were sacrificed and BAL and lung cells were
isolated, and Ag85A tetramer (Tet)-specific (C) and IFN-c-secreting (D) CD8+ T cells in BAL or lung interstitium were determined by immunostaining,
intracellular cytokine staining and FACS. Representative dotplots are shown with the average frequency6 SEM from three animals/group. The data in
graphs are expressed as mean value 6 SEM of three animals per group, representative of two independent experiments.
doi:10.1371/journal.pone.0041666.g007

LPS Regulation of Airway Luminal T Cells
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maintained. We have recently shown that the long-term mainte-

nance of vaccine-induced ALT is dependent on continuing in situ

proliferation and specific M.tb antigen expressed by the vaccine,

and can be independent of the recruitment of peripheral T cells

[8]. These previous findings, with our current data, indicate that

the M.tb antigen-driven and the M.tb antigen-independent

regulation of the ALT may operate via different mechanisms.

Furthermore, these findings together suggest that in real life

situations as opposed to the SPF environment where experimental

mice are kept, the memory ALT on the surface of respiratory

mucosa are regulated and maintained by both M.tb antigens and

nonspecific environmental agents. Given the recently well-

recognized importance of lung T cells, particularly ALT, rather

than the peripheral T cells, in pulmonary protection against TB

[3,18,19], the findings presented in our current study hold

important implications. It has been increasingly recognized that

respiratory mucosal vaccination may elicit the most robust

immune protection against pulmonary TB [2,3,5]. Among a dozen

of promising candidate TB vaccines currently in human studies is

the genetic TB vaccine AdAg85A tested in the current study that

has been undergoing early phases of clinical investigation following

intramuscular vaccination in human subjects in Canada [20].

Enhanced knowledge in how the ALT triggered by mucosal

AdAg85A vaccination are regulated will provide much needed

information to enable us to properly design and carry out human

studies by respiratory mucosal AdAg85A vaccination in near

future. Respiratory mucosal AdAg85A vaccination may help

bypass the undesired effects imposed by pre-existing anti-

adenovirus antibodies as most of human populations have such

pre-existing anti-Ad5 immunity [21,22].

In our current study we have observed what is considered

a lasting pro-inflammatory effect in the airway lumen following

a single respiratory LPS exposure as significantly raised levels of

cytokines including TNF-a, IP-10 and MIG were found in the

BAL even 7 days post-LPS delivery. This observation contrasts the

transient acute inflammatory responses that are seen following

lung LPS delivery to naı̈ve rodent lung [23]. The persistently

raised levels of cytokine responses observed in our current study is

likely due to differential responses to LPS exposure in a vaccine-

primed lung environment. Such proinflammatory environment

possesses the chemotactic signals continuously drawing the

peripheral Ag85A-specific T cells into the airway lumen and lung

intersititum even at 2 weeks after LPS exposure. To support our

observations, previous studies have shown that chemokines such as

MIG (CXCL9) and IP-10 (CXCL10) play an essential role in

directing anti-Sendai or respiratory syncytial virus memory T cells

into the respiratory tract [12,24]. Indeed, our findings that

FTY720-mediated blockade of peripheral T cell supplies obliter-

ated LPS exposure-increased ALT, support this functional linkage.

On the other hand, we find the potential stimulating effect by LPS

on T cell proliferation to be minimal. This finding does not

support the view that intravenous LPS injection may stimulate T

cell proliferation via an indirect pathway involving APC stimula-

tion and release of type I interferons [25].

In conclusion, we have observed that respiratory mucosal

exposure to TLR agonists such as endotoxin has a potent

enhancing effect on respiratory mucosal memory T cells induced

by respiratory mucosal genetic-based TB vaccination. Such effect

is mediated primarily via increased recruitment into the airway

lumen of peripheral T cells. Our findings provide a novel, M.tb

antigen-independent mechanism by which respiratory mucosal

memory T cells are maintained. It is our belief that the implication

of these findings goes beyond the immunobiology of mucosal TB

vaccination as such T cells are also present in the airway lumen of

humans previously exposed to M.tb or other mycobacterial species

[26].
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