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 INTRODUCTION 
 The hallmark of atopic asthma is chronic low – moderate inflam-

mation of the airway mucosa punctuated by transient episodes 

of severe inflammation and an ensuing state of airways hyper-

responsiveness (AHR). 1,2  Cytokines produced by aeroallergen-

specific Th helper 2 (Th2) cells are key components of such 

exacerbations, 3 – 5  but the development of effective drugs to con-

trol their responses has not been achieved. 

 Recent experimental studies in our rat models suggest that 

triggering mucosal Th2 cells following aeroallergen inhalation 

is a two-stage process commencing with activation of initially 

quiescent airway mucosal dendritic cell (AMDC) through 

interactions with Th memory cells, leading to upregulation of 

CD86 expression and acquisition of potent T-cell-stimulatory 

activity by the AMDC  in situ  before translocation to regional 

airway draining lymph node (ADLN). 3,4  Subsequent inter-

actions between these AMDCs and transiting Th memory 

cells result in a full-scale local Th-cell activation response, 3,4  

the duration of which is determined by T-regulatory (Treg) 

activity. 5  The importance of Treg in controlling AHR and 

associated allergic disease is strongly suggested by several 

recent studies (reviewed in Ryanna  et al.  6  and Xystrakis 

 et al.  7 ). We accordingly reasoned that therapeutic boosting of 

Treg activity in airway mucosal tissues of atopic asthmatics 

might represent a valid route to development of novel asthma 

treatments. 

 In addressing this possibility experimentally, we were drawn 

to recent studies indicating that probiotic treatment through the 

gastrointestinal mucosa can attenuate systemic as well as local 

immunoinflammatory functions (reviewed in Borchers  et al.  8 ). 

The concepts underpinning this emerging area of therapeutics 

draw on the principles of the common mucosal immune system, 

notably that lymphoid cells  “ programmed ”  in the gut subse-

quently home to other mucosal sites, to thus modulate local 

disease. 9  Attempts to exploit this concept therapeutically are 

still in their infancy, nonetheless there is a growing list of reports 

suggesting significant probiotic effects on gastrointestinal 10  and 

systemic diseases including eczema, 11,12  allergy, 13  infection, 14  

and asthma. 15 – 19  Of direct relevance to this study are data show-

ing probiotic-induced increases in murine splenic Treg levels 

and ensuing resistance to development of AHR. 17 – 20  In addition, 

other studies have shown that bacterial agents can induce Treg 

 in vitro  17,20,21  and  in vivo  can confer protection against allergic 

airways inflammation. 22  

 Although live probiotic organisms clearly have therapeutic 

potential, their biochemical complexity poses significant chal-

lenges relating to drug regulation / standardization. Following a 

slightly different approach, in this study we have tested the activity 

of a different class of microbial stimuli, which are currently being 

used in other disease settings, for capacity to modulate immune 

functions in the respiratory tract. The principal agent is the orally 

administered bacterial preparation OM-85BV, which has been in 
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clinical use for many years and has shown some efficacy in adult 

COPD 23,24  and in children susceptible to repeated respiratory 

infections 25,26  and in experimental models of asthma. 27  It is a 

multicomponent extract of respiratory-tract-derived bacteria 

comprising principally a mixture of acidic proteins, peptides, and 

amino acids, with minor components of detoxified lipopolysac-

charides and lipoteichoic acids 28  that express various immu-

nomodulatory activities in model systems. 29  We show that oral

 treatment of sensitized rats with OM-85BV markedly boosts 

baseline levels of CD4    +    CD25    +    Foxp3    +     Tregs in airway mucosal 

tissues, and that animals with boosted mucosal Treg defenses 

show markedly attenuated airways inflammation, AHR, and 

associated AMDC responses following aeroallergen challenge. 

We have additionally used a single triacylated derivative from the 

extract (OM-174, a triacylated lipid A purified from the lysates of 

Gram-negative bacteria,  Escherichia coli ), 30,31  which recapitulates 

the key activities of the mixed OM-85 extract.   

 RESULTS  
 OM-85BV pretreatment reduces allergic airways 
inflammation in bronchoalveolar lavage 
 Typically, a single ovalbumin (OVA) aerosol challenge of OVA-

sensitized animals induces inflammation, which in bronchoal-

veolar lavage (BAL) fluid manifests as an increase in both the 

total number of cells and in the number of eosinophils, neu-

trophils, and lymphocytes.  Figure 1a – d  illustrates cell recoveries 

     Figure 1             Modulation of peripheral lung inflammatory response to aeroallergen challenge by OM-85BV pretreatment of sensitized animals. Results 
are shown here as individual data points or as box plots (mean, interquartile range, and minimum / maximum values). ( a ) Total BALF cells in baseline 
control rats or sensitized rats repeatedly treated with OM-85BV or untreated as per description in Methods. BAL was performed 24   h after a single 
aerosol challenge. ( b ) Total eosinophils in BALF as per ( a ). ( c ) Total neutrophils in BALF as per ( a ). ( d ) Total lymphocytes in BALF as per ( a ). ( e ) Serum 
OVA-specific IgE (log 2  PCA titer;  n     =    6 animals per group). Statistical significance was determined using Mann – Whitney test.  
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from individual baseline control rats and from sensitized rats, 

untreated vs. OM-85BV treated, exposed to a single OVA aero-

sol. OVA aerosol exposure of untreated sensitized rats induced 

a significant increase in total BAL, eosinophil, neutrophil, 

and lymphocyte cell numbers relative to baseline control rats 

( Figure 1a – d ). The untreated group, as defined in Methods 

was made up of nil- and saline-exposed animals, which were 

not significantly different from each other ( Supplementary 

Figure S1 ). However, pretreatment of sensitized animals with 

OM-85BV resulted in a dampened inflammatory response to 

OVA aerosol with reduced cell numbers, particularly eosinophils 

but also reduced neutrophils and lymphocytes ( Figure 1a – d ). In 

contrast to the reduced BAL inflammatory response following 

aeroallergen challenge, pretreatment of sensitized animals with 

OM-85BV did not modify serum IgE titers ( Figure 1e ).   

  In situ  activation of AMDC is inhibited by OM-85BV 
pretreatment 
 We next sought to determine if the responses of other cell 

types associated with allergic airways inflammation, specifi-

cally AMDC, were modified by pretreatment with OM-85BV 

vs. untreated groups of animals.  Figure 2a  shows representa-

tive fluorescence-activated cell sorting (FACS) plots of tracheal 

digests illustrating the gating strategy used to identify major 

histocompatibility complex (MHC) class II    +     AMDC express-

ing CD4 and CD86 following repeated daily aerosol exposures. 

As shown in  Figure 2b , the proportion of CD4    +     MHC class 

II    +     AMDCs in tracheal digests started increasing within 2   h 

following OVA aerosol exposure compared with baseline 

control rats, and by the third exposure this population had 

increased 2.5- to 3-fold above baseline. With continued daily 

exposure however, consistent with our previous findings, 5  the 

numbers of AMDC declined, returning to baseline levels by day 

6. As also shown in  Figure 2b , treatment of sensitized animals 

with OM-85BV before challenge did not alter the kinetics of 

the transient CD4    +     AMDC response and no significant differ-

ences were detected between the treatment groups at any time 

point. Central to the development of allergic airways inflam-

mation is the  in situ  activation of AMDC, 32  and in accordance 

with our earlier findings, 5  data in  Figure 2a, c  show that 2   h 

after a single aerosol challenge of sensitized rats, the surface 

expression of CD86 is markedly upregulated on CD4    +     AMDC. 

This activation of CD4    +     AMDC is maintained over a 3-day 

exposure period ( Figure 2c ), and analogous to the overall pat-

tern observed with AMDC numbers, the CD86 response was 

transient and resolved spontaneously by day 6 of a daily aeroal-

lergen exposure regimen. OM-85BV treatment promoted accel-

eration of this normal resolution process, such that by day 3 

CD86 expression was no longer different from resting levels in 

baseline control animals ( Figure 2a,c ). These findings suggest 

          Figure 2             Modulation of airway mucosal dendritic cell (DC) responses to aeroallergen by OM-85BV. ( a ) Representative fluorescence-activated cell 
sorting (FACS) plots of surface expression of major histocompatibility complex (MHC) class II and CD4 or CD86 on tracheal digest cells (macrophage 
and B-cell depleted) from sensitized untreated (as described in Methods) vs. OM-85BV-pretreated rats after aerosol exposure as indicated. Data are 
representative of three independent experiments for each series using  n     =    4 animals per group. ( b ) MHC class II    +     CD4    +     AMDC in tracheal digest 
preparations, in baseline control rats and in sensitized aerosol-exposed animals untreated vs. with OM-85BV treatment. ( c ) MHC class II    +     CD4    +     
AMDC expressing surface CD86 in groups as per panel ( b ). ( d ) Representative FACS plots illustrating surface expression of CD86 on MHC class II    +     
CD4    +     ADLN DC, gated as shown, prepared from sensitized / aerosol-challenged animals as indicated. Mean data derived from three independent 
experiments with  n     =    4 animals per group, or two independent experiments for OVA  × 6 aerosol exposures. Tracheal digests were prepared 2   h following 
the final aerosol exposure. Statistical significance was determined using Student ’ s  t -test.  
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that the effects of OM-85BV treatment appear to be directed 

toward regulation of the CD86 response of AMDC, as opposed 

to their trafficking, and likely involve local mechanisms that 

modulate activation of AMDC in the OM-85BV-treated rats. 

We also determined the surface expression of CD172 � , which 

has recently been described to be involved in trafficking of 

airway DC during allergic airways inflammation, 33  on AMDC 

and ADLN populations and found that this was unaffected by 

treatment with OM-85BV. It is noteworthy that OM-85BV-

induced accelerated resolution of the CD86 response on 

AMDC during ongoing aeroallergen exposure is restricted 

to the populations within the airway mucosa, i.e., CD86 

expression on CD4    +     MHC class II    +     DC in ADLN remained 

high on day 3 (representative FACS plots in  Figure 2d ) 

whereas it essentially returned to baseline in upstream mucosal 

tissues ( Figure 2c ).   

 OM-85BV pretreatment induces selective recruitment of Treg 
to airways 
 Next we determined the effect of OM-85BV treatment on the 

T-cell compartment during the allergic airways inflammatory 

response. The total TCR    +     population in the tracheal mucosa 

of sensitized and OVA-aerosol-exposed rats was found to rap-

idly expand compared with baseline control rats ( Figure 3a ), 

peaking at day 3. Reduction in total T-cell numbers com-

menced thereafter despite continuing exposure, and OM-85BV 

treatment did not significantly alter this. Expression of CD25 

on tracheal CD4    +     T cells increased markedly following aerosol 

exposure but did not vary between the treatment groups (data 

not shown; note in  Supplementary Figure S2  that expression 

levels of CD25 on Foxp3    +    CD4    +     cells between untreated and 

OM-85BV-treated groups is similar). However, significant 

differences were observed with CD4    +    CD25    +    Foxp3    +     cells. 

In particular, in sensitized animals given OM-85BV pretreat-

ment, the total number of Foxp3    +     cells in tracheal digests was 

already significantly elevated relative to sensitized untreated 

groups before aerosol challenge, as shown in the representa-

tive FACS plots ( Figure 3b ). This effect can also be observed 

in baseline control rats that also show a significant increase in 

basal numbers of Foxp3    +     cells in airway mucosal tissue after 

OM-85BV feeding ( Figure 3c ). Following aerosol challenge 

of sensitized animals a sharp rise was observed in tracheal 

CD4    +    Foxp3    +     numbers particularly in the OM-85BV-treated 

group ( Figure 3d ). Numbers remained elevated in the OM-

85BV treatment group until at least day 3 into the exposure 

regimen, and this gap eventually narrowed by day 6 exposure, 

as CD4    +    CD25    +    Foxp3    +     cells progressively accumulated in 

the mucosae of treatment control rats, as expected, in response 

to the continuing daily challenge ( Figure 3e ). We 5  and oth-

ers 34  have shown that Treg can function to downregulate DC 

activation, and the increased number of Foxp3 cells within 

the airway mucosae of OM-85BV-treated animals at this ear-

lier time point therefore potentially explains the reduced time 

frame over which their AMDCs remain activated during expo-

sure ( Figure 2c ). This accumulation of Treg was not attribut-

able to an overall increase in the proportion of proliferating 

Foxp3    +     cells in the airways as although the number of Treg 

in the airways expressing the proliferation antigen Ki-67 

increases in response to aerosol challenge, we did not detect 

differences between treatment groups at any stage of the time 

course ( Supplementary Figure S2 ). In addition, the effects of 

OM-85BV pretreatment in the airway mucosa were reflected 

by corresponding changes in baseline numbers of Foxp3    +     

cells in ADLN, however following aerosol exposure of sensi-

tized animals any such effects of OM-85BV treatment were no 

longer significant ( Figure 3f ).   

 AHR is attenuated by pretreatment with OM-85BV 
 The findings mentioned above show that pretreatment with 

OM-85BV can significantly attenuate aspects of the cellular 

response in the airways of sensitized animals triggered by aer-

oallergen exposure. We next questioned whether these effects 

have relevance to aeroallergen-induced changes in lung func-

tion. We thus compared the development of AHR in sensitized 

OM-85BV pretreated vs. untreated animals following OVA aer-

osol challenge. In sensitized rats of all treatment groups mean 

reciprocal EC200 responses to methacholine challenge increased 

equivalently following a single OVA aerosol, indicating onset of 

AHR. Responsiveness increased further in the untreated group 

by the third aerosol exposure and had returned to baseline levels 

as expected by exposure day 6 in accordance with the capacity 

to self-regulate the response. Importantly, resolution of AHR 

was accelerated in the OM-85BV pretreatment group, and had 

already returned to baseline equivalence by exposure day 3 

( Figure 4 ). The suppressive capacity of sorted CD4    +    CD25    +     

cells from ADLN was examined  in vitro  as reported previ-

ously, 5  however no marked difference was detected in the 

ability to suppress OVA-specific T-cell proliferation on a per 

cell basis between OM-85BV-treated vs. -untreated groups 

( Supplementary Figure S3a ). Levels of Foxp3 expression, as 

measured by qRT-pcr (see Strickland  et al.  5 ) or assessed by flow 

cytometry, were also comparable between different treatment 

groups ( Supplementary Figure S3b ).   

 OM-85BV treatment of naive animals also alters baseline 
cellularity within gut tissue, blood, and BAL 
 Cell populations resident on the airway lumenal surface were 

sampled by BAL in untreated baseline control rats vs. following 

treatment with OM-85BV. As illustrated in  Figure 5 , OM-85BV 

treatment reduced total cell numbers ( Figure 5a ), in particular 

alveolar macrophages ( Figure 5b ). A reciprocal increase in total 

Foxp3    +     cells in BAL of OM-85BV treated rats was detected and 

is shown relative to untreated baseline control rats ( Figure 5c ). 

Similarly, OM85-BV treatment of baseline control rats results 

in elevated numbers of total mononuclear cells per ml of blood 

( Figure 5d ) and Foxp3 cells ( Figure 5e ) relative to untreated 

groups. The same trend was also observed in gut lamina pro-

pria following OM-85BV treatment ( Figure 5f ). Conversely, 

we detected reduced numbers of Foxp3 cells in mesenteric 

lymph node of OM-85BV-treated baseline control rats vs. 

untreated groups, despite similar total CD4 cell number 

( Figure 5g, h ).   
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 A single bacterial-derived molecular species OM-174 mimics 
the effects of OM-85BV 
 We also examined the extent to which the immunomodula-

tory effects of the mixed bacterial lysate preparation OM-85BV 

could be replicated by a single molecular species derived from 

the lysate (OM-174). Similar to that observed for OM-85BV 

treatment above, OM-174 pretreatment of baseline control 

rats resulted in significantly reduced total and macrophage cell 

counts in BAL ( Figure 6a,b ) compared with untreated groups 

of animals. In parallel, the basal number of tracheal Foxp3    +     

cells was significantly elevated in OM-174-treated vs. -untreated 

baseline control rats ( Figure 6c ). The cellular inflammatory 

response to OVA challenge of sensitized rats was also signifi-

cantly dampened in OM-174 pretreated rats ( Figure 6d ), in 

particular the eosinophil component ( Figure 6e ) and also the 

neutrophil and lymphocyte responses ( Figure 6f, g ). Consistent 

        Figure 3             Modulation of airway mucosal T-cell responses by OM-85BV. ( a ) TCR �  �     +     cells in tracheal digests of baseline control rats and from 
sensitized untreated (as described in Methods) vs. OM-85BV-pretreated rats after aerosol exposure as indicated. ( b ) Representative plots showing 
side scatter (SSC) vs. Foxp3 staining in tracheal digest cells of baseline control animals, untreated vs. OM-85BV treatment. ( c ) Foxp3    +     cells in 
tracheal digests of baseline control animals untreated or following OM-85BV treatment, normalized against cell numbers in baseline control group. 
( d ) Representative plots illustrating Foxp3 and CD4 coexpression in tracheal digest cells from sensitized / challenged ( × 3) animals untreated vs. OM-
85BV treatment. ( e ) Percent Foxp3    +     cells in tracheal digests in baseline control animals and in sensitized / challenged animals untreated vs. OM-85BV 
treatment; data shown are represe ntative and derived from paired observations from three independent experiments. ( f ) Foxp3    +     cells in airway 
draining lymph node (ADLN) digests from animals as per panel ( e ). Data are derived from three independent experiments using pools of  n     =    4 animals 
per group, except 6 ×  aerosol exposures, which is representative of two data sets. All tissue digests prepared 2   h following the final aerosol exposure. 
Numerical values shown in representative plots indicate percent within selected gate.  *  P     <    0.05 by paired Student ’ s  t -test.  
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with the pattern observed for OM-85BV ( Figure 3 ), pretreat-

ment of animals with OM-174 expanded the baseline Foxp3    +     

population in the tracheal mucosa and this remained elevated 

during the crucial early stages of the response to aeroallergen 

( Figure 6h ). Treatment with OM-174 did not alter the IgE 

response ( Supplementary Figure S4 ).    

 DISCUSSION 
 The development of persistent atopic asthma is a multifactorial 

process involving a range of innate and adaptive immune cell 

populations. A key component of pathogenesis involves cycli-

cal waves of Th2 memory cell activation and accompanying 

cytokine release in the airway mucosa, 35,36  which is associated 

with the development of AHR and the chronic wheezing mani-

festations characteristic of the atopic asthmatic phenotype. 2,35 – 37  

We have described how local activation of sensitized Th2 mem-

ory cells in airway tissue is normally constrained by the imma-

ture functional status of resident AMDC. 32  Moreover, using an 

experimental model that mimics the essential features of human 

asthma, 3,5  we have also shown that the triggering step in this 

response involves cognate interaction between T memory cells 

and allergen-bearing AMDCs leading to transient upregulation 

of CD86 expression and antigen-presenting cell activity. 3  This 

process and the ensuing AHR, which develops as a result of local 

cytokine release, are terminated by Treg cells that accumulate in the 

inflamed airway mucosa during continuous allergen exposure. 5  

 In asthma in humans, persistence of AHR following exacer-

bation can be up to several weeks and the length of this period 

largely determines the severity of short- and long-term clinical 

sequelae. Although it is not possible to stepwise track Tregs in 

airway tissues in humans with a comparable degree of preci-

sion, there is indirect evidence that deficiencies in the number 

of Tregs underlie susceptibility to both the Th2 sensitization /

 reactivation and AHR components of asthma in humans. 38 – 40  

  Figure 4             Airways hyperresponsiveness (AHR) in OM-85BV-treated 
animals. The EC200 Raw  is presented as the reciprocal normalized to 
baseline control rats, thus a higher value represents increased AHR. 
Statistical significance was determined using one-way analysis of 
variance.  

         Figure 5             Modulation of cell profiles in tissues of baseline control animals by OM-85BV treatment. ( a ) Total BALF cells in individual baseline control 
rats untreated vs. with OM-85BV treatment as per protocol in Methods. BAL was performed 24   h after the last treatment. ( b ) Total macrophages in BALF 
as per ( a ). ( c ) Percent Foxp3    +     cells as determined by intracellular staining in BALF, data shown are paired observations normalized against untreated 
baseline control animals and show two independent experiments. ( d ) Total cells per ml isolated from peripheral blood of untreated baseline control vs. 
OM-85BV-treated rats, data shown are paired observations. ( e ) Percent Foxp3    +     cells in isolated PBMC, data shown as per ( c ). ( f ) Percent Foxp3    +     
cells in gut LP, data shown as per ( c ). ( g ) Percent Foxp3    +     cells in mesenteric lymph node, data shown as per ( c ) for three independent experiments. 
( h ) Percent total CD4    +     cells in mesenteric lymph node of OM-85 BV-treated rats relative to untreated baseline control rats. Statistical significance was 
determined using Mann-Whitney test.  
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This conclusion is consistent with current perceptions of the 

important role of Tregs in maintenance of immunological 

homeostasis throughout the body. 38,41 – 43  Consequently, there is 

growing interest in Tregs as potential targets for development of 

anti-inflammatory therapeutics, in particular the general notion 

that  “ boosting ”  Treg activity at sites of ongoing inflammatory 

disease may control symptoms. 

 The tissue in which this appears to show most immediate 

relevance is the gastrointestinal tract (GIT). Proof-of-concept 

evidence is already available indicating that adoptive transfer of 

Tregs that home to GIT tissues can ameliorate local autoimmune 

inflammation. 44  Significant progress has been made in elucida-

tion of the underlying mechanisms of mucosal Treg generation, 

particularly the role of TGF- �  and retinoic acid-dependent 

       Figure 6             Modulation of respiratory Treg populations by OM-174 treatment. ( a ) Cell numbers in BALF of individual untreated baseline control rats 
vs. OM-174 treatment. ( b ) Macrophage numbers in BALF as per ( a ). ( c ) Foxp3    +     cells in tracheal digests as per ( a ). ( d ) Total BALF cells in individual 
baseline control rats or sensitized animals untreated or repeatedly treated with OM-174 as per protocol in Methods. BAL was performed 24   h after 
a single aerosol challenge. ( e ) Total eosinophils in BALF as determined by differential cell counting as per ( d ). ( f ) Total neutrophils in BALF as per 
( d ). ( g ) Total lymphocytes as per ( d ). Statistical significance was determined for a, b and d – g using Mann – Whitney test. ( h ) Foxp3    +     cells in tracheal 
digest cells, as determined by intracellular staining; data are paired observations from representative experiments showing baseline control animals 
and sensitized animals untreated or treated with OM-174 and exposed to 1, 3, or 6 consecutive daily aerosols. Indicated statistics were performed on 
paired observations from three independent experiments,  n     =    4 animals pooled per group.  *  P     <    0.05, by paired  t -test.  
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CD103    +     DCs that appear uniquely active in GIT tissue in Treg 

generation. 45 – 47  Moreover, there is evidence to suggest that the 

local generation of Tregs can be stimulated by exposure to lume-

nal antigens, particularly from microbial flora. 44,48  Accordingly, 

this microenvironment would appear readily accessible for thera-

peutic boosting of local Treg activity. This represents an area 

of increasingly active research, particularly involving the use of 

controlled microbial exposure through oral administration of 

probiotics to treat gastrointestinal disorders. 

 However the applicability of the  “ Treg-boosting ”  paradigm 

to inflammatory diseases in other tissues such as the asthmatic 

lung has not been explored in detail and appears considerably 

more challenging. In particular, the fragility of airway mucosal 

surfaces (relative to the GIT mucosa) and the hyperresponsive-

ness of these tissues to irritant stimuli in asthma mitigate against 

direct local stimulation with Treg-inductive agents, which sug-

gests that a more viable approach may be by indirect systemic 

stimulation. This study addresses this possibility and uses as 

its starting point recent observations suggesting that Tregs that 

are stimulated by the GIT can influence immunoinflammatory 

processes in distal tissues. Of particular relevance are studies 

showing that Tregs stimulated in the GIT can downregulate 

AHR in murine asthma models. 17,20,49  

 We show here that oral pretreatment of sensitized rats with 

the bacteria-derived immunostimulant OM-85BV strikingly 

accelerates the resolution of AHR that is triggered by aeroal-

lergen exposure. Moreover, the kinetics of the AHR response 

in treated animals closely mirrors associated CD86 expression 

on AMDC, which we have shown to be controlled by Tregs. 5  

Furthermore, the principal feature distinguishing OM-85BV-

treated rats from controls was their markedly increased (2 × ) 

baseline numbers of airway mucosal Tregs. Current evidence 

suggests that efficient expression of Treg activity requires that 

Treg numbers exceed a critical  “ threshold ”  in the microenvi-

ronment of their targets to achieve control, 6,7,38,45  and we sur-

mise that the enhanced baseline activity in the airway mucosa 

of OM-85BV-treated sensitized rats enables them to reach this 

threshold faster following aeroallergen challenge. It is pertinent 

to note that in a recently reported probiotic model attenuation of 

aerosol-induced AHR in sensitized / treated mice was associated 

with an expanded splenic Treg population, 17  and in the present 

model we also noted increased numbers of Tregs in the ADLN 

of OM-85BV-treated rats. However this is the first evidence that 

Treg stimulation through the GIT results in increased Treg traf-

ficking to resting peripheral mucosal tissues, potentially provid-

ing an endogenous mechanism for prevention of inflammation 

rather than a purely reactive mechanism that relies on local Treg 

triggering after tissue damage is initiated. The fact that in non-

sensitized rats, immunostimulation by the gut can give rise to 

increased populations of Treg cells in other mucosal sites, such 

as the respiratory mucosa, makes the use of this type of model 

biologically relevant for studies on control of human disease. 

Also noteworthy is the finding that in immunostimulant-treated 

rats, resistance to eosinophilia / AHR after aerosol challenge was 

independent of changes in specific IgE titers, which is reminis-

cent of findings in successful immunotherapy in humans and 

reinforces the view that a significant component of aeroallergen-

induced airways inflammation is independent of IgE-mediated 

mast cell responses. 

 Various issues require resolution to achieve a more comprehen-

sive understanding of the underlying mechanisms operative in 

this system. For example it is unclear as to precisely where in the 

GIT these Tregs are programmed in response to oral dosing, and 

clarification of this question may be a prerequisite for develop-

ment of standardizable therapeutic strategies targeting this path-

way. Our initial observations reported here indicate increases in 

the range of 30 – 40 %  in CD4    +    CD25    +    Foxp3    +     numbers in the 

upper intestinal mucosa and blood after OM-85BV feeding, in the 

absence of corresponding increases in the mesenteric lymph node; 

this may indicate mobilization of locally activated Tregs directly 

into the peripheral circulation, but more detailed follow-up studies 

are required. Of equivalent importance is the nature of the recep-

tor – ligand interactions underlying generation of Tregs that can 

traffic to distal tissues following GIT stimulation. A wide range of 

GIT stimuli have been associated with alterations in inflammatory 

(in particular atopy-related) processes in other tissues beyond the 

present bacterial extracts and conventional probiotics, including 

helminths, 50  CPG, 51  Cryptosporidium-related parasites, 52  and 

various enteric pathogens associated with fecal contamination of 

water supplies. 53  The breadth of this range suggests that multiple 

microbial pattern recognition receptors are capable of mediating 

what may be an essentially generic process through which the GIT 

mucosal immune system titrates local (and indirectly systemic) 

Treg activity in response to the intensity of incoming antigenic 

stimulation from the microbial environment. 

 In summary, our current findings, taken together with those 

from other recently reported models, suggest that it may be 

possible to harness this readily accessible mechanism for sys-

temic Treg boosting for therapeutic purposes, in this case in 

the context of reducing susceptibility to aeroallergen-induced 

persistent AHR.   

 METHODS     

  Animals, treatments, and allergen exposures   .   Inbred specified-patho-
gen-free PVG rats of both sexes were used in these studies, which were 
approved by our institutional animal ethics committee. Sensitization 
to OVA was performed by IP inoculation of 100    � g OVA in 200    � l 
aluminum hydroxide. Treatment with OM-85BV or OM-174 was for 
7 consecutive days from day 10 after sensitization. Rats were used for 
aerosol challenge experiments on the day following final treatment. 
Aerosol challenge was carried out over a 60   min period (Tri R Airborne 
Infection Apparatus; Tri-R Instruments, Rockville Centre, NY) using 
OVA (Grade V; Sigma-Aldrich, NSW, Australia) at 1 %  in phosphate-
buffered saline. 4,5  Responses to OVA aerosol exposure in sensitized 
animals treated with saline (as placebo) for 7 consecutive days did not 
differ from those left untreated, and data from untreated sensitized 
controls are presented throughout. Where shown, baseline controls 
indicate nonsensitized / non-treated / non-aerosol-exposed rats. OVA 
aerosol challenge of nonsensitized animals did not elicit detectable cel-
lular responses.   

  Media and reagents   .   Tissue culture medium and isolation reagents 
including monoclonal antibodies and immunostaining reagents are as pre-
viously reported. 3 – 5  For intracellular staining of Foxp3, an anti-mouse / rat 
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Foxp3FLR staining kit from eBioscience (San Diego, CA) was used. 
Ki-67 to detect cell proliferation antigen was from BD Pharmingen (Perth, 
Western Australia) and was used in combination with Foxp3. Data were 
acquired on an LSRII flow cytometer (BD Biosciences, Eugene, OR) and 
analyzed using FlowJo software (version 4.6.1; Tree Star, Ashland, OR). 

 OM-85 is a mixed bacterial lyophylizate, which has been used various 
clinical settings to modulate airways inflammation associated mainly 
with infection, 24,27,31,32  and was used here at a dose rate of 400   mg   kg     −    1  
body weight per day. OM-174 is a triacylated lipid A purified from lysate 
of  E. coli . 31  OM-174 was administered orally at a dose of 1   mg per day 
(10   mg   kg     −    1 ). Both extracts were delivered through the oral route in liq-
uid form. Access to food and water during the treatment period was  ad 
libitum . All experiments for each of the bacterial extracts were performed 
using a single batch, supplied by OM Pharma (Geneva, Switzerland).   

  Cell preparations   .   Single cell suspensions of LNs and trachea digests 
were prepared and depleted of macrophages and B cells as described 
previously. 4,5  We adopted the same protocol to obtain digested cell prep-
arations from flushed sections of dissected gut lamina propria. Blood 
mononuclear cells were collected over Lymphoprep density gradient 
(density 1.077; Axis, Oslo, Norway). Purification of cell populations was 
by standard Dynabead depletion method, MACS bead enrichment, high-
speed cell sorting, or combinations of these techniques. 7,8  BALF cells 
were obtained by standard methods and stained using Diff-Quik (Lab 
Aids, Narrabeen, NSW, Australia) for differential cell counting.   

  Lung function and methacholine hyperresponsiveness   .   The tech-
niques used were as described previously. 5  Briefly, respiratory impedance 
(Zrs) was measured by forced oscillation between 0.5. and 20   Hz using 
a computer-controlled piston ventilator (flexivent â ; Scireq, Montreal, 
Quebec, Canada). The constant-phase model was fitted to give estimates 
of airway resistance (Raw). Following determination of baseline lung 
function, methacholine challenges were performed by delivery of aero-
sols (2   min) of saline (control) and methacholine (0.1, 0.3, 1.0, 3.0, 10.0, 
and 30.0   mg   ml     −    1 ) during tidal ventilation. Five measurements of Zrs 
were carried out after each dose and peak responses were reported. A 
concentration – response curve was constructed and the concentration 
associated with a doubling of RAW (EC200 Raw ) was calculated.   

  Statistical analysis   .   The experiments were carried out using groups of 
animals ( n  as indicated) or pooled tissue using four animals per group, 
and replicated independently on three occasions. As indicated, two-tailed 
unpaired Student ’ s  t -test was performed to determine statistical signifi-
cance for difference between mean data or paired  t -test was used for 
experiments between different treatment groups performed simultane-
ously,  a     =    0.05,  b     =    0.8. Mann – Whitney test was used for nonparametric 
data, 95 %  confidence level.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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