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Table 5.4.9.1 Serum IL-5 after LAR

IL.-5 (pg/ml)

Nonsensitized 145.3 + 34.6

Sensitized 410.2 ±217

BCG 608± 198

M. vaccae 725.6 ±201#

Mice were sensitized and treated as described in the methods. Blood was collected 
approximately 24 hours following Ova challenge, serum was separated and analyzed with 
paired antibodies using ELISA. Shown are means ± SEM for five to eight animals per 
group. Significance was determined using Student's / test (# = p < 0.05) compared to 
nonsensitized controls.

5.4.10 Histology

Histological differences among the groups were observed. Lungs were removed 1 

day after the Ova challenge and following the methacholine challenge. Figure 5.4.10.1 

shows slides typical for each treatment group. Figure 5.4.10.1.A is an H&E-stained lung 

section from an untreated, Ova-sensitized mouse. Marked edema and inflammatory 

infiltration can be seen. H&E-stained lung sections of BCG- (5.4.10.1 .B) and M. vaccae- 

(5.4.10.1 .C) treated mice show absence of inflammation and only mild edema. BAL fluid 

cell samples were also stained with Ziehl-Neelsen stain for AFB. Animals immunized 

with BCG showed macrophages replete with AFB (Figure 5.4.10.1.D). Irnng 

parenchymal sections were negative for AFB in all cases (data not shown).



Figure 5.4.10.1 Histologic staining of inflammatory cells from lung sections 
and BAL samples.
A, Section from a sensitized control animal stained with H&E, lOx magnification. B, 
Section from a BCG-treated animal stained with H&E, lOx magnification. C, Section 
from a M.vaccae-treated animal stained with H&E, lOx magnification. D, BAL cells 
stained with Ziehl-Neelsen, lOOOx magnification. The arrow points to an AFB-laden 
macrophage contacting a lymphocyte.
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significant amounts of these cytokines in vitro 43 days post infection with 0.5x106 CFUs 

(Wang et al., 1999). Macrophage numbers in their treated mice were comparable to 

those found in their sensitized mice, making it purely speculative what cytokine-specific 

role they may have played, especially with respect to eosinophils (Schwarze et al., 1998) 

(see later discussion).

There is now mounting evidence that the presence of immune modulators such as 

BCG in the airways and/or the concurrent presence of allergen more effectively 

influences cytokine production, type 1/type 2 T-cell balance and thus the degree of 

allergic inflammation. Erb and colleagues (1998) observed that intranasal BCG infection 

had no effect on blood eosinophiiia and that only minor BAT eosinophilia could be 

restored with intranasal recombinant IL-5 treatment. Although they found lesser 

protection in BAL eosinophilia with other routes of BCG infection, the presence of blood 

eosinophils or the ability of rIL-5 to restore BAL eosinophilia with other routes was not 

discussed. Sano and colleagues (1999) have done substantial work in the way of 

supporting the notion that APCs can most effectively modulate the specific response of 

T-cells when armed with both allergen (Ova) and immune modulator (mycobacteria) at 

the same time. Kumar and colleagues (1999) used a recombinant BCG vaccine that 

incorporated an experimentally-used allergen (p-galactosidase) and found that the 

recombinant version was far more effective than its non-recombinant counterpart in 

stimulating IFN-y production and inhibiting iL-5 production following splenocyte culture 

with allergen.

The results of the cytokine analyses after intranasal mycobacteria delivery suggest 

two conclusions. Firstly, changes in BAL IL-5 following the LAR did not extend to the
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periphery, with serum levels of this cytokine remaining statistically unchanged (Tables

5.4.8.1 and 5.4.9.1). This finding, that the eosinophil/IL-5 effects of intranasal treatment 

with BCG remain restricted to the local environment, has been presented by others (Erb 

et al., 1998). That the reverse has not been observed (Herz et al., 1998; Yang el al., 

1999) may reflect both a disseminated infection and the fact that this model of 

sensitization involves a stage of lung-specific sensitization and/or challenge. 

Additionally supporting this conclusion was the observation of unaffected serum IgE 

concentrations (Table 5.4.4.1). a finding also recorded by Erb and colleagues (Erb et al, 

1998).

Secondly, IL-4, in addition to IgE, does not appear to be a necessary target for 

mycobacteria modulation in order to confer the protection from AMR to methacholine, 

BAL eosinophilia and Ova-specific airway resistance associated with the LAR. This 

cytokine was found unchanged in EAR BAL (Table 5.4.7.1) and, interestingly, 

significantly increased in BAL recovered after the LAR (Table 5.4.8.1). This failure to 

suppress IL-4 may further account for the failure of either mycobacterial species to 

suppress the parameters I used to evaluate the EAR. Others investigating IL-4 from 

splenocyte sources following in vivo BCG administration (intravenous) have observed 

very similar effects (Herz et al., 1998; Yang et al., 1999). Indeed, BALB/c mice 

expressing the beg' allele produced increased elevated levels of IL-4, an effect that did 

not confer disadvantages in controlling BCG growth (Kramnik et al., 1994). M. vaccae 

was observed to suppress IL-4 from splenocyte cultures at only one of three doses 

(several logs higher than mine) in another experiment (Wang and Rook, 1998), the 

sensitization/treatment kinetics of which differ greatly from ours. IL-4 is also known to
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enable the recruitment of eosinophils through the induction of cell adhesion molecules 

and the potent chemokines for eosinophils, eotaxin (Gleich, 2001). It is tempting to 

speculate that suppression of other chemokines, in addition to IL-5 may have accounted 

for a potential ability to override the chemotactic capabilities of IL-4. Further 

investigation is needed.

IFN-y, also measured in BAL in the EAR and following the LAR, was observed 

to be significantly increased for BCG-treated mice in both cases and M. vaccae-treated 

mice in the latter case (no data was available for these mice in the EAR). This cytokine, 

a potent inducer of type 1 responses, may account for some of the advantages conferred 

in this model. Knockout mice sensitized and treated with BCG showed partial, albeit 

incomplete protection against airway eosinophilia (Erb et al., 1998).

Recent reports of possible pro-type 2 effects of IL-18 (once known as IFN-y- 

inducing factor) appear to be stimulating a re-evaluation of this cytokine -  a cytokine 

likely involved in the host response to mycobacteria (Sugawara et al., 1999; Wild et al., 

2000). IL-18-deficient mice developed granulomas and produced less IFN-y than wild­

type controls, suggesting a necessary role for IL-18 in effectively responding to BCG 

treatment (Sugawara et al., 1999). However, IL-18 has also been reported to increase 

several parameters of allergic sensitization in mice (Wild et al., 2000) and was found in 

higher concentrations in the serum of asthmatics during disease exacerbation, while IFN­

y levels were unchanged (Tanaka et al., 2001). Some have hypothesized that the 

dominant cytokine milieu may dictate the ultimate type 1 or type 2 T-cell response to IL- 

18. It is possible to speculate, then, that an IL-18/IL-12 mixed response by macrophages 

to mycobacterial exposure could account for the outwardly-appearing incompatible
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results found in this study in which I used a mouse strain known to produce skewed type 

2 cytokine responses exposed to type 1 cytokine-favoring immune modulators..

Finally, it is still unknown which part of mycobacteria (or combinations thereof'), 

for example CpG motifs (Krieg, 1996), heat shock proteins (Lowrie et al., 1999), or 

mycobacterial-specific lipid components (Moody et al, 1999), may be mostly 

responsible for the type 1 effect. Although my Ova sensitization protocol began with 

intraperitoneal exposure, it ended with sustained (20 minutes/day) Ova nebulization. As 

can be seen from Figure 5.4.10.1, pulmonary macrophages from intranasally-infected 

BCG mice were loaded with bacilli. Therefore, I speculate that these BCG-primed 

macrophages were able to far more effectively modulate local responses in the 

suppressive manners I observed.

The EAR is an IgE-mediated event (Metzger et al.. 1986), with the cross-linking 

of surface-bound, antigen-specific IgE molecules on mast cells triggering an immediate 

release of preformed mediators (Galli, 1993) (such as histamine) and newly synthesized 

mediators (arachidonic acid metabolites) in addition to a more delayed release of pro-type 

2 cytokines (IL-4, IL-5) (Burd et a l, 1989). I initially detected the presence of airway 

resistance associated with the EAR using the barometric plethysmography system and 

subsequently detected increased serum IgE concentrations supporting this. Others have 

reported success in using barometric plethysmography to track the EAR (Cieslewicz et 

al., 1999) and LAR (Cieslewicz et al., 1999; Dohi et al, 1999), demonstrating the utility 

of this newer method in this context.

A clear picture of the specific roles for various mast cell mediators that contribute 

to bronchoconstriction in mice has yet to be drawn. In guinea pigs, a leukotriene (ET)
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receptor antagonist eliminated both early and late phase airway resistance (Fujita el al., 

1999), yet in mice, the 5-lipoxygenase inhibitor Zileuton prevented some parameters of 

the asthmatic response, but not AHR (Henderson, Jr. et al., 1996). It is known that 

leukotrienes are 100- to 1000-fold more potent than histamine in affecting airway 

function (Busse, 1998), yet a similar differential physiological effect in the mouse model 

is not apparent. Some reports of histamine antagonists offering limited protection on 

AHR (De Bie el al., 1998) exist, while others found neither histamine nor LTC4 able to 

induce much increase in airway resistance in vitro (Held et at., 1999). Serotonin and/or 

endothelin-1 may be more important inducers of the early phase bronehoconstriction in 

mice (Held et al., 1999). Interestingly, in my model, 1 found no difference in BAL 

histamine concentrations among the groups. Furthermore, given the reports mentioned 

above, it may not be surprising that the elevated leukotriene concentrations (albeit, 

insignificantly so) found in the sensitized/treated animals did not translate into dramatic 

increases in the EAR as measured using barometric plethysmography.

This is not the first report of live mycobacteria failing to decrease serum IgE 

concentrations in sensitized mice. Bakir and colleagues (2000) found that administration 

of live BCG (subcutaneous) to newborn mice (104 CFUs, one dose) resulted in no 

decrease in serum IgE. Indeed, a group of animals receiving BCG compared to a group 

receiving only BCG diluent narrowly missed significance (p = 0.063) in terms of serum 

IgE (Bakir et al., 2000). Interestingly, administration of killed BCG did confer protection 

against BCG (Bakir et al., 2000). Ttikenmez and colleagues (1999) found that gender 

was a determining factor for decreased IgE after treatment of killed BCG (intraperitoneal) 

in their model: male mice received no protection while female mice did. The studies of
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Bakir and Tukenmez may or may not conflict, since no mention of gender was made in 

the former. When BCG and M. vaccae were administered in combination in the latter 

study (for a total of IO10 or 101' CFUs, depending upon interpretation) significant 

reduction of IgE was observed, regardless of gender (Tukenmez et al., 1999). 

Introduction of such high numbers of bacteria in such small animals may make the 

finding less impressive, however. Unfortunately, in neither study were other parameters 

of allergic sensitization examined, leaving few studies available to examine the more 

complete impact of BCG or M. vaccae on a sensitized system. Erb and colleagues (1998) 

reported failure of BCG to inhibit Ova-specific IgE, !gG| and IgG2A titers in their model. 

They also found no peripheral changes in terms of eosinophiiia w7hile finding suppression 

at the local site of BCG administration, within the lungs. This could argue that intranasal 

inoculation with BCG produced benefits limited to the intended location. A more 

complete comparison of local and systemic cytokine levels could help to answer this. 

Even a 4th route of inoculation, intravenous, w'as used by Hcrz and colleagues (1998) who 

were the first of only 2 groups to show suppressed IgE and IgG| titers with live BCG 

inoculation (106 CFUs, one dose). The team of Yang and colleagues (1999) achieved 

similar results with one-dose intravenous administration of 10h BCG CFUs. 

Interestingly, although the background strain differed in these experiments, only female 

mice were used in either case, reminiscent of the results achieved by Tukenmez. 

Additionally, it may be that direct introduction of live BCG into the blood stream is far 

more potent in the ability to modulate peripheral immunoglobulin titers. Finally, in stark 

contrast to my findings, Wang and Rook (1998) found significant protection against total 

IgE after M. vaccae treatment. I speculate that these differences lie in the higher bacteria
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load administered as well as the gender of the mice and the heat-killed nature of the 

bacteria, as supported by the preceding discussion.

I found increased serum IgE, increases in both BAL leukotrienes and airway 

responsiveness during the first 15 minutes following antigen challenge in treated mice 

that were not significantly different from the sensitized control group. The results from 

these mice, treated twice intranasally with 105 CFUs of live BCG, indicate that the EAR 

is not suppressed with mycobacteria treatment.

The LAR has been positively correlated with BAL eosinophilia by several 

investigators (Cieslewicz et al., 1999; Dohi et al., 1999). The blockade of these cells has 

also been shown to prevent AHR (Hamelmann et al., 1997a). In my experiments, 

suppression of airway responsiveness during this period was very significant compared to 

the sensitized controls. Strongly supporting this observation were the findings of 

dramatic decreases in BAL eosinophils and complete suppression of AHR to 

methacholine, both in mycobacteria-treated animals.

The notion of discordance between the EAR and the LAR in mice is not without 

precedent (Oettgen and Geha, 2001). Hogan and colleagues (1997) showed a persistence 

of peribronchial and perivascular eosinophil recruitment and AHR to methacholine in 1L- 

4 -/- mice, devoid of Ova-specific antibodies of several classes. Only in mice treated 

with blocking antibodies to IL-5 were eosinophilia and AHR suppressed (Hogan et al., 

1997; Hamelmann et al., 1997a). Others have observed discordance between IgE and 

AHR in mouse models (Fan et al., 1997; Wilder et al, 1999; Hamelmann et al., 1999), 

with conflicting conclusions on the relationship between AHR and eosinophilia (Wilder 

et al., 1999; Hamelmann et al., 1999). Some disagreement can potentially be explained
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when considering strains, sensitization nuances and analysis methods, yet the true status 

is most certainly more complex than we currently understand.

While supporting my overall observation of a disconnection between early and 

late responses, previously published results seem to show the reverse of what I observed 

in mycobacteria-treated animals, with maintenance of the EAR and subsequent 

abrogation of the LAR. A likely explanation for at least some of the differences is linked 

to the idiosyncrasies of different background strains (C57BL/6 mice were used in the 

Hogan study). Several authors have investigated the variable degree to which factors 

such as IgE, AHR and eosinophilia are present in various murine background strains 

(Wills Karp and Ewart, 1997; Brewer et al., 1999; Drazen et al., 1999a) as well as how 

the relationship amongst various factors may depend upon strain (Fan et al., 1997; Zhang 

et al., 1997b; Morokata et al., 1999).

With treatment of either of two mycobacterial species, 1 showed near complete 

abrogation of the LAR without any suppression of the preceding EAR. The suppression 

of AHR to methacholine was as impressive as that of the suppression of airway 

responsiveness specific to Ova challenge, suggesting a common cause -  the infiltrating 

eosinophil, a conclusion supported by numerous reports (De Monchy et al., 1985; 

Corrigan and Kay, 1992; Hamelmann et al., 1997a; Cieslewicz et al., 1999; Dohi et al., 

1999). However, what I observed was rather interesting: increased serum IgE was 

present in sensitized control mice along with BAL eosinophilia and AHR, while BAL 

eosinophilia as well as AHR were absent in mycobacteria-treated mice despite the 

presence of increased serum IgE. My data supports a hypothesis that mycobacterial 

antigen treatment is somehow able to short-circuit the cascade of events at a point after
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IgE production and immediate mast cell degranulation but before eosinophil-related 

deleterious effects, or potentially those of another cell type. Possibilities may include 

suppression of cytokine and/or chemokine production, inhibition of cell adhesion 

molecules necessary for transmigration, stimulation of apoptosis, or a direct, suppressive 

effect of mycobacteria on eosinophils themselves (Figure 5.5.1).

Mycobacterial

IL-12

•* 7 . . / y /

\  v i  

)< /  ®
V No effect

IL'4
f j l  ( D

• eysiTs

(5) IL-S
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* * ~~ »  Chemokines
W  ?  • • (2)WB _ w II C ' (&/or Bas?)

Figure 5.5.1 Hypothetical target points for mycobacterial antigens in the 
sustainment of the EAR and abrogation of the LAR.
Results from my research suggest that the benefits conferred by mycobacteria likely take 
place after cross-linking of IgE receptors on mast cells but before eosinophil-effector 
function. Amidst concurrently unaffected or increased IL-4 and early-phase mediator 
production (1), there may be a suppression of chemokine and IL-5 production influencing 
the capacity of eosinophils to locate to the lung (2). Mycobacteria may have direct or 
indirect suppressive effects on eosinophils (or basophils) themselves (3), including an 
inhibition of cell adhesion molecules necessary for transmigration or stimulation of 
apoptosis. IL-18 production from mycobacteria-laden macrophages or type 2 cytokine 
production from NK+ cells may promote a mixed type 1/type 2 response (4). IL-5, from 
several potential sources, is locally suppressed (5). Legend: + = induction; X =
suppression.
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In summary, I have shown that mycobacterial (both BCG and M. vuccae) 

administration in a mouse model of asthma fails to suppress IgE, BAL leukotrienes and 

immediate Ova-specific airway responsiveness, while completely abrogating BAL 

eosinophilia, AHR to methacholine and late-phase Ova-specific airway responsiveness. 

Thus, mycobacterial antigens do not attenuate the EAR yet block the LAR. These 

findings narrow the focus in searching for the mechanism(s) through which mycobacteria 

may alleviate the symptoms of asthma.
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Chapter 6

Airway hyperresponsiveness, late allergic response and eosinopliilia are 
reversed with mycobacteria! antigens in ovalbumin pre-sensitizcd mice
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6.1 Abstract

Pre-treatment with mycobacterial antigens has been shown to be effective in 

preventing an asthma-like disease process from occurring in a mouse model. Since most 

asthmatics are treated after the development of asthma, it is crucial to determine whether 

mycobacterial antigens can reverse established asthma in the pre-sensitized state. My 

hypothesis, based upon my previous findings, is that mycobacteria treatment in pre­

sensitized mice will suppress the hallmark symptoms of established asthma in mice, with 

the noted exception of factors associated with the early allergic response. Female 

BALB/c mice sensitized and challenged with ovalbumin were evaluated for airway 

responsiveness during both the early (EAR) and late (LAR) allergic responses and airway 

hyperresponsiveness (AFIR) to methacholine. Following this, sensitized mice were 

randomized and treated with placebo or a single dose (lxlO5) of either Bacillus Calmette- 

Guerin (BCG) or Mycobacterium vaccae via nasal or peritoneal injection. One week 

later, the mice were rechallenged with ovalbumin and methacholine, followed by BAL 

and tissue collection. Mice treated with intranasal BCG were most significantly 

protected from the LAR (p <0.02), airway hypersensitivity (p < 0.0001) and 

hyperreactivity (p <0.05) to methacholine, BAL (p < 0.05) and peribronchial (p < 0.01) 

eosinophilia, and BAL IL-5 (p < 0.01) as compared to vehicle-treated, sensitized controls. 

Intranasal M. vaccae treatment was less effective; suppressing airway hypersensitivity (p 

0.01), and ft A T. eosinophilia (p < 0.05). No changes were observed in the EAR, BAL 

IL-4 or serum total and antigen-specific IgE. These data suggest that mycobacterial 

antigens (BCG»A/. vaccae) are also effective in attenuating asthma-like conditions in an 

allergen pre-sensitized state.
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6.2 Introduction

The characterization of type 1 and type 2 cytokine responses from CD4+ T-cells 

led to the hypothesis that type 1 cytokine-stimulating antigens, such as the BCG vaccine, 

would suppress the atopic type 2 response (Cherwinski et al., 1987; Kline and 

Hunninghake, 1994; Cookson and Moffatt, 1997). Several experimental studies 

involving mycobacterial antigens in mouse models of asthma have been reported (Herz et 

al, 1998; Wang and Rook, 1998; Erb et al., 1998; Tukenmez et at., 1999; Kumar et al., 

1999; Bakir et al., 2000). These studies, while largely positive in their conclusion, share 

a common theme that may, at least in part, explain their potent anti-asthmatic response. 

In these experiments (with one exception (Wang and Rook, 1998)), mice have been 

treated with mycobacteria either entirely before or during the allergen sensitization 

protocol (Herz et al., 1998; Erb et a l, 1998; Tukenmez et al., 1999; Kumar et al., 1999; 

Bakir et al.. 2000). Mixed results from retrospective clinical data have been repoited 

(Shirakawa et al., 1997; Aim et a l, 1997; Aaby et al, 2000; Omenaas et al, 2000). 

These studies often included subjects immunized with BCG well into their first years of 

life, and likely after allergen sensitization occurred. Therefore, 1 designed a study to 

reflect this possibly more likely temporal relationship between allergen sensitization and 

BCG vaccine exposure in a mouse model.

Rather unambiguous suppression of pre-existing IgE responses in Ova-sensitized 

mice, as alluded above, has been reported (Wang and Rook, 1998). However, previously 

published work by others and me (see Chapter 5) have suggested that mycobacterial 

antigens may not require down-regulation of IgE production in order to achieve 

suppression of airway eosinophilia and airway hyperresponsiveness (Erb et a l, 1998).
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These observations have called into question (in the mouse model) the absolute necessity 

of IgE suppression in order to attenuate the underlying pathology in asthma, that of 

airway narrowing. Mycobacterium vaccae, a non-pathogenic mycobacterial species, was 

specifically included in these experiments to test, within the same animals, its effects 

upon IgE and pulmonary function.

In this study, I investigated the ability of mycobacteria to suppress pre-existing 

airway hyperresponsiveness to methacholine challenge and that associated with antigen 

challenge during the early and late allergic response. I hypothesized that treatment with 

mycobacterial antigens in antigen pre-sensitized and challenged mice would reverse and 

suppress existing asthma in mice, excluding factors associated with the EAR.

I observed, for the first time, that previously existing AHR to methacholine and 

airway responsiveness to Ova challenge during the EAR in sensitized mice can be 

reversed with BCG, and to a lesser extent, with M. vaccae treatment.
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6.3 M ethods

6.3.1 Animals

Four to five-week old female BALB/c mice were obtained from Harlan 

Laboratories (Indianapolis, IN) and housed according to the NIH guidelines. The 

research protocol of this study was approved by the Animal Research Committee of 

Creighton University. Mice were housed in separate cages according to treatment. Food 

and water were provided ad libitum.

6.3.2 Mycobacteria preparation

Lyophilized BCG (Tice: Organon Inc., West Orange, NJ) and Mycobaciermm 

vaccae (ATCC # 29678) were cultured in Lowenstein-Jensen media (Remel, Lenexa, KS) 

at the Creighton University Pathology Lab. Three to four weeks after the cultures were 

begun, the vials were centrifuged and resuspended in PBS. Logarithmic dilutions of the 

cells into sterile vials were made for both bacteria. Agar plates (7-H10; Remel) 

corresponding to logarithmic dilutions were incubated for an additional two weeks. The 

stock vials were frozen at -80° C. Colony forming units (CFUs) on the culture plates 

were counted and an estimation of the number of viable organisms in the stock vials was 

then made. Aliquots of lxlO5 organisms (50 pi) in media were made and refrozen at -  

80°C until needed.
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6.3.3 Sensitization

Mice were sensitized on days zero and 14 with an intraperitoneal injection of 20 

pg Grade V chicken egg ovalbumin (Ova) (Sigma-Aldrich, St. Louis, MO) and 2 mg 

Alum (Imject Alum; Pierce, Rockford, IL) suspended in PBS to a total volume of 100 pi. 

This was followed by a daily administration of nebulized 1% Ova for 20 minutes from 

day 28 through day 30. Nonsensitized control animals received only the PBS (Figure 

6.3.3.1).

Figure 6.3.3.1 Schematic representation of experiment protocol.
Mice were sensitized to Ova as described in the Methods. Randomization and treatment 
(see Methods) occurred immediately following methacholine challenge on Day 33.
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6.3.4 Non-invasive method for measuring pulmonary function

Single-chamber whole-body plethysmographs (Buxco Electronics, Troy, NY), 

without the use of anesthesia or restraint, were used to measure pulmonary functions. 

This method has been demonstrated to accurately reflect airway responsiveness 

(Hamelmann et al., 1997b; Chong et al., 1998), expressed as the Pu,i, (enhanced Pause) 

unit (Dohi et al., 1999).

6.3.5 Initial allergen challenge

All mice were placed in individual plethysmograph chambers on day 32 

and baseline Penh readings were taken. Subsequently, mice were challenge to 5% 

aerosolized Ova for 20 minutes. This was followed by recording of pulmonary functions 

during the EAR (zero to 30 minutes) and the LAR (one to seven hours). The results of 

antigen challenges are expressed as the area under the curve (AUC). which takes into 

account the complete breadth of either the EAR or LAR. An individual mouse’s baseline 

Penh value served as the reference to which subsequent increases in Penh were compared.

6.3.6 Initial methacholine challenge

Mice were challenged on day 33, 24 hours post-Ova challenge, with increasing 

doses of aerosolized methacholine and pulmonary functions were recorded using the 

Buxco whole-body plethysmograph system. An aerosol challenge at each dose was 

administered via an Ultra Neb-99 (DeVilbiss, Sommerset, PA) with the highest setting 

for exactly one minute. A one minute wash-out period followed. Immediately thereafter, 

data were recorded for five minutes and a mean of this time period, in terms of Penh, was
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made. After the recording period, the Penh values for each mouse were allowed to return 

to baseline before the next higher dose of methacholine was administered.

The results of methacholine challenges were transformed into the Penh Index, 

where increasing Penh units for a given mouse are expressed in terms of the fold-increase 

from the baseline Penh unit. Data from the methacholine challenges were compared in 

two different ways. First, the PC2 0 0, the dose of methacholine at which a 200% increase 

in Penh units was observed, was calculated for each animal and compared as a measure of 

airway hypersensitivity. Secondly, the Maximum Penh Index for each animal was also 

compared as a measure of airway hyperreactivity.

6.3.7 Randomization and treatment

Following Methacholine challenge, nonsensitized mice were equally and 

randomly divided into two groups (intranasal or intraperitoneal treatment with vehicle) 

and sensitized mice were equally and randomly divided into six groups (intranasal or 

intraperitoneal treatment with either vehicle, BCG or M. vaccae) and treated with the 

appropriate mycobacterial antigen (Figure 6.3.3.1). Mice in intranasal (i.n.) experimental 

groups were anesthetized with ketamine and xylazine (20:1) followed by immunization 

with 50 pi of lxlO3 CFUs of the appropriate organism. Mice in intraperitoneal (i.p.) 

experimental groups were injected with 50 pi oflxlO3 CFUs of the appropriate organism. 

Nonsensitized and sensitized control mice were treated only with the vehicle (PBS) via 

the appropriate route.
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6.3.8 Final antigen and methacholine challenges

On day 40, antigen challenge was carried out exactly as previously described. A 

final methacholine challenge (as described) was administered on day 41.

6.3.9 BAL collection

Immediately following the final methacholine challenge the mice were 

euthanized with a lethal dose of pentobarbital. Tracheas were cannulated and lungs were 

washed with 1 ml PBS. Cytospin slides were prepared from each sample following 

lavage cell counting using a Coulter Counter. Slides were stained with Dil'f-Quik for 

analysis of differential cell populations using standard morphological criteria.

6.3.10 Serum immunoglobulin analysis

Blood collected after sacrifice on day 41 was immediately centrifuged and serum 

was collected and stored ax ~70°C for later analysis. ELISA for both total and antigen- 

specific IgE was conducted as previously described (Wilder el al., 1999) and according to 

manufacturer’s recommendations using rat anti-mouse IgE (BD Pharmingen, San Diego, 

CA), standard IgE (BD Pharmingen) and rat anti-mouse IgE-HRP (Southern 

Biotechnology Associates, Birmhingham, AL) for the total IgE assay, with the 

substitution of biotinylated ovalbumin (Immunoprobe Biotinylation Kit; Sigma-Aldrich), 

followed by addition of Streptavidin-HRP (BD Pharmingen), for the antigen-specific 

assay. Both cytokine and immunoglobulin assays were developed with TMB substrate 

and read at 450 nm using a Bio-Rad microplate reader and software (Bio-Rad, Hercules, 

CA). Sensitivity for total IgE was 1 ng/ml. Antigen-specific IgE results are expressed in 

units of absorbance (optical density; OD).
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6.3.11 Cytokine analysis

Cytokines were measured in the supernatants of BAL fluid and/or serum.

Antibody pairs and protein standards for IL-4,1L- 5, and IFN-y ( BD Pharmingen) as v/ell 

as IL-3 and TGF-Pi (R&D Systems, Minneapolis, MN) were used according to 

manufacturer’s recommendations. Sensitivities for the assays were 12. 8. 9. 8, and 5 

pg/ml, respectively.

6.3.12 Histology

Whole lungs were removed, set in tissue freezing medium (Triangle Biomedical 

Sciences, Durham, NC) and frozen immediately in liquid nitrogen. Sections of 8 pm 

thickness were prepared and stained with FI&E. Slides were analyzed under low-power 

(lOx) for a determination of total peribronchial inflammation. Semi-quantitative analysis 

was achieved by assigning a value of zero, for no inflammation, one, for mild 

inflammation, two, for moderate inflammation and three, for severe inflammation (see 

Figure 6.3.12.1). Under higher power magnification (40x), eosinophilic infiltration was 

determined by counting the number of eosinophils within the inflamed peribronchial 

region and expressing this as a percentage.
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Figure 6.3.12.1. Representative H&E stained murine lung sections.
Sections were graded for peribronchial inflammation and scaled separately for percent 
peribronchial eosinophilia. Shown are representative section for (A) grade zero, or no 
inflammation, lOx; (B) grade one, or mild inflammation, lOx; (C) grade two, moderate 
inflammation, 1 Ox; and (D) peribronchial eosinophils (arrows), 40x.
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Data were analyzed using GraphPad PRISM statistical analysis and graphing 

software (GraphPad, San Diego, CA). For pulmonary function assays, the analysis of 

variance using all treatment groups was used to determine differences between both the 

experimental or control groups and the pre-randomized sensitized animals (on day 40/41 

vs. day 32/33), as well as between nonsensitized and sensitized control groups (day 

40/41). All other assays were also compared using analysis of variance. Values given 

are means ± SE; n equals six unless otherwise noted. A p value of less than 0.05 was 

considered significant.

6.3.13 Statistical analysis
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6.4 Results

6.4.1 Intranasal BCG administration suppresses airway responsiveness during the 

LAR in pre-sensitized animals.

One week following mycobacterial antigen inoculation to pre-sensitized mice, the 

animals were again challenged with aerosolized 5% Ova and monitored for changes in 

airway responsiveness as described. Only those animals that received intranasal BCG 

showed a significantly suppressed response in the LAR (Figure 6.4.1.1). None of the 

treatment groups exhibited a significant change in the EAR. Statistical comparison 

between the nonsensitized and sensitized control mice for the airway responsiveness of 

the EAR and LAR on both day 32 and day 40 showed significant differences in the EAR 

(p < 0.05) as well as the LAR (p < 0.0001), while no significant changes after the 8 days 

were seen within each control group (data not shown).
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Figure 6.4.1.1. Effect of mycobacteria! antigens on EAR and LAR in pre­
sensitized mice.
Prior to randomization and treatment, all mice were challenged with Ova and pulmonary 
function was recorded during both the EAR (A, open bar) and LAR (B, open bar). One 
week following mycobacterial treatment, mice were rechallenged with Ova in an 
identical fashion. No suppression of the airway responsiveness during the EAR was 
observed in any treatment group (A). Airway responsiveness during the LAR was 
suppressed only with i.n. BCG treatment (B). Significant differences were observed for 
the EAR (p < 0.05) and the LAR (p < 0.0001) between sensitized and nonsensitized 
controls (data not shown). N = 36 for pre-treated groups (open bars), n = six for all other 
groups; # = p < 0.02, compared to sensitized controls.

6.4.2 Mycobacterial administration suppresses airway hypersensitivity, while only 

i.n. BCG treatment suppressed both airw ay hypersensitivity and airway 

hyperreactivity in pre-sensitized animals.

The PC2oo values to methacholine were used as a measure of airway 

hypersensitivity in this experiment, as mice typically reach this point early in the dose- 

response curve. Highly significant suppression was observed for each experimental 

group (Figure 6.4.2.1.A). As a measure of airway hyperreactivity, the maximum Penh 

Index was used, which reflected the highest degree of airway responsiveness as measured
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by this assay. Only the animals treated i.n. with BCG showed significant reduction in 

maximum Penh Index (Figure 6.4.2.1.B). Differences between nonsensitized and 

sensitized control mice were significant for both parameters on either of day 32 and day 

40 (p < 0.05), while no significant changes were observed after eight days within each 

control group (data not shown).
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Figure 6.4.2.1 Effect of mycobacterial antigens on airway hypersensitivity' and 
hyperreactivity to methacholine in prc-sensitized mice.
Prior to randomization and treatment and 24 hours following Ova challenge, mice wrere 
challenged with increasing concentrations of aerosolized methacholine (A and B. open 
bars). One week following mycobacterial treatment and 24 hours following Ova 
challenge, the methacholine challenge was repeated. PC200 values were determined and 
presented as a measure of airway hypersensitivity. A; all mice treated with mycobacteria 
showed very significant suppression, with the greatest effect in the BCG i.n. group. The 
maximum Penh index refers to the greatest observed fold-increase over baseline Penh 
values and is presented as a measure of airway hyperreactivity. B; only mice treated with 
BCG i.n. showed significant suppression for this parameter. Statistically significance 
values (p <0.05 to p <0.01) were observed for both PC200 values and maximum P,.nh index 
values between sensitized and nonsensitized controls (data not shown). *** = p < 0.001, 
** = p < 0.01; * = p < 0.05, compared to sensitized controls.
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6.4.3 Reductions in specific BAL leukocyte populations were split among various 

treatment groups.

Lavage was administered following methacholine challenge on day 41. 

Eosinophil numbers were significantly reduced only in the i.n. experimental groups, to 

statistically the same degree in each (Table 6.4.3.1). Lymphocytes, the only other group 

of white cells to be reduced in the experiment, were reduced only in the M. vaccae- 

treated animals, regardless of antigen delivery route. Finally, while both i.n. treatment 

groups yielded apparent reductions in total BAL leukocytes, only the i.n. M. vaccae- 

treated animals showed a significant reduction.

Table 6.4.3.1 Effect of mycobacterial antigens on BAL cells (raw values x 10J)

S e n s ­

i t ized

T re a tm e n t T o ta l  C e l l s M a c r o ­

p h a g e s

N e u t ro p h i l s L y m p h o c y t e s E o s in o ­

p h i l s

- V e h ic le  i.n. 5 0 .3  ±  3** 4 9  ± 3 * 1.3 ± 0 . 4 * 0 .0 5  ± 0 . 0 5 * * 0

- V e h ic le  i.p. 5 1 .2  ±  8** * 4 8  ±  7* 2.3 ±  1.5* 0.5 ± 0 . 3 * * 0

+ V e h ic le  i.n. 4 5 0  ±  93 130 ± 2 8 2 9  ±  ¡4 38  ±  11 2 6 3  ± 7 1

+ V e h ic le  i.p. 4 6 6  ±  42 100 ±  14 31 ±  13 52 ±  12 2 8 3  ±  42

+ B C G  i.n. 3 1 7  ± 3 9 # # # 158 ± 2 2 # # 35 ± 9 # 2 0  ± 5 # 104 ± 2 5 *

+ B C G  i.p 5 2 7  ±  6 3 # # # 2 1 5  ±  1 9 # # # 52 ±  18# 28  ±  10# 231 ±  4 6

+ M. vaccae  i.n. 2 0 2  ±  51 * /# 99  ± 2 5 2 0  ± 8 # 9 ±  4 * /# 73 ± 2 1 *

+ M. vaccae  i.p. 371 ± 4 2 # # # 151 ±  1 4 # # # 2 9  ±  10# 8 ±  4 * * 183 ± 3 2

*** = p < 0.001; ** = p < 0.01; * = p < 0.05 compared to sensitized controls 

### = p<0.001;## = p<0.01;#  = p<0.05 compared to nonsensitized controls
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6.4.4 Neither total serum IgE nor Ova-specific IgE is suppressed after 

mycobacteria treatment.

While very significant increases were seen in sensitized control animals 

compared to nonsensitized animals, no reductions compared to sensitized animals were 

seen with any experimental group for either total IgE or Ova-specific IgE (Table 6.4.4.1 )

Table 6.4.4.1 Effect of mycobacterial antigens on total and Ova-specific serum IgE

Sensitized Treatment Total serum IgE Ova-specific IgE

(ng/ml) (OD)

- Vehicle i.n. 78.6 ± 7* 0.53 ±0.03***

- Vehicle i.p. 23.4 ±6* 0.5 ±0.02***

+ Vehicle i.n. 271 ±36 1.4 ±0.2

+ Vehicle i.p. 337 ±68 1.6 ± 0.1

+ BCG i.n. 290 ±58 1.5 ±0.1###

+ BCG i.p. 313 ±62# 1.5 ±0.1###

+ M. vuccae i.n. 341 ±76 1.5 ±0.03###

+ M. vaccae i.p. 296 ± 57## 1.4 ±0.1###

*** = p < 0.001; * = p < 0.05 compared to sensitized controls

### = p < 0.001 ; ## = p < 0.01 ; # = p < 0.05 compared to nonsensitized controls
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6.4.5 BAL IL-5 concentrations are suppressed with mycobacterial treatment, 

while only intranasal BCG treatment increased BAL IFN-y.

Supernatants collected from BAL fluid were analyzed for the presence of several 

cytokines. IL-5 was significantly reduced in all treatment groups, except for i.n. M 

vaccae (Table 6.4.5.1). Interestingly, IFN-y was only detected in the BAL fluid from 

mice treated with i.n. BCG. IL-4, while tending toward lesser amounts in all treatment 

groups, was not found to be significantly decreased after mycobacterial antigen exposure. 

TGF-P was observed at insignificantly increased levels in almost all experimental groups 

compared to sensitized controls. IL-3 could not be detected in the BAL assays. There 

was no significant difference in serum IFN-y between the treatment and sensitized control 

groups. Assays for serum IL-3, IL-4 and IL-5 were unfortunately not sufficiently 

sensitive.
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Table 6.4.5.1 Effect of mycobacterial antigens on cytokines in presensitized mice.

B A L S e ru m

S en s i t iz ed T r e a tm e n t IL-5 IL-4 T G F - p IFN -y IFN -y

- V e h ic le  i.n. 161 ± 2 9 * * 73 1  7* U D 1 0 1 0 . 3 1 1 9 1 3 6

- V e h ic le  i.p. 51 ± 3 5 * * 64  1 7 * U D 7 1  1.0 87 1 2 1

+ V e h ic le  i.n. 4 0 9  ±  58 2 0 2  1  64 8 9 1 2 3 7 1 2 195 1 7 9

+ V e h ic le  i.p. 5 0 5  ±  62 261 1  79 8 0 1 2 2 7 1 0 . 5 1 3 6 1 4 5

+ B C G  i.n. 1 6 2 1 3 2 * * 142 1 3 0 7 9 1 2 1 31 1 7 * 2 3 4  1  36

+ B C G  i.p. 2 5 9  ±  5 6 * /# 147 1 2 6 # 1 2 7 1 2 3 6 1 1 . 3 3 2 7  1  6 5 # #

+ M. vaccae  i.n. 1 8 8 1 9 3 1 1 0 1 4 2 143 1 2 6 6 1 0 . 3 # # 2 6 5  1  70

f M. vaccae  i.p. 103 1  56* * 63  1 2 6 1 1 0 1 2 3 5 t  0 .8 3 5 0  1  7 6 #

Note: IL-3 was undetectable in either BAL or serum samples, 1L-5 was undetectable in 

serum. UD = undetectable, ** = p<0.01;* = p <  0.05 compared to sensitized controls; 

## = p < 0.01; # = p <0.05 compared to nonsensitized controls.

6.4.6 Eosinophilic infiltration of the peribronchial area is significantly suppressed 

with BCG treatment.

Lung sections were inspected for both an overall semi-quantitative score of 

inflammation as well as a measure of the degree of eosinophilic infiltration. Post­

sensitization treatment with mycobacterial antigens did not have any effect on the degree 

of peribronchial inflammation (Figure 6.3.12.1/Figure 6.4.6.1.A). However, the number 

of eosinophils infiltrating the peribronchial region was significantly reduced only with 

BCG treatment of either route, while apparent, yet insignificant, reductions were also 

seen with M vaccae treatment (Figure 6.3.12.1/Figure 6.4.6.1.B).
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Figure 6.4.6.1 Effect of mycobacterial antigens on peribronchial ceilularity and 
percent peribronchial eosinophilia in pre-sensitized mice.
A, Lung sections were graded as described in Figure 6.3.12.1. No differences were 
observed between mycobacteria-treated and sensitized control groups. B, The percentage 
of eosinophils in the peribronchial inflammation was determined for each treatment 
group. Only BCG-treated animals showed significant protection against eosinophilic 
infiltration. * * = p < 0 . 0 1 ; * = p <  0.05 compared to sensitized controls. ## = p < 0.01; # 
= p < 0.05 compared to nonsensitized controls.
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6.5 Discussion

This study examined the effects of two different mycobacterial antigens and two 

different routes of administration on Ova pre-sensitized mice. A comprehensive follow­

up of numerous allergic parameters was incorporated in an attempt to direct the formation 

of hypothesis accounting for the observed effects. While evidence suggests that direct, 

local delivery of mycobacterial antigens is superior to systemic delivery in suppressing 

allergic responses in the murine model (Erb et al., 1998), the fact that either work to 

varying degrees may be useful in determining mechanisms.

Intranasal BCG treatment (one dose, IxlO5 CF(Js) was the most effective 

treatment in reversing antigen-induced asthma in this study. It was effective in reducing 

airway responsiveness during the LAR (Figure 6.4.1.1), both airway hypersensitivity and 

hyperreactivity to methacholine (Figure 6.4.2.1), BAF eosinophilia (Table 6.4.3.1), BAT 

IF-5 (Table 6.4.5.1), and peribronchial eosinophilia (Figure 6.4.6.1). Other 

combinations, while variably effective in terms of cellularity and cytokines, did not differ 

amongst each other in terms of their effects on pulmonary functions. While these data 

cannot discern the exact mechanism, the observations of highly significant reductions in 

peribronchial eosinophilic infiltration and BAF IF-5 concentrations in samples from 

animals treated i.n. with BCG do implicate the role of the eosinophil. Indeed many 

reports have also positively correlated eosinophils and/or IF-5 with AHR (De Monchy et 

al, 1985; Foster et al., 1996; Hamelmann et al., 1997a).

None of the treatments abrogated IgE (total or Ova-specific), IF-4 or Ova-induced 

airway responsiveness associated with the EAR. These findings are consistent with my
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previous observations that mycobacterial pre-treatment also failed to affect this (see 

Chapter 5).

In addition to my work, others have demonstrated a suppressive effect on various 

parameters of allergic inflammation in mouse models after mycobacteria pre-treatment 

(Herz el al., 1998; Erb et al., 1998; Tukenmez et al., 1999; Bakir et al., 2000). However, 

except for one report from the work of Wang and Rook (1998), there is no information as 

to the potential for these antigens in attenuating a pre-existing allergic state. This is not 

an insignificant detail, as envisioning future immunotherapies for allergic asthma must 

certainly take into account pre-sensitized individuals in addition to aiming to prevent 

sensitization altogether.

In light of the potential clinical application of the literature in this area, the stark 

contrast of my findings on the effect of mycobacterial antigens on serum IgE to those of 

Wang and Rook becomes all the more important. Similarities between the study designs 

include very relevant factors of gender and genetic strain, while the differences may 

account for the discrepancies. Wang and Rook (1998) found total IgE suppression (with 

neither Ova-specific IgE nor IgGj being suppressed) with 107-109 CFUs of M. vaccae, or 

100 to 10,000 times the amount used in my protocol. Erb and colleagues (1998), using 

BCG treatment at the outset of Ova sensitization, found no change in either IgE or IgGi 

with doses on the order of 105, while other allergic parameters were nonetheless 

suppressed. I did not include such a high range of concentrations, as this low;er dose has 

consistently suppressed the central parameters of AHR to methacholine, airway 

responsiveness to antigen challenge during the LAR and eosinophilia (see Chapters 4 and 

5).
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One of the hypotheses I have proposed as a result of my research is that 

mycobacterial antigens suppress asthma-like parameters independent of IgE. This is 

consistent with the reports of other investigators who have shown that IgE is not required 

for the development of eosinophilic airway inflammation and AHR in mice (Hogan et al., 

1997; Wilder el al., 1999; MacLean et al., 1999; Hamelmann et al., 1999). Should this 

prove to be the case, the entire breadth of the type 2 response, such as IL-4 and IgE, may 

not necessarily require suppression, easing concerns of the notion of a pendulum 

swinging too far to the type 1 T-cell response side (with unintended effects that may 

accompany this) and enabling novel approaches towards conventional immunotherapy. 

Indeed, the current therapy of choice for moderate to severe asthmatics is inhaled 

glucocorticoids, which themselves do little to suppress IgE levels (Turktas et al., 1996; 

Chong et al., 1997; Crater et al., 1999).

Attempts to reverse or suppress a pre-existing type 2 cytokine-weighted state 

raises questions of the stability and plasticity of T-cell cytokine secretion profiles. Ohta 

and colleagues (1997) demonstrated a delayed-type hypersensitivity (DTH) responses in 

BALB/c mice adoptively transferred with type 1 T-cells primed in vitro, a response that 

lasted several months. Infants, too, are thought to possess a type 2-weighted T-eell 

repertoire (Prescott et al., 1998) and recent evidence supports the hypothesis that in utero 

allergic sensitization occurs (Szepfalusi el al., 2000). Marchant and colleagues (1999) 

demonstrated a lasting proliferative response and IFN-y release in response to PPD 

challenge at one year of age in infants immunized with BCG at birth. A significant 

suppression of IL-4 was not concurrently observed (Marchant et al, 1999). The data 

obtained in this study supports this. Murphy and colleagues (1996) present data arguing
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against the plasticity of T-helper populations after long-term (three weeks), polarized 

stimulation. Such in vitro experiments almost certainly oversimplify the complex, 

heterogeneous stimuli presented to maturing T-cells in vivo. One must be very cautious 

in extrapolating. Nonetheless, the issue is highly relevant and on-going studies in the lab 

aim to address it. Ultimately, the quality somewhat unique to mycobacterial antigens, to 

evade complete eradication by the immune system and thus continue to stimulate local 

type 1 cytokine responses, may become realized as a rather useful, slow-release ‘capsule5 

for sustained suppression of some type 2-like responses.

In the present study, mycobacterial antigens failed to suppress the local secretion 

of TGF-Pi (Table 6.4.5.1). This cytokine has been implicated in the pro-fibrotic changes 

occurring in airway remodeling (Border and Noble, 1994). Investigators have further 

linked expression of TGF-Bi with eosinophils (Vignola el al., 1997; Minshall et al., 

1997) and have found significantly increased levels in BAL fluid after allergen challenge 

(Redington et al., 1997) in humans. My finding of unaffected BAL TGF-(3| 

concentrations in murine BAL samples was an unexpected result in light of the 

suppressed eosinophil numbers. Although a complete account of the relative role that 

airway macrophages may play in TGF-|3| levels, and thus remodeling, remains to 

determined, it is known that these cells can produce this cytokine (Vignola et al., 1996) 

and activated macrophages may have been an important source in this experiment. In 

any event, the TGF-Pi finding in this study do encourage a more thorough examination of 

the effects mycobacteria may have on airway remodeling.

The blockade of eosinophils through various mechanisms has been correlated 

with abrogation of late allergic responses (Cieslewicz et al, 1999) and airway

151



hyperreactivity (Foster et al., 1996). There is also considerable evidence suggesting the 

eosinophil product major basic protein (MBP) and its antagonistic effect on inhibitory M2 

receptors may be at least partly responsible for this acute airway narrowing (Costello et 

al., 1998). Eosinophils, both BAL and peribronchial, were significantly inhibited in mice 

treated with BCG i.n. (Table 6.4.3.1 and Figure 6.4.6.1). The most dramatic reduction in 

both airway hypersensitivity and hyperreactivity were also observed in this group (Figure 

6.4.2.1). These results support the hypothesis that eosinophils and not antigen-specific B 

cells are a more important target of the action of mycobacterial antigens in this mouse 

model of asthma.

In summary, I have shown that low, single-dose mycobacterial treatment can 

suppress the EAR, AFIR to methacholine and BAL 1L-5 and eosinophilia in pre­

sensitized BALB/c mice without affecting serum IgE levels. While more investigation is 

needed to define the durability of this effect, these results support the hypothesis that 

BCG may be an effective immunotherapeutie agent, operating in unique ways to inhibit 

asthma symptoms.
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Chapter 7

BCG docs not suppress airway remodeling despite blocking acute allergic 
responses in a mouse model o f chronic ovalbumin exposure
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7.1 A bstract

Airway remodeling, through deposition of extra-cellular matrix proteins and 

tissue hypertrophy or hyperplasia, is a common feature of chronic asthmatic airways and 

is being investigated for its effect on pathophysiology in the airways. We have recently 

reported a protective role for mycobacterial antigens in a mouse model of asthma with 

short-term Ova exposure, we hypothesized that these antigens prevent asthma features 

consistent with remodeled airways in addition to preventing airway resistance in a 

chronically Ova-exposed mouse model of asthma. BALB/c mice were sensitized and 

exposed to repeated Ova aerosolizations for nine weeks. During this period, mice were 

treated with dexamethasone (1 mg/kg i.p., weekly), or mycobacterial antigens. BCG or 

Mycobacterium vaccae ( lxl t f  CFUs in., twice). Chronic Ova exposure resulted in 

significant increases in local inflammation, collagen and epithelial thickness in both 

bronchi and trachea. Dexamethasone suppressed these pathological changes, while there 

was no effect of either mycobacterial antigen. Ova challenge after nine weeks resulted in 

significant increases in airway caliber during the early (EAR) and late (LAR) allergic 

responses in addition to airway hyperresponsiveness (AHR) to methacholine. Only BCG 

suppressed responses in all of the functional parameters, with dexamethasone suppressing 

the LAR and AHR. M. vaccae failed to have any effect. Both dexamethasone and BCG 

suppressed BAL eosinophilia, TGF-(3| and eotaxin levels. We conclude that BCG 

strongly maintains its ability to suppress more acute responses without suppressing 

airway remodeling. Further investigation is required, as the connection between 

remodeled airways in asthma and decreased pulmonary function in humans remains to be 

firmly established.
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7.2 Introduction

The disease of asthma has been increasingly appreciated for its capacity for 

chronic inflammation and changes within the airways that have become known as 

‘airway remodeling’ (Elias et al, 1999; Fish and Peters, 1999b). These changes include 

deposition of collagen (types I, 111 and V) in the collagenous zone of the sub-basement 

membrane (SBM) with a concurrent deposition of fibronectin and tenascin. smooth 

muscle hypertrophy/hyperplasia, goblet cell hyperplasia/metaplasia, and hypervascularity 

(Busse et al, 1999; Elias et al., 1999). Associated with these changes are growth factors 

transforming growth factor-(3 (TGF-P) (Border and Noble, 1994; Minshall el al., 1997), 

fibroblast growth factor (FGF) (Redington et al., 2001), insulin-like growth factor (IGF) 

(Hoshino et al., 1998b), matrix metalloproteinases (MMP) (Schwingshackl et al., 1999) 

and IL-11 (Tang et al., 1996). Many of the same cells implicated in episodes of acute 

allergic exacerbations, most notably the eosinophil, are additionally implicated in 

releasing these pro-fibrotic growth factors (Minshall et a l, 1997; Schwingshackl et al., 

1999). Correlation of these pathologies to diminished airway functioning has been the 

result of several studies (Hoshino et al. 1998a; Alvarez et al., 2000). As such, 

researchers in both clinical and basic science areas have placed increased attention on 

these factors.

In the laboratory, mouse models of asthma have been adapted to paint a more 

complete picture of the remodeling pathology in addition to the acute changes for which 

these models are well known (Brewster et al., 1990; Blyth et al, 1996; Temelkovski et 

al, 1998). These newer models maintain airway hyperresponsiveness and tissue 

eosinophilia, with the addition of several parameters mentioned above, following chronic

155



aerosolized allergen exposure. Studies have been designed to test interventions in these 

‘chronic’ models that have previously shown promise in ‘acute’ models (Blyth et al., 

2000).

I have previously demonstrated the ability of mycobacterial antigens to attenuate 

several parameters of asthma in an ‘acute’ mouse model of asthma (that is, one in which 

sensitization to Ova was maintained only long enough to induce AHR, IgE elevation and 

eosinophil recruitment into the airways). In the case of local (intranasal) exposure to 

mycobacteria, evidence suggests that at least partial adjustment of the type 1 and type 2 

T-cell response may be largely responsible (see Chapter 5).

Eosinophils are among the cell types aclive in asthmatic responses and are chiefly 

suspected of secreting the growth factors, cytokines and enzymes that trigger airway 

remodeling. My results, in addition to those of others (Herz et al., 1998; Erb et al., 

1998), have suggested an important role for the suppression of BAL eosinophilic 

inflammation in addition to type 1 /type 2 response alteration in accounting for the 

protective effects of mycobacterial antigens. Therefore, 1 hypothesized that 

mycobacterial antigen exposure in mice chronically exposed to aerosolized Ova would 

result in decreased airway remodeling in addition to the suppression of BAL eosinophilia 

and AHR that 1 have previously observed.

In this model, mice were first shown to exhibit AHR to methacholine prior to 

mycobacterial treatment, a scenario which may more accurately reflect circumstances in 

many patients. As a standard for effectiveness, mycobacterial treatment was compared 

with that of dexamethasone. I present, for the first time, the ability of BCG to maintain
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significant reductions in more acute responses to allergen challenge without reducing 

changes in airway remodeling.

7.3 Methods

7.3.1 Animals

Four to five-week old female BALB/c mice were purchased from Harlan 

Laboratories (Indianapolis, IN) and housed according to the NIH guidelines. The 

research protocol of this study was approved by the Animal Research Committee of 

Creighton University. Mice were housed in separate cages according to treatment. Food 

and water were provided ad libitum.

7.3.2 Mycobacteria preparation

Lyophilized BCG (Tice; Organon Inc., West Orange, NJ) and Mycobacterium 

vaccae (ATCC # 29678) were cultured in Lowenstein-Jensen media (Remel, Lenexa, KS) 

at the Creighton University Pathology Lab. Three to four weeks after the cultures were 

begun, the vials were centrifuged and resuspended in PBS. Logarithmic dilutions of the 

cells into sterile vials were made for both bacteria. Seven-HIO Agar plates (Remel) 

corresponding to logarithmic dilutions were incubated for an additional two weeks. The 

stock vials were frozen in the meantime at -80° C. Colony forming units (CFUs) on the 

culture plates were counted and estimation of the number of viable organisms in the stock 

vials was then made. Aliquots of lxlO5 organisms (50 pi) in media were made and 

refrozen at -80°C until needed.
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7.3.3 Sensitization

Forty mice were sensitized on days zero and 14 with an intraperitoneal injection 

of 10 pg Grade V chicken egg ovalbumin (Ova) (Sigma-Aldrich, St. Louis, MO) and 2 

mg Alum (Imject Alum; Pierce, Rockford, IL) suspended in PBS to a total volume of 100 

pi. Beginning on day 21, mice were exposed to 2.5% aerosolized Ova using an Ultra 

Neb-09 (DeVilbiss, Sommerset, PA) for three days per week for the following nine 

weeks. A very similar sensitization protocol has been shown to induce remodeling 

changes (Temelkovski et al., 1998). Ten nonsensitized control mice received injections 

and aerosolizations of PBS alone. For a graphical depiction of the sensitization, 

treatment and challenge protocol, see Figure 7.3.3.1.

Mch Chai, Randomization Mch Chai
Ova Sensitization

Ova Chai
Mch Chai

►

Day Ò 14 21-82 28 60 84 85

Figure 7.3.3.1 Study protocol.
The diagram depicts the timing of Ova sensitization, treatment with either dexamethasone 
(Dex), BCG or M. vaccae and challenges with Ova or methacholine (Mch) as described 
in the Methods. Ten animals were in each treatment group (n=10).
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7.3.4 Randomization and treatment

On day 28, and following the first methacholine challenge, sensitized mice were 

equally and randomly divided into four groups. The first group received no intervention, 

the second group received dexamethasone (1 mg/kg i.p.) weekly, the third group received 

lxlO5 CFUs of BCG i.n. immediately and repeated after four weeks, and the fourth group 

received lxlO3 CFUs of Mycobacterium vaccae i.n. immediately and again four weeks 

later. Mice treated with mycobacterial antigens were lightly anesthetized with ketamine 

and xylazine (20:1) to enable intranasal inoculation. Nonsensitized control mice received 

no intervention.

7.3.5 Non-invasive method for measuring pulmonary function

Single-chamber whole-body plethysmographs (Buxco Electronics, Troy, NY) 

were used to measure pulmonary functions. This method has been demonstrated to 

accurately reflect airway responsiveness (Hamelmann et al., 1997b; Chong el a i, 1998), 

expressed in this system as the unitless Penh (enhanced Pause) unit (Dohi et a/., 1999). 

No invasive techniques, anesthetic or restraints were used in this procedure.

7.3.6 Methacholine challenge

One week after the beginning of aerosolized Ova exposure, mice were challenged 

with increasing doses of aerosolized methacholine and pulmonary functions were 

recorded using the Buxco whole-body plethysmograph system. An aerosol challenge at 

each dose was administered with an Ultra Neb-99 nebulizer (DeVilbiss, PA). A one 

minute washout period followed. Immediately thereafter, data were recorded for five
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minutes and a mean of this time period, in terms of Penh, was made. Alter the recording 

period, the Penh values for each mouse were allowed to return to baseline before the next 

higher dose of methacholine was administered. This experiment was repeated for each 

mouse after one month and for a final time 24 hours after final Ova allergen challenge, on 

day 85.

7.3.7 Allergen challenge

All mice were placed in individual plethysmograph chambers nine weeks after the 

first aerosolized Ova exposures and baseline Penh readings were taken. Subsequently, 

mice were challenge to 5% aerosolized Ova for 20 minutes. This was followed by 

recording of pulmonary functions during the EAR (zero to 30 minutes) and the LAR (one 

to seven hours). The results of antigen challenges are expressed as the area under the 

curve (AUC), which is a measure of airway caliber during the EAR or LAR. Here, an 

individual mouse’s baseline Penh value serves as the reference to which subsequent 

increases in Penh are compared for purposes of determining area. Calculations were done 

using the GraphPad PRISM analysis software (ver. 2.0, GraphPad Software, Inc., San 

Diego, CA).

7.3.8 BAL collection

Immediately following the final methacholine challenge the mice were 

euthanized with a lethal dose of pentobarbital. Tracheas were cannulated and lungs were 

washed with 1 ml PBS. Cytospin slides were prepared from each sample following 

lavage cell counting using a Coulter Counter. Slides were stained with Protocol Hema 3
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(Swedesboro, NJ)) for analysis of differential cell populations using standard 

morphological criteria.

7.3.9 Serum immunoglobulin analysis

Collected blood was immediately centrifuged and serum was collected and stored 

at -70°C for later analysis. ELISA for both total and antigen-specific IgE was conducted 

as previously described (Wilder et al., 1999) and according to manufacturer’s 

recommendations using rat anti-mouse IgE (Pharmingen), standard IgE (Pharmingen) and 

rat anti-mouse IgE-HRP (Southern Biotechnology Associates) for the total IgE assay, 

with the substitution of biotinylated ovalbumin (Immunoprobe Biotinylation Kit; Sigma), 

followed by addition of Streptavidin-HRP (Pharmingen), for the antigen-specific assay. 

Both cytokine and immunoglobulin assays were developed with TMB substrate and read 

at 450 nm using a Bio-Rad microplate reader (Hercules, CA) and software (v 4.0). 

Sensitivity for total IgE was I ng/ml. Antigen-specific IgE results are expressed in units 

of absorbance (optical density; OD).

7.3.10 Cytokine and chemokine analysis

Cytokines were measured in the supernatants of BAL fluid. Antibody pairs and 

protein standards for IL-4, and IFN-y (Pharmingen, San Diego, CA) as well as TGF-ffi 

(R&D Systems, Minneapolis, MN) were used according to manufacturer’s 

recommendations. Eotaxin was measured using a Quantikine assay kit (R&D Systems) 

according to manufacturer’s recommendations. Sensitivities for the assays were 12, 8 

and 10 pg/ml, respectively for the cytokines and 3 pg/ml for eotaxin.
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Whole lungs and tracheas were removed, set in tissue freezing medium (Triangle 

Biomedical Sciences, Durham, NC) and frozen immediately in liquid nitrogen. Sections 

8 jam thick were prepared and stained with either H&E (Sigma) or Gomori’s trichrome 

(Rowley Biochemical institute, Danvers, MA). H&E-stained slides were analyzed under 

low-power (lOx) for a determination of total peribronchial inflammation. Semi­

quantitative analysis was achieved for peribronchial inflammation by assigning a score of 

zero, for no inflammation, one, for slight/mild inflammation, two, for moderate 

inflammation and three, for severe inflammation (see Figure 7.3.11.1). Under higher 

power magnification (40x), cross-sectioned tissues (trachea and medium-sized airways) 

were divided into four quadrants and tracheal and bronchial epithelial thickness and sub­

basement membrane collagen thicknesses were measured in each using a graticule in a 

blinded fashion. The data from four quadrants were averaged for each section. 

Similarly, cells within lamina propria zones (beneath tracheal basement membrane and 

above cartilage) were counted and averaged after dividing tracheal sections into four 

quadrants

7.3.11 Histology
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Figure 7.3.11.1 Histology of the mouse trachea and lung in Ova- 
sensitized/Ova-challenged (A,B,C) and non-sensitized/Ova-challenged (D,E,F) mice.
Lungs and tracheas were snap-frozen and stored at -70°C. Sections were cut at 8 pm and 
stained with either H&E or Gomori’s Trichrome. 1A, peribronchial inflammation 
characteristic of Ova-sensitized and challenged mice (H&E, 4x original magnification). 
IB, thickened SBM (thin arrow) and epithelium (thick arrow) adjacent to pocket of 
inflammation in Ova-sensitized control mouse (Gomori’s, 60x). 1C, thickened tracheal 
SBM (thin arrow) and epithelium (thick arrow) neighboring lamina propria zone 
(Gomori’s, 60x). ID, absent peribronchial inflammation characteristic of non-sensitized 
controls (H&E, 4x). IE, normal SBM (black arrow) and epithelium (white arrow) 
characteristic of non-sensitized mouse (Gomori’s, 60x). IF, normal tracheal SBM (thin 
arrow) between epithelium (thick arrow) and lamina propria (H&E, 60x).
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Data were analyzed using GraphPad PRISM statistical analysis and graphing 

software (GraphPad, San Diego, CA). The analysis of variance using all treatment 

groups and Tukey’s post hoc test was used to determine differences between both the 

experimental and control groups. Values given are means ± SE; n equals ten unless 

otherwise noted. A p value of less than 0.05 was considered significant.

7.3.12 Statistical analysis
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7.4 Results

7.4.1 Tracheal and bronchial thickening after chronic Ova exposure partially 

suppressed with intervention.

Following nine weeks of thrice-weekly exposure to aerosolized Ova both lungs 

and trachea sections were analyzed for changes representative of airway remodeling 

(Table 7.4.1.1, Figure 7.3.11.1). Inflammatory cells were increased in the peribronchial 

region with chronic Ova exposure (p < 0.01) (Figure 7.3.11.1 A). This was accompanied 

by increased thicknesses of both the sub-basement membrane (SBM) collagenous zone (p 

< 0.001) and the airway epithelium (p < 0.01) (Table 7.4.1.1; Figure 7.3.11.1B). Less 

dramatic changes were observed in the tracheal sections, with SBM collagen thickness 

increased (p < 0.05) with an accompanying increase in tracheal epithelial thickness (p < 

0.05) (Table 7.4.1.1). Tracheal smooth muscle (SM) thickness was increased after Ova 

exposure (p < 0.05), as was the cellularity within the lamina propria zone, as compared 

to the non-sensitized group (p < 0.05) (Figure 7.3.1 LIE,F). While dexamethasonc 

significantly decreased the level of remodeling within the lung, neither mycobacterial 

species effectively reduced these parameters (Table 7.4.1.1). In the trachea, 

dexamethasone only reduced SBM thickness, while BCG reduced SM thickness as well 

as cellularity within the lamina propria. the latter of which was also reduced with M. 

vaccae (Table 7.4.1.1).
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Table 7.4.1.1 Changes in inflammation and tissue thickness as measured by

microscopy

Sensitization/treatment

PBS/none Ova/none Ova/dexa-

methasone

Ova/BCG Ova/

M. vuccae

Peribronchial inflammation 0.5 (0.2)** 1.2 (0.1) 0.8 (0.1)*/# 0.9 l. l

score (0.1)### (0.1)###

Bronchial SBM collagen 2.4 (0.1)*** 6.1 (0.5) 3.4 (0.5)**/# 6.2 5.5

thickness (pm) (0.5)### (0.5)###

Bronchial epithelium 12.2 (1.1)** 18.4 (1.2) 11.3 (1.0)*** 17.5 17.8

thickness (pm) (1.3)## (1.5)##

Number o f cells in lamina 20.2 (7.3)* 52.0 (9.7) 28.7 (8.5) 20.4 26.9

propria per 100 pm (4.9)** (4.8)*

basement membrane

Tracheal epithelium 15.6 (1.4)* 21.3 (2.9) 22.1 (3.4) 19.5 (1.9) 22.9(3.5)

thickness (pm)

Tracheal SBM collagen 5.7 (0.5)* 7.1 (0.4) 5.6 (0.4)* 6.1 (0.4) 7.3 (0.2)#

thickness (pm)

Tracheal SM thickness 64.4 (6.2)* 94.0(9.9) 70.0(8.0) 45.4 68.5 (7.0)

(pm) (12.9)*

PBS, phosphate-buffered saline, Ova, ovalbumin; SBM, sub-basement membrane; SM. 
smooth muscle. Shown are means and (SE); * p < 0.05, ** p < 0.01, *** p < 0.001, 
compared to Ova/none; # p < 0.05, ## p < 0.01, ### p < 0.001 compared to PBS/none.
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7.4.2 BCG suppresses BAL eosinophilia.

Shown in Figure 7.4.2.1A are the increased eosinophils observed in the BAL 

fluid after chronic Ova exposure (p < 0.001). This was accompanied by increases in 

lymphocytes (p < 0.001) (Figure 7.4.2.1A) and neutrophils (p < 0.01) (7.4.2.1C). Both 

dexamethasone and BCG suppressed BAL eosinophilia (p < 0.05 and < 0.01, 

respectively). BCG and M. vaccae increased macrophages in the BAL fluid (p < 0.001 

and < 0.05, respectively). Total BAL cell numbers were significantly affected only with 

BCG, which resulted in an 80% increase (p < 0.01, data not shown).
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Figure 7.4.2.1 Cell populations within BAL.
Mice were initially (day zero and day 14) injected with alum-adsorbed Ova and 
subsequently exposed to aerosolized Ova (2.5%, 30 minutes, 3x per week) for nine 
weeks. Some mice were treated with weekly injections (1 mg/'kg) of dexamethasone 
(checkered bars), others with two i.n. inoculations (lxlO3 CFUs, day 30 and day 60) of 
either BCG (horizontal lines) or M. vaccae (vertical lines). Mice were sacrificed and 
lavaged following the nine-week regimen of Ova exposure. A, total Eosinophils; H, total 
Lymphocytes; C, total Neutrophils; D. total Macrophages. Open bars, 
nonsensitized/nontreated; Black bars, Ova-sensitized/nontreated; Checkered bars, Ova- 
sensitized/dexamethasone-treated; Horizontal line bars, Ova-sensitized/'BCG-treated; 
Vertical line bars, Ova-sensitized/M w/ccc/c-treated. Shown are means ± SE for 10 mice 
per group. * p < 0.05, ** p < 0.01, *** p < 0.001, compared to Ova-sensitized/non- 
treated mice; # p < 0.05, ## p < 0.01, ### p < 0.001, compared to non-sensitized/non- 
treated mice.

168



7.4.3 Serum IgE levels were unaffected in experimental groups.

Ova exposure increased both total (p < 0.01) and Ova-specific (p < 0.05) serum 

IgE levels (Table 7.4.3.1). Neither dexamethasone nor either of the two mycobacterial 

antigens produced any change in either total or antigen-specific serum IgE levels when 

measured after nine weeks.

Table 7.4.3.1 Total and Ova-specific serum IgE concentrations

Sensitization/treatmem

PBS/none Ova/none Ova/dexa-

methasone

Ova/BCG Ova/A/. vaccae

Total serum IgE (ng/ml) 83 0 (7.8)** 1639 (266) 1952 (368)# 1362 

( 190)#?f

1878 (256)##

Ova-specific serum IgE 

(OD)

0.49 (0.10)* 1.09 (0.13) 1.4!

(0.11)###

1.15

(0.11)##

1.35 (0.11)###

Shown are means and (SE); * p < 0.05, ** p < 0.01, compared to Ôva/none; # p < 0.05, 
## p < 0.01, ### p < 0.001, compared to PBS/none.

7.4.4 TGF-Pi and eotaxin levels were lowered significantly in dexamethasone and 

BCG-treated groups.

Cytokines IL-4, IFN-y, and TGF-(3 and eotaxin were measured in BAL 

supernatants nine weeks after the onset of aerosolized Ova exposure. Ova exposure alone 

resulted in significant increases in TGF-Pi (p < 0.001), IL-4 (p < 0.05) and eotaxin (p < 

0.001), with no effect on the concentration of IFN-y (Table 7.4.4.1). Reductions were 

observed in all experimental groups for TGF-Pi, with statistical significance reached only
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in those treated with dexamethasone (p < 0.01) or BCG (p < 0.05). Significant increases 

(p < 0.05) were observed for IFN-y levels in mice treated with either mycobacterial 

antigen, with increases not reaching significance in mice treated with dexamethasone. 

Dexamethasone decreased IL-4 concentration in the BAL fluid (p < 0.05), while neither 

mycobacterial antigen had any effect. Eotaxin was reduced significantly by both 

dexamethasone and BCG (p < 0.05). while there was no affect of M. vaccae.

Table 7.4.4.1 Analysis of cytokine and chemokine concentrations (pg/ml) in the 

BAL fluid.

Sensitization/treatment

PBS/none Ova/none Ova/dexa-methasone Ova/BCG Ova¡M. vaccae

IL-4 8.8 (3.7)* 35.8 (5.6) 17.0(4.9)* 37.1 (7.6)# 32.9 (4.8)##

IFN-y 50.0(7.7) 39.7(6.5) 79.5 (21.5) 88.5 (18.7)* 100.6(17.3)*

TGF-P 66.8(9.4)*** 190.2 (21.7) 124.0(5.8)**/### 142.1 146.7(13.7)##

(6.1 )*/###

Eotaxin 15.6(2.8)*** 107.2 (20.6) 52.6(11.4)*/## 53.8 79.3 (18.1 )##

(12.8)*/##

Shown are means and (SE); * p < 0.05, ** p < O.Of. *** p < 0.001, compared to 
Ova/none; # p < 0.05, ## p < 0.01, ### p < 0.001, compared to PBS/none.
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7.4.5 PCioo values to methacholine were significantly increased with 

dexamethasone or BCG treatment.

Mice were monitored for changes in sensitivity to aerosolized methacholine 

challenge on three separate occasions. The first challenge occurred one week after onset 

of aerosolized Ova exposure (day 28). This was followed one month later by a second 

challenge (day 60) and again after the completion of the nine week Ova exposure 

regimen (day 85). Mice subjected to Ova exposure with no intervention exhibited 

significantly increased sensitivity (p < 0.05) to methacholine at each challenge (Table 

7.4.5.1). Significantly decreased sensitivity (p < 0.05) to methacholine was seen in the 

dexamethasone- and BCG-treated mice with the final challenge (Table 7.4.5.1). There 

was no effect of M. vaccae treatment on the sensitization to methacholine (Table 7.4.5.1).

Table 7.4.5.1 Effect of mycobacterial antigens on the PCjoo value (mg/ml) to 

methacholine.

Sensitization/treatment

PBS/none Ova/none Ova7 Ova/BCG Ova/

dexamethasone M. vaccae

Day 28 13.1 (3.8)* 3.6 (0.7) 4.1 (0.7)# 4.4 (0.6)# 3.6 (0.7)#

Day 60 17.6(2.7)* 9.7 (2.2) 11.8 (2.1) 15.1 (3.9) 15.0(3.5)

Day 85 19.2 (2.6)* 9.8 (2.0) 23.8 (5.1)* 24.0(5.7)* 18.8(4.1)

Shown are means and (SE); * p < 0.05, compared to Ova/none; # p < 0.05, compared to 
PBS/none.
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7.4.6 BCG suppresses both early and late allergic response after Ova challenge.

Following the nine week course of thrice weekly, 30-minute, 2.5% Ova exposure, 

mice were challenged with aerosolized 5% Ova for 20 minutes. The early (EAR; zero to 

30 min.) and late (LAR; one to seven hours) allergic responses were recorded. Challenge 

with Ova resulted in significant increases in AUC (derived from airway responsiveness) 

for both the EAR (p < 0.01) and the LAR (p < 0.001) (Figure 7.4.6.1). Treatment with 

BCG suppressed the airway resistance during the EAR (p < 0.05) and the LAR (p < 

0.01), while dexamethasone only suppressed resistance during the LAR (p < 0.05) 

(Figure 7.4.6.1). M. vaccae did not confer any protection during either phase of the 

response.
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Figure 7.4.6.1 Area under the curve (AUC) for the early (EAR) and late (LAR) 
allergic responses to Ova challenge.
Mice were sensitized and treated as described in the Methods. Upon completion of the 
nine week regimen of Ova exposure, mice were challenged with aerosolized 5% Ova for 
20 minutes. Recording of airway responsiveness was done in alert, non-anesthetized and 
non-restrained animals. A, AUC for the EAR, which included the first 30 minutes of 
recordings of pulmonary functions following Ova challenge. B, AUC for the LAR, 
which included recordings of pulmonary functions between one and seven hours 
following Ova challenge. AUC was calculated as described in the Methods. Open bars, 
nonsensitized/nontreated; Black bars, Ova-sensitized/nontreated; Checkered bars. Qva- 
sensitized/dexamethasone-treated; Horizontal line bars, Ova-sensitized/'BCG-treated; 
Vertical line bars, Ova-sensitized/M vr/ccae-treated. Shown are means ± SE for 10 mice 
per group. * p < 0.05, **p<0 .01 ,***p< 0.001, ## p < 0.01, ### p < 0.001. compared 
to non-sensitized/non-treated mice.
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7.5 Discussion

Thickened airway walls is a feature observed in both fatal and nonfatal asthma, 

and indeed to a greater degree in the former (James, 1997). Still, there is disagreement as 

to whether or not it remodeled airways can be held responsible for gradual decreases in 

FEVi (Jeffery et al., 1989; Reed, 1999). That it does occur in some patients is known 

(Brown et al., 1984; Peat et al., 1987; Jeffery et al, 1992). When and in which patients it 

will manifest is unknown, however evidence suggests it may begin very early in the 

disease process (Warner et al., 1998). A much larger body of evidence indicates that the 

presence of pro-fibrotic growth factors such as IL-11, TGF-fS, IGF and FGF, in addition 

to MMP/TIMP imbalance, is a feature of bronchial asthma (see Section 7.2).

Various investigators have attempted to elicit changes consistent with airway 

remodeling in asthma in mouse models of chronic ovalbumin exposure (in addition to rat 

and guinea pig models not discussed here) (Blyth et al., 1996; Tang et al., 1996; 

Temelkovski et al., 1998; Yiamouyiannis et al., 1999). Interestingly, two of these 

protocols, which differed most notably in murine background strain and less notably in 

subtle differences in exposure regimen, resulted in completely opposite findings in terms 

of the induction of remodeling and the maintenance of AHR and increased IgE 

(Temelkovski et al., 1998; Yiamouyiannis et al., 1999). Although my protocol 

succeeded in inducing pathophysiological signs consistent with remodeling, 1 observed 

that the degree of peribronchial inflammation, BAL cell profiles and cytokine induction 

were not as markedly affected as has been observed in my ‘acute’ models (see Chapter 

6). Nonetheless, very significant changes were frequently observed. Ova-exposed and 

untreated animals exhibited just under a two-fold increase in total bronchial wall
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thickness and approximately a 50% increase in total tracheal wall thickness alongside 

local inflammation.

Damage to the airway wall is an accompanying feature of asthmatic inflammation 

(Holgate, 1997). Toxic mediators released from recruited effector cells cause epithelial 

denudation and edema, which can set the stage for repeated insults with antigen (Corrigan 

and Kay, 1992; Henderson, Jr., 1994a; Barbato et al., 2001). Thus, it is speculated that 

the observation of elevated levels of growth factors such as TGF-f) may herald an effort 

by local cells to heal damaged tissues (Redington et al., 1997). Glucocorticoids have 

been shown to effectively suppress inflammation in the lung and, as such, have also been 

investigated for their ability to suppress pro-fibrotic growth factors in this context (Trigg 

et al., 1994; Olivieri et al., 1997; Hoshino et al., 1998b). Blytli and colleagues (2000) 

demonstrated resolution of subepithelial fibrosis (SEF) with dexamethasone 

(administered post-sensitization) in a mouse model of long-term Ova exposure in mice, 

while Vanacker and colleagues (2001) were unable to resolve pre-existing changes with 

fluticasone, albeit in a rat model. These differences in the outcome likely hinge upon 

species and sensitization protocol, but do underscore the need for more investigation. 

The protocol of dexamethasone treatment described in the present study also began after 

Ova injection and during aerosolized Ova exposure. In this model, dexamethasone 

decreased almost every remodeling parameter I measured in addition to suppressing AHR 

to methacholine and the LAR to Ova challenge. Furthermore, decreased levels of TGF- 

Pi were observed in BAL fluid, as were decreased eosinophils alongside decreased IL-4 

and eotaxin, two potent cytokines for eosinophils.

175



Aside from the additional ‘control’ group of dexamethasone treatment, I 

compared two members of the mycobacteria genera, a pathogenic organism, BCG and a 

non-pathogenic organism, M. vaccae (both live). Other investigators working in this area 

have chosen not to compare more than one mycobacteria species head-to-head in their 

experiments, thus leaving my research further unique in its capacity for comparatively 

evaluating these two very popular potential candidates for suppression of allergic 

responses.

Of the two mycobacterial antigens, BCG was clearly superior in its capacity for 

suppressing modeled asthma-like responses. I was, admittedly, disappointed with the 

observations that neither species suppressed remodeling in the lungs. 1 have observed 

that mycobacteria, when given post Ova sensitization and challenge, can suppress AHR 

and BAL eosinophilia in an ‘acute’ mouse model of bronchial asthma (see Chapter 6), 

albeit not as effectively when given prior to sensitization (see Chapters 4 and 5). Thus, 

my observations in the present model were not too surprising. Even though BCG 

reduced TGF-Pi levels in BAL fluid, other growth factors may account for the 

remodeling in the airways (Amishima et ah, 1998; Hoshino et ah, 1998b; Redington et 

al., 2001). Very interestingly, BCG did, strongly, maintain its capacity for affecting the 

LAR to Ova challenge and AHR to methacholine in the face of its failure to affect 

remodeling. Indeed, BCG treatment even significantly reduced airway responsiveness 

associated with the EAR, a response I have not observed in the acute models. M. vaccae, 

on the other hand, failed to inhibit airway remodeling, the EAR or LAR to Ova challenge 

and AHR to methacholine.
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In an attempt to account for the causes for differential responses to BCG versus 

M. vaccae, I am again directed toward the eosinophil. While BCG significantly reduced 

BAL eosinophilia, M. vaccae did not. The dexamethasone treatment, which also reduced 

BAL eosinophilia, effectively reduced airway responsivness during the LAR. 

Furthermore, BCG reduced levels of eotaxin in BAL, while M. vaccae failed to do so. 

Since the relationship between 1L-5 and eosinophilia has been repeatedly demonstrated 

(Yamaguchi et al., 1988; Foster et al., 1996; Cieslewicz et al., 1999), I elected to forgo 

its measurement in favor of other mediators. Finally, there is tentative suggestion that 

heat-killed M. vaccae may be more effective than the live bacteria (Skinner et al., 2001, 

Shirtciiffe et al., 2001).

As mentioned previously, the eosinophil is a very likely source of growth factors 

capable of triggering airway remodeling in addition to its capacity for inducing 

bronchospasm. Why, then, did reduction of these cells in BCG-treated mice not 

accompany suppression of airway remodeling? I speculate that the BCG-induced 

increased numbers of macrophages may, at least partially, be responsible. Macrophages 

are important sources of TNF-a during infection (Wang et al., 1999). This cytokine has 

been suggested to contribute to tissue damage in an in vitro animal model within a type 2 

T-cell cytokine milieu (Hernandez Pando and Rook, 1994). It is present in the BAL fluid 

during disease exacerbations (Broide et al., 1992) and can enable further inflammatory 

cell recruitment while synergizing with other cytokines (Chung and Barnes, 1999). 

Macrophages can also secrete fibronectin upon incubation with histamine (Vignola et al., 

1994) and can be correlated with its presence in human BAL fluid (Vignola et al., 1996; 

Meerschaert et al., 1999). Tissue inhibitor of metalloproteinase-1 (TIMP-1) was
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positively correlated with the number of alveolar macrophages in BAL fluid from stable 

asthmatics (Mautino et ai, 1999). Dexamethasone has been shown to strongly inhibit 

TIMP and MMP transcription in vitro in alveolar macrophages (Shapiro et ai., 1991 ).

Therefore, intranasal BCG inoculation may act to suppress bronchospasm via 

suppression of eosinophils while counterbalancing the diminished eosinophil-related 

remodeling with macrophage-related remodeling changes. That remodeling did not 

always correlate with increased airway responsiveness in this study mirrors the current 

inability to positively correlate this phenomenon on a consistent basis with decreased 

lung function in asthmatics (Jeffery et al., 1989; Minshall et ai, 1997; Chetta et al., 

1997).

In summary, I have shown that BCG treatment in a mouse model of chronic Ova 

exposure inhibits airway responsiveness to Ova challenge and AHR to methacholine 

despite failing to suppress changes associated with airway remodeling. Further 

understanding of the relationship between remodeling and airway functioning in asthma 

will be needed before the implications of these findings can be fully appreciated.
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Chapter 8

Flt3-Hgand attenuates late phase response, airw ay hyperresponsiveness, 
and hronchoalveolar lavage eosinophilia in a mouse model of bronchial

asthma
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8.1 A bstract

Flt3-ligand is a recently described growth hormone affecting early progenitor 

cells and has been shown to preferentially induce the proliferation of dendritic cells 

secreting IL-12. Since type 2 T-cells predominate in asthma and IL-12 prevents the 

differentiation of naive T lymphocytes to a type 2 phenotpype, I hypothesized that FL 

could prevent the development of asthma-like conditions in a mouse model. Mice were 

treated with intraperitoneal injections of ovalbumin and FL. Following ovalbumin 

challenge mice were evaluated for airway responsiveness associated with early and late 

allergic responses, the latter of which was completely abrogated. Airway 

hyperresponsiveness to rnethacholine was completely blocked with FL treatment. 

Analysis of bronchoalveolar lavage (BAL) fluid performed 24 hours after challenge 

demonstrated a significant reduction of eosinophils. Interestingly, BAL supernatant 

analysis showed decreases in 1L-5 and increases in IFN-y (p <0.05) with no change in 

IL-4. Serum IgE levels were statistically unchanged in FL-treated mice. These data 

suggest that FL-treatment attenuates asthma-like parameters in a mouse model in novel 

ways.
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8.2 Introduction

Since the dynamic of the T-helper 1/T-helper 2 phenotype as it relates to allergy 

and asthma has become more fully appreciated, investigators began exploring strategies 

for modulating this balance with the goal of suppressing inappropriate type 2 responses 

(Ohta et al., 1997; Erb, 1999; von Hertzen and Haahtela, 2000). Largely, these efforts 

have focused on stimulating overall and antigen-specific type 1 T-cell responses, as the 

T-helper subsets have been shown to be polarizing and mutually antagonistic in nature 

(O'Garra and Murphy, 1994). Varying reports have been made about the efficacy of the 

mycobacterial antigens Bacillus Calmette-Guerin both in experimental animal models 

and in cohort studies (Shirakawa et al., 1997; Aim et al., 1997; Aaby et al., 2000). More 

recently, attention has focused on the unmethylated CpG DNA motif, thought to be at 

least in part responsible for the immunogenic properties of bacteria, and its ability to 

activate type 1 cytokine production (Krieg, 1996). The drawbacks for mycobacteria and 

CpG may include (but are not limited to) latent infection, loss of the utility of delayed- 

type hypersensitivity skin testing (mycobacteria) and potential for the production of 

autoreactive antibodies or cytotoxic shock (CpG).

Flt3-ligand (FL) is a recently described growth factor affecting primitive 

hematopoietic progenitor cells both in humans (CD34+) and in mice (Matthews et al., 

1991; Small et al., 1994). Several cell populations are selectively induced by FL, 

including dendritic cells (Pulendran et al., 2000), natural killer cells (He et al., 2000), and 

B cell progenitors (Brasel et al., 1996; Hunte et al., 1996); while notably erythropoiesis 

(Lyman et al., 1994a; Brasel et a l, 1996) and mast cell generation are unaffected (Lyman 

et al., 1994a). Within these cell types, the greatest attention has been focused on
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dendritic cells, the unique properties of which make them attractive weapons in battling 

tumors (Shurin et al., 1998). Several groups of investigators have identified subgroups of 

dendritic cells (a consensus upon the exact phenotype of these has yet to be reached) with 

capacities for secreting cytokines consistent with either a type 1 or type 2 profile 

(Maraskovsky et al., 1996; Maldonado Lopez el al., 1999; Rissoan el al., 1999; 

Pulendran et al., 2000).

Based upon this literature, 1 hypothesize that treating mice with FL during the 

allergen sensitization phase would prevent asthma-like parameters after subsequent 

allergen challenge. My results indicate that FL treatment can prevent some, but not all, 

of the hallmark features of asthma in the mouse model. This is the first description of FL 

preventing modeled atopic disease and suggests a novel therapeutic approach.
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8.3 M aterials and M ethods

8.3.1 Sensitization and treatment

Four to five-week old female BALB/c mice (Harlan Laboratories, Indianapolis, 

IN) were housed according to the NIH guidelines in Creighton University’s animal 

quarters and were allowed constant access to food and water. Intraperitonea! (i.p.) 

injections of 6 pg of grade V chicken egg ovalbumin (Sigma-Aldrich, St. Louis, MO) in 

PBS was delivered on days zero, two, four, six and eight; adsorbed to 2.25 mg lrnjeet 

Alum (Pierce, Rockford, IL) on days zero and eight. Aerosol sensitization with 0.2% 

ovalbumin (Ova) for 10 minutes was carried out on days 27, 28 and 29. Nonsensitized 

control mice received injections and aerosolizations of PBS alone. Mice received i.p. 

injections of 6 pg of rhFlt3-ligand (FL, PeproTech Inc., Rocky Hill. NJ)) (the murine and 

human ligands have 72% homology at the amino acid level (Lyman el a l, 1994b)) 

suspended in PBS on days -6 through six.

8.3.2 Airway responsiveness

On day 31, all mice were placed within whole-body plethysmcgraph chambers 

(Buxco Electronics, Troy, NY) and baseline Penh readings were taken. Penh is a 

dimensionless unit used to track airway responsiveness and has been positively correlated 

with pulmonary resistance (Rl) and change in intrapleural pressure (AP) (Hamelmann et 

al, 1997a; Hamelmann et al., 1997b) as well as the response to Ova challenge 

(Hamelmann et al., 1997a; Dohi et al., 1999). Challenge with aerosolized 0.2% Ova for 

five minutes was followed by recording of breathing parameters for nine hours, to 

completely record both the early (EAR) and late allergic response (LAR). The area-
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under-the-curve (AUC) was determined for each animal, using the baseline and Penh 

values from zero to 15 minutes for the EAR and the baseline and Penh values from one to 

six hours for the LAR (GraphPad Prism ver. 3 statistical software, San Diego, CA). On 

day 32, 24 hours following Ova challenge, mice were again placed within the chambers 

and challenged with increasing doses of methacholine (Sigma-Aldrich). Penh values for 

each animal were expressed as a fold-increase from the baseline reading, Penh index.

8.3.4 Bronchoalveolar lavage (BAL)

BAL fluid was retrieved from each animal via cannulation of the exposed trachea 

and gentle flushing of the lungs with four 1 ml aliquots of PBS. Aliquots were pooled for 

individual animals preceding centrifugation and separation of pelleted cells and 

supernatant. Cytospin preparations of BAL cells were stained using Hema 3 

(Biochemical Sciences, Inc., Swedesboro. NJ) and relative cell populations were 

determined using standard morphological criteria.

8.3.5 Cytokine assays

Cytokines were measured in the supernatants of BAL fluid. Antibody pairs for 

IL-4, IL-5 and IFN-y as well as standards (Pharmingen, San Diego, CA) were used 

according to manufacturer’s recommendations. Briefly, 96-well plates were coated with 

rat anti-mouse antibodies and incubated overnight. Plates were washed and incubated for 

three hours with standards and unknown samples, following washing, the wells were 

coated with biotinylated rat anti-mouse antibodies and incubated one hour. After 

washing, the wells were coated with streptavidin-horse radish peroxidase (HRP) and
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incubated for 30 minutes. 3,3’,5,5’-Tetramethyl-benzidine (TMB) (Sigma-Aldrich) was 

used as a substrate and stopped using IN hydrochloric acid. A Bio-Rad microplate 

reader was used to read the reaction at a wavelength of 450 nm. Sensitivities for 1L-4, 

IL-5 and IFN-y were 5, 5 and 10 pg/ml. respectively.

8.3.6 Serum immunoglobulin analysis

Blood collected after sacrifice on day 26 was immediately centrifuged and serum 

was collected and stored at -70°C for later analysis. ELISA for both total and antigen- 

specific IgE was conducted as previously described (Wilder et al., 1999). Briefly, 96- 

well plates were coated with rat anti-mouse IgE (Pharmingen), incubated overnight, 

washed and blocked the following day with 3% BSA. Diluted sera from experimental 

animals as well as standard IgE (Pharmingen) were then added and incubated overnight. 

Following washing, rat anti-mouse IgE-PIRP (Southern Biotechnology Associates) was 

added to the wells, for the total IgE assay, or biotinylated Ova (Immunoprobe 

Biotinylation Kit; Sigma) was added, followed by addition of Streptavidin-HRP 

(Pharmingen), for the antigen-specific assay. Both assays were developed with TMB 

substrate and read at 450 nm using a Bio-Rad microplate reader and software. Sensitivity 

for total IgE was 1 ng/ml. Antigen-specific IgE results are expressed in units of 

absorbance (O.D.).

8.3.7 Statistical analysis

Data were analyzed using GraphPad PRISM statistical analysis and graphing 

software. Unpaired Student’s / test was used to determine differences between the 

groups. A "p’ value of less than 0.05 was considered significant.
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8.4 Results and discussion

To determine whether FL could suppress asthma-like parameters in a mouse 

model. I injected 13 daily doses of 10 pg of rhFL starting six days prior to sensitization. 

Brasel and colleagues (1996; 1997) found significant increases in both peripheral and 

splenic white blood cells with FL treatment after six to eight days, which roughly 

corresponds with time (day zero) at which I additionally introduced allergen sensitization. 

Furthermore, these investigators observed a return to baseline values of these and other 

parameters one week after cessation of FL treatment (Brasel et al., 1996), a time in my 

sensitization protocol well before aerosol Ova sensitization and challenge. However, 

differing mouse background strains limits the degree of possible inference.
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Figure 8.4.1 Effect of FL treatment on the early and late allergic response (EAR 
and LAR) as calculated by the area under the curve (AUC).
Two groups of mice were sensitized to Ova (plus one nonsensitized control group) and 
treated with either vehicle or FL, 6 pg/day for 13 days. A, Mice were challenged with 
0.2% Ova on day 31 and Pe„h values were recorded immediately thereafter, from zero to 
15 minutes, in individual barometric plethysmograph chambers. The AUC was figured 
for individual mice and expressed in arbitrary units. Nonsensitized control mice (open) 
exhibited significantly less airway responsiveness compared to sensitized controls 
(shaded), while treatment with FL failed to suppress this response. B These same mice 
were recorded using barometric plethysmography from one to six hours. Penh units were 
tracked and figured as the AUC using the same individual baselines as used for the EAR. 
Significant suppression of airway responsiveness was observed in the nonsensitized 
control animals as well as in the FL-treated (vertical lines) compared to sensitized 
controls. Shown are means ± SEM for six animals in each group with comparisons to 
sensitized control animals (* = p <0.05; *** = p <0.0001) or nonsensitized control 
animals (# = p < 0.05).

The first parameter to be analyzed was that of Ova-specitic airway responsiveness 

of both the EAR and LAR. While nonsensitized control mice were spared increased 

resistance during either phase (P <0.05 for the EAR and P <0.001 for the LAR compared 

to sensitized controls), FL-treated mice exhibited very significant protection during the 

LAR (P <0.001) without preceding EAR protection (Figure 8.4.1). The finding that the 

EAR was unaffected was further corroborated with analysis of serum IgE. Not only were
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mean serum IgE concentrations unreduced after FL treatment, the values were actually 

increased, albeit insignificantly so (Table 8.4.2). Other investigators have shown that B 

cell progenitors, although responsive to FL, lose their capacity to react to FL early in 

maturation, just preceding the acquisition of CD24, a marker for Ig gene rearrangement 

(FIunte et al., 1996). FL may be ineffective in directly affecting class-specific responses 

from B cells to antigen. My results, which examined B cell (APC)/T-cell interactions 

during sensitization, were unaffected by FL administration, as IgE levels were 

unchanged.

Table 8.4.2 Serum total and Ova-specific IgF

Study Groups Total IgE (ng/ml) Ova-specific IgE (OD)

Nonsensitized <100 0

Sensitized 1907 ±233 0.07 ± 0.02

Sensitized/FL-treated 2749 ± 430 0.05 ± 0.04

Mice were sensitized and treated as described in the Methods. Serum antibody 
production for Ova-specific and total IgE was determined using standard ELISA. Mice 
were bled following methacholine challenge, 24 hours following Ova challenge. 
Presented are means ± SEM for six animals per group. No significant differences among 
sensitized and sensitized/FL-treated animals were observed using Student’s 1 test.

Twenty-four hours after antigen challenge, the mice were challenged with 

increasing doses of methacholine and Penh values (later translated in Peil|, index) were 

record with barometric plethysmography. In support of the suppressed LAR, AHR to 

methacholine was also completely suppressed after FL treatment (Figure 8.4.3). 

Although not universally accepted, the LAR as well as AHR have been positively linked 

to the presence in the airways of eosinophils. These cells are stimulated specifically
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(though not exclusively) by IL-5, which acts as a potent growth, survival and chemotactic 

factor. Indeed, I observed significantly decreased numbers of eosinophils in BAL 

performed immediately following methacholine challenge (Table 8.4.4). The rhFL itself 

was likely no longer active at the time of challenge (Brasel et al., 1996), even so, others 

have found no effect of this growth factor on eosinophil progenitors (ffudak et al., 1995). 

Therefore, I am left to conclude that a lasting effect of the earlier FL exposure is 

responsible.

0
0 10 20 30 40 50

mg/ml M ethacholine

Figure 8.4.3 Effect of FL treatment on airway hyperresponsiveness to 
methacholine.
Groups of mice were sensitized to Ova (except the nonsensitized controls, open squares) 
and treated with either vehicle (closed circles) or FL, i.p (dosed triangles). Twenty-four 
hours following Ova challenge mice were placed into individual barometric 
plethysmograph chambers and exposed to increasing concentrations of aerosolized 
methacholine in PBS. Penh index refers to fold-increase over baseline Penh readings for 
each individual animal. FL-treated animals showed significant suppression of AMR at 
each dose administered. Shown are means ± SEM for six animals in each group with 
comparisons to sensitized control animals (** = p <0.01; * = p <0.05). No differences 
were observed between FL-treated and nonsensitized control animals.
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Table 8.4.4 BAL cytokines after LAR

IL-4 (pg/ml) IL-5 (pg/ml) IFN-y (pg/ml)

Nonsensitized <10 <5 <10

Sensitized 90.3 ± 13.2 109.1 ±9.8 79.4 ± 1.8

Sensitized/FL-treated 72.7 ±8.2 49.3 ± 11.2* 177 ± 16.1**

Mice were sensitized and treated as described in the methods. BAL was performed 24 
hours following Ova challenge and supernatants were analyzed with paired antibodies 
using ELISA. Shown are means ± SEM for six animals per group. Statistical 
significance was determined using Student’s / test (* -  p <0.05; ** = p <0.01 comparison 
to sensitized control).

BAL supernatants, collected immediately after methacholine challenge, were 

analyzed with ELISA for the presence of three key cytokines. Supporting the Ova- 

induced airway responsiveness and serum IgE concentrations was the absence of a 

reduction in IL-4 (Table 8.4.5). Contrasting this, however, was the finding of reduced 

IL-5 concentrations, which corroborated the reduced BAL eosinophilia (Table 8.4.5 and 

Table 8.4.4). Finally, IFN-y concentrations, a marker for type 1-like responses, was 

increased in FL-treated animals (Table 8.4.5). These responses were observed in samples 

collected 26 days after cessation of FL treatment, again suggestive of a memory-like 

response to Ova challenge the preceding day.
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Table 8.4.5 Effect of FL on BAL cells

Study Groups Eosinophils

(xl03/ml)

Macrophages

(xl03/ml)

Lymphocytes

(xl03/ml)

Neutrophils

(xl03/ml)

Nonsensitized 0.0 ±0.0 202 ±66** 32 ± 12** 7.3 ± 3**

Sensitized 398 ±53 480 ±33 119 ± 13 68.9 ± 13

Sensitized/FL- 125 ± 36** 390 ±41# 151 ±33## 44 ± 14##

treated

Groups of mice were sensitized to Ova (except the nonsensitized controls) and treated 
with either PBS or FL. Twenty-four hours following Ova challenge and immediately 
following methacholine challenge, mice were sacrificed with a lethal injection of 
pentobarbital, tracheas were surgically exposed, cannulated and the lungs were flushed 
with PBS. Recovered cells were counted and major populations were identified using 
standard morphological criteria. Shown are means ± SEM for six animals in each group 
with comparisons to sensitized control animals (** = p <0.01, compared to sensitized 
controls, ## = p < 0.01; # = p < 0.05 compared to nonsensitized controls).

Memory T-cells, shaped initially by concurrent exposure to both Ova and FL, 

would be the most likely candidates for these cytokine responses. That the type 1 /type 2 

predominance was not complete may be suggestive of several things. Okano and 

colleagues (1998) found enhanced IFN-y and inhibited 1L-5 production without an effect 

on GM-CSF after in vitro stimulation with IL-12. Since the preponderance of dendritic 

cells generated after FL treatment (the lymphoid population) have been shown to release 

IL-12, this may suggest a mechanism. Furthermore, ffudak and colleagues (1995) 

showed that cultures of eosinophil progenitors containing only GM-CSF were still able to 

stimulate colony formation, approximately half as potent as the GM-CSF/IL-5 

combination. These authors did find a synergistic effect of an IL-6/FL combination on
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proliferation in primitive bone marrow cells (Hudak et al, 1995). As IL-6 has been 

linked to IgE production (Blum et al., 1998; Jeppson et al, 1998), this may be an 

additional factor to the observed IL-4 levels in accounting for the tendency of increased 

serum IgE. As mentioned previously, naïve B cells (and later memory B cells) may have 

escaped FL-induced modulation in bypassing the use of dendritic cells during the initial 

antigen response. These cells may have been responsible for some of the type 2 cytokine 

observations. Secondly, FL-induced dendritic cells are not a uniform group, with only a 

predominance of the lymphoid subset over the myeloid subset (Pulendran et al., 1999). 

The myeloid subpopulation may further enhance allergic sensitization. Finally, the type 

1/type 2 paradigm, although useful in general conceptualization, may not tit every 

situation.

In summary, I have shown that treatment with FL in a mouse model of asthma 

prevents ovalbumin-induced airway responsiveness of the EAR, AHR to methacholine 

and BAL eosinophilia without affecting IgE and IL-4. The mechanism of FL's protective 

action in this model is unknown and likely follows a novel scheme.
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Chapter 9

Conclusion
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9.1 Conclusion

The results presented here support the hypothesis that immune modulators can 

shape the host response to challenge with innocuous antigens. Although one has to be 

cautious to directly translate observations in mouse models to expectations in humans, 

there is reason for optimism. As presented in Chapter 1, growing evidence from 

observational studies suggest that, in some cases, vaccination or exposure to antigens 

favoring type 1 cytokine responses may predict some protection against asthma and 

possibly other allergic diseases. Furthermore, the most promising recent data on specific 

immunotherapy (SIT) suggests that direct coupling of allergen with a potent type 1 

inducer may revolutionize this area as well (Shirota et al., 2000a).

There does remain one very important unanswered question in this area that may 

help in explaining some of the disparate results reported in the observational studies 

correlating mycobacteria with protection (or lack thereof) against asthma. This question 

revolves around the concept of a 'window of opportunity’ within the acquired immune 

response that may, when open, allow for such shaping by immune modulators, and when 

closed, greatly limit their effectiveness. Although it is yet unknown whether or not this 

concept truly exists, researchers are focusing their attention on the first months of life. A 

better understanding of this dimension of the immune system, involving an 

environmental, postnatal equilibration, would likely go far in predicting successful 

outcomes for the clinical application of studies such as those described here.

This in mind, the mechanisms behind the successful deviation of responses away 

from asthma in the mouse ultimately hold more complexity than originally suspected. 

Initially, I hypothesized that mycobacterial antigens would, in their stimulation of type 1
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cytokine responses, abrogate both the EAR and the LAR. Exposing T-cells to this potent 

type 1 stimulus, I reasoned, should virtually shut down a type 2 response -  especially 

when administered directly at the site of interest, the lung. Repeatedly observing an 

unattenuated EAR, complete with leukotriene release (an exquisitely potent inducer of 

bronchospasm) and elevated serum IgE levels followed within hours by dramatic 

abrogation of the LAR, documented by the observations of scant few eosinophilia, 

lowered serum IL-5 and absence of increased airway responsiveness in mycobacteria- 

treated mice forced me to abandon this neater, simpler ying and yang-like notion in favor 

of something more complex.

B7 or ?

Time
►

Figure 9.1.1 Schematic diagram showing the effect of mycobacteria on the Ova 
sensitization of T and B cells.
Mycobacteria are represented as red elipses and Ova as white circles. See text for details.
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The mixed response of mycobacteria on Ova sensitization of T and B cells is 

illustrated in Figure 9.1.1. Mycobacteria are preferentially phagocytized by dendritic 

cells and macrophages (here, dendritic cells are pictured as the most potent of the two 

APCs), the same cells that would process Ova. Dendritic cells, as has recently been 

reported (see Chapters 1 and 8), can be of two phenotypes -  a type 1 or Del, or a type 2, 

or Dc2. These phenotypes reflect the similar cytokine-secreting characteristics of type 1 

and type 2 T-cells, with IL-12 secreted in the former and IL-4 secreted in the latter case.

I speculate that, unlike in FL-treated animals (see Figure 9.1.3), both phenotypes are 

normally present in roughly a one to one ratio. Thus, the resulting Ova-specific 7 -cell 

ratio may follow suit. Additionally, B cells, also professional APCs, characteristically 

secrete IL-4 and also play a role in Ova presentation. Asa result, a mixed IgE/IgG and 

potentially elevated antibody response may develop; here mycobacteria acting as an 

overall booster. Elevated total serum IgE (although not significantly so compared to non- 

treated, Ova-sensitized controls -  further studies with larger treatment groups may be 

needed) was repeatedly observed by me, and elevated levels of both antibody classes 

have been variably observed by others. Circulating IgE antibodies are thus available for 

binding to high-affinity receptors on the surface of mast cells. These mast cells now 

primed for an EAR. At the same time, however, other dendritic cells and macrophages 

are developing a significant type 1 response to the mycobacteria, a response that will 

become more significant to the asthmatic response after Ova challenge. However, it 

remains unclear whether variable costimulatory molecule (e.g., the CD80/86 molecules 

on APCs which bind to both CD28 and CTLA4 on T-cells) expression may help drive 

skewed T-cell differentiaton.
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factors Airway remodeling

IFN-'induction 
AHR suppression 
Eosinophilic suppression

Figure 9.1.2 Schematic diagram showing the effect of mycobacteria (BCG) on 
factors which otherwise lead to the LAR to Ova challenge.
For symbols please see the legend to Figure 9.1.1.
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As shown in Chapter 5, macrophages are still laden with mycobacteria at the time 

of BAL, 24 hours following Ova challenge. These macrophages are likely to be 

continually secreting IL-12, in an attempt to eradicate the infection. Thus, when these 

same macrophages present phagocytized Ova to type 2 T-cells, it is reasonable to 

speculate that the IL-12/Ova combination could inactivate these cells possibly further 

trigger their apoptosis -  indeed the same mechanisms through which specific 

immunotherapy is hypothesized to operate (Guerra et al., 2001). IL-12 itself is a potent 

inducer of IFN-y (Manetti et al., 1994). Both of these cytokines have been associated 

with abrogated AHR and BAL eosinophilia (Lack el al., 1994; Schwarze et a!., 1998). 

There may be a limited role of Ova-specific type 1 T-cells present in local lymph nodes 

and peripherally to inactivate and/or induce the apoptosis of Ova-specific B ceils. To 

date, no one has investigated the role of cell adhesion molecules or co-stimulatory 

molecules in experimental asthma models involving mycobacteria intervention.

However, investigators in the arenas of cancer and tuberculosis therapy have observed 

upregulation of CD40L (Mendez-Samperio and Garcia-Martinez, 2001) and CD80/86 

molecules (Demangel et al., 1999) after BCG stimulation in vitro. A role for immune 

modulator-driven altered expression of these molecules may play an important role in the 

acquired immune response and effector cell recruitment within the context of allergic 

asthma. Finally, IL-12 and/or the bacteria themselves may have a direct effect on cells 

capable of secreting eosinophil chemotactic and survival proteins such as eotaxin and IL- 

5, respectively. IL-5 was shown to be repeatedly suppressed by immune modulators in 

my work (Chapters 5 and 6) and eotaxin was seen lowered in the study in which it was
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measured (Chapter 7). Any combination of these factors may be sufficient to decrease 

the presence of eosinophils and thus eliminate the LAR.

Taken as a whole, my work showed that live BCG was more effective than live 

M. vaccae in suppressing asthma-like responses in the mouse model. These results 

reflect the literature in the realms of both animal models and human studies. It would be 

most desirable to use a completely nonpathogenic species such as M. vaccae to modulate 

immune responses away from atopic disease. However, it does appear that at least some 

degree of virulence may be necessary. This conclusion makes logical sense, as strong 

host responses to innocuous antigens would likely be very damaging, perhaps even 

incompatible with life. Exactly what BCG has that M. vaccae does not (in terms of its 

effect on the immue system) remains a mystery, although possible candidates may 

include BCG’s ability to more effectively evade host containment, heat-shock proteins. 

CpG load and cell membrane composition.

Finally, even though BCG was most effective in eliminating the LAR, it was not 

successful in preventing airway remodeling as modeled in the mouse (see discussion in 

Chapter 7). It was not clear from my experiments the mechanism through which this 

occurred. What this may mean for patients is very unclear and awaits both repeated 

experiments in animals and future reports on a causative con-elation between remodeling 

and diminished lung function in humans.

FL was the other immune modulator investigated in my research and showed very 

promising preliminary results. The mechanism through which 1 propose this growth 

factor functioned are reminiscent of those described for mycobacteria (Figure 9.1.3).
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As described in Chapters 1 and 8, FL potently induces the generation and 

peripheral scattering of dendritic cells, with the Del or lymphoid subclass to significantly 

greater degree. Since I administered this growth factor during the time of Ova 

sensitization, the chances of skewed type 1 response were therefore increased. 

Importantly, however, there was also likely a significant type 2 response to Ova as a 

result of the sheer increase of Dc2 numbers as well as the processing of Ova by B cells. 

Therefore, a sufficient antibody response resulted in an unaffected EAR.

Since the direct effects of FL had almost certainly disappeared by the time of Ova 

challenge, the abrogation of the LAR must have been due entirely to a memory type 1 

response. The preponderant type 1 T-cell profile, through IFN-y secretion was, either in 

the meantime preceding Ova challenge and/or as a result of Ova challenge, able to 

effectively suppress cells able to secrete mediators that recruit eosinophils.
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Primary response Memory response

►
Time

Figure 9.1.3 Schematic diagram showing the effect of FL on Ova sensitization and 
challenge.
Ova is represented by white circles.

Since it appears that FL and mycobacteria function in attenuating the LAR by 

different mechanisms, one must wonder if the combination of the two may produce 

additive or even synergistic effects. The combined effect of substantially increased Dc 1 

cells and the potent type 1 cytokine stimulus of mycobacteria may be potent enough to 

allow significantly decreased amounts of either modulator to be needed. If this proves to 

be the case, the book may not yet be closed on a role here for M. vaccae.

A potentially key difference between SIT and the mechanisms I have discussed 

here has yet to be demonstrated. This revolves around the question of specificity.
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Would, for example, the introduction of a second allergen in my system result in 

protection against this new allergen in addition to the first allergen? These experiments 

have yet to be carried out, but do present a very relevant situation. Most, if not all, of 

allergic asthmatics are sensitive to more than one allergen. Would BCG treatment during 

the first months of life prevent new sensitizations years in the future? Again, such 

answers await further research, but other, larger questions may need to be answered first. 

For example, is the propensity to develop allergic asthma directly related to age and/or 

maturation of the immune system, to say nothing of the contribution of mycobacteria?

Or, does the existence or magnitude of atopic responses at a very young age predict the 

degree and magnitude of further, new atopic responses later in life? Clearly, these 

questions are very relevant to the ability that mycobacteria may have to prevent asthma.

Another important question that arises from my work revolves around the 

importance and relative role that the EAR plays the progression of asthma, at least in the 

mouse model. Despite the presence of this immediate reaction, the late reaction was 

diminished. Perhaps this was merely a snapshot of a progression of events. Eosinophils 

in addition to type 2 T-cells are important sources of type 2 cytokines, the very cytokines 

that perpetuate the asthmatic response. Could it be that continued suppression of the 

LAR leads to continually diminished EARs? Indeed that this is the case is corroborated 

by the results of the chronic model of asthma study, described in Chapter 7, in which 

BCG treatment did, in fact, suppress the EAR. Or is this presence of an EAR despite 

strong, lung-focused mycobacteria exposure simply an artifact of the inborn high IgE 

response seen in BALB/c mice? Even though it appears that eosinophils may be mostly 

to blame for the tissue damage seen in asthma, the question of the EAR must certainly be
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resolved in the laboratory. Activating mast cell-bound IgE molecules can, after all, 

trigger anaphylaxis, the acute, deadly claw of this otherwise chronic disease.

In summary, my work has shown that mycobacteria (BCG) and a novel immune 

modulator for asthma, FL, can effectively suppress many features of asthma in a mouse 

model. Furthermore, my results strongly implicate a role for suppression of eosinophils, 

independent of immediate responses, as a mechanism for this protection. Although these 

findings support the potential for clinical trials, several important questions need yet to be 

answered in the laboratory.
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