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ABSTRACT

Absence of the TH2 inducing cytokine IL-4 has been shown not to increase the TH1 response
and resistance to mycobacterial infection. This study asked whether the combined absence of
IL-4 and IL-13, as compared to IL-4 deficiency only, would increase resistance to an
aerogenic Mycobacterium tuberculosis infection. By using IL-4 gene-deficient mice, it was
confirmed that endogenous IL-4 does not reduce host immunity. In contrast, IL-4Ro gene-
deficient mice, which lack both IL-4 and IL-13 signalling, had reduced bacterial burden in the
lungs and other organs, increased survival and cellular immunity with macrophage activation.
Therefore IL-4Ro gene-deficient mice have increased resistance to Mycobacterium
tuberculosis infection. These data suggest that endogenous IL;13, unlike IL-4, has the
potential to suppress the normal protective immune response to Mycobacterium tuberculosis

infection.

In the second part of the study, it was asked whether immune-compromised mice would be
able to control infection with an attenuated Mycobacterium tuberculosis strain. In two
experiments, interferon gamma receptor gene-knockout mice were infected via aerosol with
100 wild type Mycobacterium tuberculosis and purine-deficient Mycobacterium tuberculosis,
respectively. Interferon gamma receptor-knockout mice succumbed to wild-type bacilli
earlier than to purine-deficient mutants. Wild type mice, whether infected with wild type or
purine-deficient Mycobacterium tuberculosis, survived. This indicates that the purine-
deficient mutant had a slightly reduced virulence when compared to the wild type

mycobacterium.
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1 INTRODUCTION

1.1 TUBERCULOSIS AND WORLD HEALTH STATISTICS

Tuberculosis (TB) is a global problem. One third of the world population is infected with
Mycobacterium tuberculosis (MTB), but only a small percentage develops active TB (7,
12, 33). Of the people infected with TB, 1.86 billion are considered to have latent TB
(120). The immune response is generally successful in containing infection but not in
eliminating the pathogen (7, 12, 33). If, at some stage, there are changes in the immune
system, latent MTB can reactivate and cause active TB. This explains why the human
immunodeficiency virus (HIV) and the Acquired Immunodeficiency Syndrome (AIDS)

epidemic has caused resurgence in the number of TB cases (Figure 1).

1000

<

&

= 100

<

Lol

Boos.

@

a.

& 10

[

o

@

&3

] k= o

(& 1 - g ~"~‘

@ E N

- - e

[+« BN ) [+% S,
EE o 3 g 8
20 x @ 1] < e,

| i i | ! "y

! ™
1880 1800 1820 1940 1960 1980 2000 2020

Figure 1. Incidence of pulmonary tuberculosis in the USA during the past century. The dotted
line represents the predicted rate of decline (18).
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TB is the single biggest killer of people living with HIV/AIDS (109, 120). It has been

estimated that at the end of 2000, 36.1 million people were living with HIV/AIDS and
70% of these individuals were living in sub-Saharan Africa. About a third of those
infected with HIV/AIDS were co-infected with MTB. Up to 70% of patients found to be
positive for MTB were HIV-positive and 50% of these patients died of TB. Infection with
HIV is therefore the greatest risk factor for reactivation of latent TB, and TB is the

commonest cause of HIV-related deaths.

TB can be treated using a 4-drug combination therapy of isoniazid, rifampicin,
pyrazinamide and ethambutol, taken over a period of 6-9 months (39). This therapy is
most effective when given under DOTS (direct observed therapy system) — the delivery of
standardised chemotherapy directly observed by a health care provider or other
responsible individual. The WHO (World Health Organisation) launched DOTS in 1994,
and by 2000, 21 countries were implementing it (Figure 2) (120). DOTS programs
identified 2 million new TB cases and successfully treated 80% of all registered smear-
positive patients. The DOTS program has its limitations, however. Lack of qualified staff
and management skills, shortage of equipment, absence of collaboration between TB ‘and
HIV programs, decentralisation of health services, misdiagnosis and poor drug supply
have all lead to the emergence of multiple drug resistant (MDR) MTB strains (39, 120). At

least 4% of TB cases are MDR.



Figure 2. Regional profile for Africa: notification, detection and DOTS coverage, 2000 (120).
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1.2 THE BCG VACCINE

Although vaccination is considered the most succesvsful prophylactic measure against
infectious diseases, most vaccines currently in use are directed against viruses and
extracellular bacteria (46). BCG (Bacillus Calmette-Guerin), one of only two vaccines
directed against intracellular bacteria, is an attenuated derivative of the virulent

Mycobacterium bovis (M bovis) strain (46, 106).

BCG is the most widely used vaccine to date. It is safe enough to be given at birth, can be
given as an oral vaccine, is cost effective, is heat stable, can persist in an innocuous form
for many years and has potent adjuvant properties (115). Although BCG vaccination is
considered safe, disseminated BCG does occur (46). This is mainly due to the individual
having some kind of immune-deficiency. Patients suffering from Mendelian susceptibility
to mycobacterial disease have an impaired IFNy-mediated immune response due to a
defect in their IFNy receptor gene or IL-12 gene and these individuals may experience
disseminated BCG (26). The BCG vaccine is also not fully effective against the adult form
of TB. It displays a higher protective efficacy against miliary TB and tuberculous
meningitis. Infection with HIV is the greatest risk factor for development of active TB.
Complications With BCG vaccination have been reported in adults who are HIV-positive

(115).

The efficacy of BCG vaccination has yielded varying results. One explanation was that
there are two types of cell-mediated responses that occur after mycobacterial infection (9,
115. In the Koch phenomenon, animals develop necrosis at the site of vaccination a few

days after MTB infection. In the listeria-type response, T cells appear within days after
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infection and no necrosis occurs. It is believed that prior exposure to mycobacteria that

produce the listeria-type response may enhance the protective effects of subsequent BCG
vaccination. Infection with mycobacteria that cause the Koch response inhibits
development of protective immunity after BCG vaccination.

The gfﬁcacy of BCG vaccination may also depend on whether disease is due to
reactivation or re-infection (46, 115). This hypothesis is supported by trials which indicate
that in areas where re-infection is high, the efficacy of BCG vaccination may be lower

than in areas where reactivation predominates.

1.3 DEVELOPMENT OF A RECOMBINANT BCG VACCINE

The major difficulty in the development of a recombinant BCG (rBCG) vaccine was the
problem of introducing foreign DNA into the mycobacterium through its thick waxy cell
wall. This problem was overcome by the use of mycobacteriophages, which could
effectively .introduce the foreign DNA (Figure 3) (114, 115). The rBCG vaccine was
therefore a BCG vector modified to express antigens of interest such as MTB antigens

(111, 112).

Considerable efforts have been made to identify specific mycobacterial antigens and
virulence genes involved in the immune response to TB and to incorporate these into a
rBCG vaccine (83, 112) (Figure 4). Subunit vaccines and adjuvants are highly specific and
have a low risk of side effects but their immunostirrlulatory and protective efficacy is
generally weak and short-lived (106). Another method of vaccine employment is the
application of naked plasmid DNA encoding the gene of interest directly into the skin
(118). The mycobacterial protein Ag85A has been shown to induce a prote‘ctive immune

response in mice comparable or only slightly lower than BCG vaccination (47).
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1.4 MYCOBACTERIA

1.4.1 Mvcobacterium tuberculosis

MTB is a slow-growing acid-fast bacillus (AFB) transmitted mainly via the respiratory
route. A notable feature of pathogenic mycobacteria is their extremely slow growth (81).
The estimated doubling time is 17 hours and this is due to the single rRNA operon.
Mycobacteria are phylogenetically more closely related to Gram positive bacteria and they
stain weakly positive for the Gram stain. Their most distinctive feature is the
mycobacterial cell envelope consisting of peptidoglycan and glycolipids such as
lipoarabinomannan, mycolic acids and complex lipids. (71). This lipid layer is responsible
for their resistance to certain drugs and also their acid-fast characteristic. During the Gram
stain, heat is used to infuse the lipid envelope with a dye. Organisms which do not posses
this lipid layer, and are therefore not mycobacteria, lose the dye when acid is added.
Mycobacteria are not affected by the acid wash, retain the dye and are therefore called

acid-fast.

1.4.2 Auxotrophic mutants of mycobacteria

An avenue of exploration in vaccine development is alteration of the pathogen’s ability to
cause an immune response in its host. The possibility of using live mutant strains of
mycobacteria as vaccines have also been explored (4, 45, 49). An advantage of using
attenuated live vaccines over subunit vac;cines are that they are believed to provide a
greater complement of antigens since they produce most of the antigens normally
expressed in vivo (7). Live attenuated MTB strains should express antigens which are

lacking in the BCG vaccine and which may be important in the immune response to TB.
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Attenuated auxotrophic mutants of bacterial pathogens have already shown potential as

live vaccine candidates because they were attenuated in vivo and still remained

immunogenic (21, 110).

BCG auxotrophs have been tested on severe immune-deficient mice that survived
infection with these mutants although they succumbed to the wild type (WT) BCG
infection (4, 11, 41, 45, 46). It waé therefore proposed that attenuated BCG strains could
present potentially safe and useful vaccines against TB and specifically that they could be

useful for people infected with HIV.

1.5 GENERAL PATHOLOGY OF TUBERCULOSIS

The first point of entry and major organ of disease during MTB infection is the lung (12).
After being inhaled, the pathogen is engulfed by alveolar macrophages which transport it
to the draining lymph nodes. Infected macrophages produce chemokines that cause
extravasation of additional phagocytes and lymphocytes. T cells activated in the draining
lymph nodes, and natural killer (NK) cells, are recruited to the site of infection (12, 33).
Here, the T cells and NK cells interact with macrophages to produce interferon gamma
(IFNy), which in turn activates the macrophage to become bactericidal (32). Activated
macrophages secrete tumour necrosis factor (TNF), which initiates granuloma formation
(54, 55, 98). A productive granuloma with high cellular turnover develops to confine the

bacteria and restrict their growth (Figure 5) (12, 33).
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Figure 5. General architecture of a tuberculous granuloma with a core of macrophages
and epithelioid cells surrounded by lymphocytes (121).

Although granulomas inhibit bacterial replication, they often are unable to completely
eliminate the bacteria so cytolytic T cells move through the granuloma searching for
residual live bacteria (12, 33, 84). They lyse infected host cells and lysis of such cells
releases bacteria and allows them to be taken up by more efficient phagocytes. This also
promotes discharge of toxic macrophage products to further inhibit mycobacterial growth.
Later, granulomas are encapsulated by fibrotic walls and the centre of the granuloma
becomes necrotic. Encapsulation contributes to‘microbial containment and lowers partial
oxygen pressure providing unfavourable growth conditions for MTB. When uncontrolled
cell destruction by cytolytic T cells, NK cells and macrophages promote granuloma
liquefaction, they encourage rupture of the bronchoalveolar and vascular systems and

dissemination of the mycobacteria into these systems.

The co-ordinated interplay between macrophage activation and target cell lysis appears to

be required for protection (12). Mycobacteria can reside in a host for years without
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causing disease and this indicates that the immune system generally fails to completely

eliminate MTB and must rely on mycobacterial containment and growth inhibition.

1.6 MECHANISMS OF PROTECTION

Anti-tuberculosis immunity involves a critical interplay of macrophages, lymphocytes and

cytokines (7, 12, 33).

1.6.1 MACROPHAGES

Macrophages play multiple roles in the containment of MTB infection. They are the innate
cells that initially recognise the presence of inhaled MTB. After phagocytosis of MTB,
alveolar macrophages process the antigens for presentation to the adaptive immune
system. Macrophages also ‘possessb antibacterial activities that are largely responsible for
restriction of MTB growth (7, 12, 13, 32, 33, 61, 62, 104, 105). The antimycobacterial
activities include production of reactive oxygen and nitrogen intermediates and the

creation of an acidic phagolysosomal environment.

1.6.2 T CELLS

Different stages of experimental infection involve different T cell subsets (Figure 6) (84,
85, 117). Presentation of mycobacterial antigens to CD4" T cells occurs via the MHC
Class II molecule, and the MHC Class I molecule which is used to sensitise CD8" T cells

(36, 59, 60, 113) (Figure 7).

During haematogenous spread of the infection, bacteria in the blood are picked up within a
short time by macrophages in the spleen and liver (7, 33). Some of these bacteria can be

detected in lungs. In an aerosol infection, many bacteria are cleared by lung alveolar
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macrophages and carried to draining lymph nodes. Some may erode directly into alveolar

endothelial cells and within 10-15 days, small granulomas develop around these alveolar
cells. CD8" cytolytic cells destroy the infected cell, releasing the bacteria for ingestion and
destruction by surrounding macrophages (85, 108). If there are no CD8" T cells, bacilli
survive and grow, causing abscess formation and necrotic destruction. Some macrophages
are damaged by high bacterial loads and others may be refractive to cytokine activation.
Under these circumstances, mycbbacterial proteins may leak into the cytoplasm and
bec'ome part of the MHC Class I processing pathway (67). CD8" T cells are therefore

essential for the detection and resolution of these bacteria (84).
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Figure 6. Hypothetical model for T cell generation during the course of tuberculosis in the mouse. In the
early protective phase, CD4 T cells recognise secreted/export proteins presented on MHC I molecules and
secrete IFNy for macrophage activation and recruitment. y8 T cells accumulate and secrete IL-2. As the
infection progresses, some sensitised T cells leave the site of infection and play a part in
immunosurveillance. DTH T cells circulate and can rapidly initiate a granuloma on recognition of
mycobacterial antigens. Cytolytic T cells release mycobacteria from heavily infected macrophages. CD4
memory T cells rapidly mediate resistance to subsequent mycobacterial infection (87).

Phagodsome

Antigen

Figure 7. Relationship of MTB inside the macrophage and its relationship to the antigen presentation
pathway (114).
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1.6.3 CYTOKINE RESPONSE

Infection with MTB induces an early type-1 (TH1) T cell response associated with
production of IL-12 and IFNy (15, 86, 88, 89, 108). Within 24 hours after infection, host
macrophages begin to secrete proinflammatory cytokines (IL-1, IL-6, M-CSF, GM-CSF,
TNF, IL-10) (89). Secretion of TNF is usually induced by lipoarabinomannan, a
component of the mycobacterial cell wall, and this activates host macrophages to inhibit
the mycobacterial growth and also promotes a granulomatous response at the site of
infection (14, 55). IFNy together with TNF are the key activating agents that trigger
macrophages to become antimycobacterial (19, 25, 29, 31, 32, 98, 101). Deficient TNF
results in poor granuloma formation and dissemination of infection (55, 98).
Administration of recombinant IL-12 may confer resistance to tuberculosis in mice. (44).
Events triggered by IL-12 help identify NK cells as critical cellular components in defence
against MTB. Since NK cells can produce IFNy in response to IL-12, NK cells can rapidly
activate macrophages to express microbiocidal functions during the early non-immune

phase of TB, before the expansion and differentiation of T cells (56).

Forty days post-infection, TH2-like IL-4-secreting CD4" T cells appear. Both TH]I- and
TH2-like responses therefore occur in mice and humans infected with MTB (57, 117). The
early TH1-like response mediates protective immunity by release of IFNy and other
cytokines while the later emerging TH2-like response drives helper T cells to facilitate
antibody production to mycobacteria (19). It has been suggested that very low and very
high antigen doses promote a TH2 response, while moderate antigen levels predispose
naive cells to become TH1 cells (86, 94, 100). Low and high doses of high affinity antigen

yield TH1 cells, while moderate doses of high affinity antigen yield TH2 cells.
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Three cytokines are central to the initial stages of development of TH1 and TH2 cells
(104). IL-4 is considered dominant over IL-12 (57, 78, 107). It up-regulates expression of
its own receptor, inhibits secretion of IL-12 and down-regulates expression of IL-12p2
subunit (58, 91). It induces its own expression and induces TH1 to TH2 switch, possibly
through activation of its own receptor on TH1 cells (58). IL-12, in contrast, cannot block
IL-4 production and cannot induce a switch from TH2 to TH1 (78). This may be due to the
fact that TH2 cells are constantly making [L-4 and IL-4 down-regulates IL-12RpB2 subunit,
making these cells unresponsive to IL-12. IFNy inhibits IL-4R expression and interferes
with IL-4 and IL-5 production (90, 99). Given the dominant position of IL-4 over IL-12,
timing and amounts of IL-4 dictate the pathway of T cell development (90, 100, 107).
Unlike IL-12, which has a source immediately adjacent to the activated T cell, IL-4 is
made by a variety of cells distant from the site of antigen activation (97). IFNy and IL-4
are also made by antigen-naive T cells. If enough endogenous IL-4 is made to overcome
early endogenous IFNy inhibition and APC-derived (antigen-presenting cell) IL-12
stimulation, IL-4 dominance will drive cells to a TH2 phenotype (58, 107). The key is the

relative timing and ratios of IL-4 to IFNy and IL-12 (107).

1.7 IL-4 AND IL-13 IN INFECTIOUS DISEASES

1.7.1 FUNCTIONS OF 114

IL-4 acts on B cells to induce proliferation in the presence of anti-IgM, stimulates IgG1
and IgE synthesis and allows the expression and release of low affinity IgE receptors (58,
91). It also inhibits IgM, IgG2a, 1gG2b, and IgG3. On T cells, it inhibits IL-2 induced

cytotoxic T cell activity. IL-4 stimulates mast cell growth and haematopoetic progenitor
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cell growth. It induces macrophage aggregation and cytotoxicity and also induces MHC

Class II expression (91). It blocks IL-1, IL-6, IL-8 and TNF production by macrophages
but stimulates G-CSF and GM-CSF production by monocytes. IL-4 is made by activated
TH2 CD4" cells and has receptors on T cells, B cells, monocytes, fibroblasts, epithelial

cells, and endothelial cells (91).

1.7.2 FUNCTIONS OF IL.-13

IL-13 is a TH2 cytokine related to IL-4 and they both belong to the same a-helix protein
‘family (72, 123). Human genes for IL-4 and IL-13 are found on chromosome 5 and the
mouse genes are found on chromosome 11. IL-4 and IL-13 production is restricted to
activated T cells, especially TH2 cells, mast cells, basophils, dendritic cells and NK cells
(68, 69, 124). IL-4 and’ IL-13 act on a variety of cell types, e.g. NK cells, fibroblasts,
eosinophils, airway smooth muscle cells, endothelial cells. The effects of these cytokines
include up-regulation of MHC Class II and CD80/86 on fnacrophages and monocytes, up-
regulation of members of the integrin superfamily that may contribute to enhanced
extravasation, mobility and trafficking of macroi)hages and monocytes (68, 73). There are
also important immunosuppressive effects and anti-inﬂarﬁmatory activities on
macrophages and other cells (5, 8). These include inhibition of pro-inflammatory
cytokines and chemokines, inhibition of nitric oxide production, antibody-dependant cell-
mediated cytotoxicity and FcyR surface expression. Both cytokines have a role in asthma
(99). Although IL-4 and IL-13 have many shared activities, each cytokine also has its own

individual functions.
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1.7.3 DIFFERENCES BETWEEN 11.-4 AND IL-13

IL-4, but not IL-13, promotes TH2 cell differentiation which is characterised by the
secretion of IL-4, IL-5, IL-9, IL-10 and IL-13 (70, 122, 124). IL-4 is important for the
generation of the humoral immune response and immunoglobulin switch of B cells,
leading to the secretion of IgG1 (human IgG4) and IgE (95). In mice, no direct effect of
IL-13 has been demonstrated on THZD differentiation or on B cell switch and this is
probably due to the absence of IL-13 receptors on the surface of these cells (123). Human
B cells, but not T cells, are responsive to IL-13 (68, 95). Activated THO, TH1-like and

TH2-like CD8" cells make IL-13.

1.7.4 JL-4 AND IL-13 RECEPTORS

1.7.4a The IL.-4 receptor

The overlapping biological functions of I1L-4 and IL-13 are dué to the shared receptor
component (1, 10, 43, 82). The typé 1 IL-4R is a heterodimeric complex consisting of the
IL-4Ra chain and the common y chain (yc) (102). The yc chain was found not to be the
common component of the IL-4R and IL-13R since effects from both cytokines could be
detected in the absence of the yc chain (1, 66). Monoclonal antibodies against IL-4Ro
| chain blocked responses to both IL-4 and IL-13 and therefore the IL-4Ra chain had to be
the common component of the IL-4R and IL-13R (43). The type 2 IL-4R comprises an IL-
4Ra chain and IL-13Ral chain (52). It is a high affinity IL-4 receptor with a low affinity
for IL-13 since the IL-13Ral chain binds to IL-13 with low affinity (77). Soluble IL-4R is
predominantly secreted by mature lymphoid cells and may act as an inhibitor at high

concentrations (17). At low concentrations it acts as a carrier for IL-4. In all the receptofs,
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signal transduction via the IL-4Ro chain leads to activation of Jak-1 independent

pathways, which involves tyrosine phosphorylation of STAT6 (signal transducer and
activation of transcription) or IRS 2 (insulin response element) (76). IL4Ro™ and STAT6
" mice have no IL-4- or IL-13-mediated macrophage functions therefore IL-4Ra had to be

an important component for both receptors and STAT6 signalling (76).

1.7.4b The I1.-13 receptor

IL-13Ral, IL-13Ra2, IL-4Ra and ye chain form the 4 types of IL-13R complexes (Figure
8) (82). In the Type I IL-13 receptor, IL-13 binds to two 70kDa isomers (IL-13Ra and a”)
and IL-13Ra’ also binds to IL—4. IL-13Ra éorresponds to IL-13Ral and IL-13Ro’
corresponds to IL-13Ra2. IL-13 will have greater binding affinity than IL-4. The Type II |
IL-13R may be composed of heterodimeric proteins of 70kDa (IL-13Ra’) and 140kDa
(IL-4Ro). Both IL-4 and IL-13 bind to both proteins. The Type III IL-13R may be
composed of the 70kDa protein (IL-13Ra’), the 140kDa protein (IL-4Ro) and the 64kDa
protein (yc). IL-13 will bind weakly to IL-4Ra and to IL-13Ra” but will not bind to yc.‘ IL-
4 binds to both IL-4Ro and to yc. In this case both IL-4 and I1.-13 will compete for the
binding of both IL-4R and IL-13R. The fourth model is similar to the Type III IL-13R but
here IL-13 binds weakly. The type of IL-13R complex expressed depends on the type of
cell and which combination of receptor components are present (37, 40, 82). Different
cells therefore display different binding properties for IL-13 and IL-4. IL-13Ral is for
signalling and binds IL-13 with low affinity (77). IL-13Ra2 has greater affinity for IL.-13
than IL-13Ral but it is non-signalling (40, 93). IL-13Ral has been found on human and
mouse B cells but not on human or mouse T cells (37, 40, 93). It is also found on mouse

germinal centre B cells and follicular dendritic cells (91). Soluble IL-13Ral has been
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found in the supernatant of activated human T cells and soluble IL-13Ra2 was found in

mouse serum (98, 122). A soluble IL-13Ra2/Fc fusion protein blocked mitogenic

responses suggesting that IL-13Ra2 could serve as dominant negative inhibitor or decoy

receptor (16).

Type | IL-13R Type Il IL-13R Type Il IL-13R Type IV IL-13R

~p70 -p70 ~p70 B 20 P64 ~p70 p64
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Figure 8. Proposed models of IL-13R structure. Examples of each model are shown below the schematic
diagrams (82).
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1.7.5 IL-4 AND IL-13 AND INFECTIOUS AGENTS

1.7.5a Leishmanic major infection

The protozoan flagellate Leishmania major (L major), transmitted by sand flies, causes
human leishmaniasis. During cutaneous L major infection, leishmaniasis-resistant mouse
strains develop dominant TH1 responses with high IFNy and low IL-4 production resulting
in a pretective cellular immune response (75). Leishmaniasis-susceptible strains have a
dominant TH2 response with high IL-4 and low IFNy production (74). 1L-4 inhiﬁition by
IL-4 itself is a key component determining polarisation to TH2 cell phenotype ‘and
susceptibility to L major infection. Several studies have revealed that IL-47", IL-137", IL-
47/1L-13" and IL-4Ro” mice are resistant to L major therefore IL-4 and IL-13 have
major influences on disease outcome (65, 75). There are, however, IL-4Ra-independent
mechéﬁisms fo.r THZ development, as demonstrated by IL-4Rd"/' and IL-47" mice being
able to produce fL—4 (74, 79). IL-13R is also responsible for protection from chronic L
major infﬁ;ctién as IL-4Ra”” mice but not IL-4" mice, ﬁndergo disease progression. This
data suggest that there are both IL-4- and IL-13-dependent and independent factors which

determine disease progression (75).

1.7.5b Nemat(;de infeétion

IL-4 plays a various roles in resistance to nematode infection (10). Abrogation or
neutralisation of TL-4 activity or infection of IL-4”" mice with Heligosomoides polygyrus,

Trichinella spiralis, Trichus muris hinders parasite expulsion from intestine (2, 3, 10).

sz;w&tra;zgylus brasiliansis (N. brasiliansis) expulsion is independent of IL-4 and relies

more on. IL-13 for protection (5, 69, 70, 119). Mice deficient in IL-4 and IL-4Ra were
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infected with N. brasiliansis (5, 779. N brasiliansis is a strong inducer of TH2 responses
in mice. TH2 cell differentiation was more severely affected in IL-4Ro” than IL-4" mice.
IL-47 nﬁce were still responsive to IL-13 therefore TH2 cell development seemed to be
regulated by IL-4 and IL-13. STAT6”, IL-13" and IL-4/IL-13 double knockout mice had
impaired TH2 development (69, 70, 119). IL-13 could not directly promote TH2
polarisation and neither IL-4 nor IL-13 addition could reverse the IL-l3-deﬁéient

phenotype.

1.7.5 ¢ Schistosoma mansoni infection

IL-13 plays an important role in pulmonary granuloma formation and fibrosis in
Schistosome infection (30). IL-4Ro”™ and IL-4/IL-13" have no granulomatous
inflammation or fibrosis and had reduced TH2 responses (16, 51, 96). Blocking IL-13
mediated functions with antibody completely eliminated Schistosome-induced g?anuloma

formation in IL-4"" mice (16).

1.7.5d Mvcobacterial infection

Cell-mediated immunity plays a key role in host resistance to MTB infection (7, 33). The
cell-mediated immune response is regulated by a balance between TH1 cytokines (IFNy,
IL-12, TNF) and TH2 cytokines (IL-4, IL-10, IL.-13). Studies in mice deficient in TH1
cytokines show that these cytokines are essential to control mycobacterial infections (6,
19, 20, 25, 34, 35, 42). Besides the dominant TH1 response, mycobacterial infections also
induce TH2 cytokines such as IL-4 and IL-~10, which are known to down-regulate the TH1
response but have been demonstrated to play a minor role in mycobacterial infections (28,

33, 38, 42, 50, 79, 116).
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1.8 ANIMAL MODELS OF TUBERCULOSIS

For the study of TB, the guinea pig and mouse models are the most popular animal models
used. Each model has its specific advantages, which will depend on the aim of each

project.

1.8.1 TB AND THE GUINEA PIG

Since the guinea pig is sensitive to a low dose pulmonary infection, it therefore depicts the
natural cause of the infection in humans with active TB (87). It is mainly used for studies
of pathogenesis and for the evaluation of vaccines. Vaccine efficacy and therefore
resistance to mycobacterial infection is evaluated with respect to increased survival,

reduction in size and severity of pulmonary TB and lowered bacterial loads in the guinea

pig (87).

1.8.2 THE MOUSE MODEL OF TB

The mouse is the most common animal model used in TB research due to its breeding
capabilities and low-cost maintenance (63, 87). Most human genes ha\}e a related mouse
version, making it possible to gain insights into human disease using gene-deficient mouse
models. By using low-dose mouse models of infection, it is possible to define the immune
response that occurs in individuals who become infected but who do not develop active

TB.

Although the guinea pig model is gaining popularity, there is a large supply of
immunological tools that support using the mouse model of infection eg. variety of gene-
knock-out mice, availability of mouse antibodies, molecular mouse probes. It can be said

that a large amount of information gained from mouse models may not pertain directly to
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human infection but it does provide some understanding about the immune response in

general.

Immunology has been revolutionised by the availability of gene-deficient mice (Figure 9)
(27). Before the advent of knockout mice, most work was tested in in vitro systems. It is
now well known that the in vitro and in vivo systems operate differently and that results
obtained using in vitro techniques may not always mimic what happens during the natural
course of infection in the host. The immune system and immune response is the result of
the interaction of a variety of factors and therefore the use of animal models may give a
better understanding of this interaction. The use of cytokine-knockout mice furthers this
understanding by giving some idea of the role of particular cytokines in disease. Many
cytokine-knockouts changed the way cytokines were previously viewed and some

knockouts were lethal indicating far broader functions than anticipated (27).
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1.9 VACCINE TESTING

1.9.1 IN VITRO VACCINE TESTING

A number of BCG and Mycobacierium tuberculosis H37Rv (H37Rv) auxotrophic mutants
have been tested (Table 1). Work on bone marrow-derived macrophages (BMDM)
infected with WT mycobacteria showed that most of the macrophages haci high
intracellular bacterial counts (4, v45, 49, 111). While the H37Rv purine auxotroph
persisted without the number of viable bacilli increasing, the H37Rv leucine auxotroph
could not replicate inside macrophages (45, 49). The BCG purine and leucine auxotrophic
mutants were gradually eliminated (4). The methionine-deficient H37Rv had growth
kinetics similar to that of the WT, and proline- and tryptophan-deficient H37Rv had
significantly reduced bacterial growth (108). These results demonstrated that, with the
exception of the methionine mutants, disruption of these genes alters the ability of the

mycobacteria to multiply within BMDM.

1.9.2 VACCINE TESTING IN GUINEA PIGS

Methionine and leucine BCG mutants were used to immunise guinea pigs and later, the
guinea pigs were challenged, via aerosol, with WT H37Rv and WT BCG (11). Protection
was expressed as a reduction in pathology rather than reduction in bacterial load in the
lungs. Methionine BCG provided protection against H37Rv challenge. The lungs of
guinea pigs vaccinated with leucine-deficient BCG displayed gross pathology. BCG

vaccination conferred less protection to challenge with Mycobacterium tuberculosis than

to challenge with BCG.



BCG

H37Rv

WT Purine | Leucine | Methionine| WT Purine | Leucine | Methionine | Proline | Tryptophan

- /- - ¢ /- I /- -
Growth in BMDM o+ +/_ +/_ + ND et ot _ At + +
Persistence in 4+ - ND ND 4 + +/_ +7F /~ - -
immune - competent
mice
Persistence in 4 + /- ND ND I A+ + /- 4+ /- + _
imrmune - deficient
mice :
Protects mice against bt ND ND ND ND ND 4t ND I -t
iv. M tuberculosis
Protects mice against ++ - ND ND ND ND - ND ND ND
aerosol M tuberculosis .
Persistence in guinea 4+ - . ND ND + ND ND ND ND
pigs
"Protects gp against o+ ND +/. -t ND ND ND ND ND ND
aerosol M bovis
(haematogenous)
"Protects gp against 4+ - + 4+ ND + . ND ND ND
aerosol M tuberculosis
(haematogenous)
*Protects gp against N ND +t ot ND ND ND ND ND ND
aerosol M bovis
(pulmonary)
“Protects gp against 4+ A . . ND . - ND ND ND
aerosol M tuberculosis
(pulmonary)

Table 1. Overview of experiments using auxotrophic mycobacteria. Degree of persistence or protection ranges from +++ (lots of growth, good protection) to — (no growth, minimal protection). "Wsed spleen CFU as a
measure of haematogenous protection, *Used tung CFU as a measure of pulmonary protection. Abbr. BMDM — bone marrow-derived macrophages, i.v. - intravenous infection, gp - guinea pig, ND ~ not determined

LT
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Purine-deficient mutants (BCG and H37Rv) were also used to vaccinate guinea pigs and

later the guinea pigs were challenged via aerosol with WT H37Rv (47). Purine-deficient
BCG exhibited no protection in the spleen while mutant H37Rv provided more protection

against an intravenous (iv) challenge than after an aerosol challenge.

1.9.3 VACCINE TESTING IN IMMUNE-COMPETENT MICE

Both BCG and H37Rv purine and leucine auxotrophs have been tested in animal models
(11, 45, 49. After iv infection, the BCG purine and leucine mutants were eliminated
almost immediately after infection while the H37Rv mutant numbers were dramatically
reduced during the first week post-infection. Thereafter the bacilli were gradually

eliminated until it became undetectable.

1.9.4 VACCINE TESTING IN IMMUNE-DEFICIENT MICE

Severe combined immune-deficient (SCID) mice have been infected with methionine-,
proline- and tryptophan-deficient H37Rv and organ bacterial counts determined (111).
Initially, the methionine mutants had a delay in growth but later the growth rate increased
to be similar to the WT. The proline mutant also initially had a significant delay in growth
but after day 20, there was a gradual loss of control in the lung. Only mice infected with
the tryptophan mutant had prolonged survival and this mutant could therefore be labelled
as avirulent. Since mice infected with proline and tryptophan mutants had prolonged
survival, these mutants were used to immunise SCID mice. The mice were then challenged
iv with WT H37Rv. Both mutants caused a reduction in tissue burden 2 months after
challenge. The proline and tryptophan mutants were able to protect against challenge with

virulent MTB at levels equivalent to or greater than those for BCG vaccination.
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1.10 OBJECTIVES OF STUDY

It has been demonstrated that IL-4 plays a miﬁor role in the control of BCG or MTB
infection (28, 80). It has previously shown that the THI response is enhanced in the
absence of IL-10, resulting in an accelerated elimination of BCG (50). In this study it was
asked whether the combined absence of 11.-4 and IL-13, as compared to IL-4 deficiency,

would increase resistance to MTB infection.

Previous studies have shown the importance of IFNy in the control of mycobacterial
infections (19, 25, 34, 52, 53). In this study, IFNyR'/' mice were used to determine the
growth kinetics of purine-deficient H37Rv. Firstly, IFNyR'/' mice were infected via
acrosol with 100 CFU (colony forming units) purine-deficient H37Rv and WT H37Rv.
Secondly, WT mice were immunised with either saline, purine-deficient H37Rv or WT
H37Rv. Four weeks later, these mice were challenged with WT H37Rv via aerosol. Thus,

the protective efficacy of purine-deficient BCG was determined.
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2 MATERIALS AND METHODS

2.1 MICE

IL-4" mice and IL-4Ro” mice on a BALB/c background were obtained from Prof.
Brombacher, Immunology Department, University of Cape Town (75, 79). IFNyR-deficient
(IFN}/R” ") mice, obtained from Prof Zinkernagel, University of Zurich, Switzerland, and their
WT-129 control (WT) were used for the experiments involving mutant mycobacteria (52, 53).
Mice were maintained under specific pathogen-free conditions at the University of Cape
Town Animal Unit. All mice used in experiments were between 8-12 weeks old. All infected
mice were housed in filter-top cages in a biohazard level 3 facility and received food, water

and bedding, as needed.

2.2 GENOTYPING OF MICE

2.2.1 DNA EXTRACTION

The gene-status of all the IL-4" mice and IL-4Ra” mice (breeding stock and litters) were
verified by the polymerase chain reaction (PCR) analysis of the DNA from tail biopsies. PCR
machine used was a Peltier Thermal Cycler, model PTC-200 from MJ Research. A portion of
the mouse tail (1cm) was removed under anaesthesia and incubated in 500ul lysis buffer
overnight (O/N) at 56°C with rotation. The resulting solution was centrifuged at 10000rpm for
10 minutes. The supernatant was added to 0.5 volumes of isdpropanol and the precipitated
DNA was removed with a sterile hooked 150mm pasteur pipette. Pipettes were sterilised by
heating the tips to form a hook. The DNA was dried at room temperature and resuspended in

500ul water. For the PCR reaction, 2pl of this DNA solution was used.
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2.2.2 PCR ANALYSIS

All primers were designed by Anita Schwegmann, Department of Immunology, University of
Cape Town and manufactured by the Department of Medical Biochemistry, University of
Cape Town. The primer sequences and expected PCR products are outlined in Tables 2 and 3.

The PCR reaction mix and thermocycling conditions are detailed in Tables 4 and 5.

Primers for PCR screening of IL-4” mice

Pl 5 GTG AGC AGA TGA CAT GGG GC 3
P2 =¥ CITCAAGCATGGAGTTITCCC 3
Pneo 5 GCGCATCGCCTTCTATCGCCTTC 3

Primers for PCR screening of IL-4Ra” mice

Wild-type allele

Exon 7 forward 5 TGACCTACAAGGAACCCAGGC %
Exon 8 reverse 5’ CTC GGC GCACTGACCCATCT 3’
Deleted allele

IL-4R E10 reverse 5° ACCTGT GCATCC TGA ATG AT 3’

IL-4R intron 6-8 5 CCCTICCTGGCC CTG AATTT 3

Table 2. Primer sequences for genotyping of IL-47" and IL-4Ro™" mice.

Expected PCR products (in base pairs)

4+ +/- /-
IL-4 P1/1L-4 P2 180 180 -
IL-4 P1/IL-4 Pneo . 1208 1208
IL-4Ro wild-type allele 800 800 -
IL-4Rat deleted allele - 1300 1300

Table 3. Expected PCR products for genotyping of IL-4” and IL-4Ro” mice.



PCR reaction mix (uh
IL-4 1IL-4Ro,

DNA sample 2 2
Primer 1 (6.25uM) 2 2
Primer 2 (6.25uM) 2 2
dNTP (2.5mM) 4 4
PCR buffer (103) ) )
Taq (5U/ul) 0.05 0.05
Water 34.95 34.95
Total volume 50.00 50.00

Table 4. PCR reaction mix for genotyping of IL-4" and IL-4Rc”” mice. Taq Supertherm DNA
polymerase (JMR-801) used was purchased from Southern Cross Biotechnology

Thermocyvcling conditions

Temperature (°C) duration number of cveles
§i-4 94 2 minutes 1
94 20 seconds ]
56 20 seconds } 5
72 2.5 minutes  J
94 20 seconds ]
56 20 seconds | 31
72 2 minutes J
72 3 minutes
4 hold
IL-4Ro 94 1 minutes 1
94 20 seconds 1
56 20 seconds } 40
72 1 minutes J
72 3 minutes
4 hold

Table 5. Thermocycling conditions for genotyping of IL-4™ and JL-4Ro” mice.
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After completion of the PCR, 50pl of the amplified product was mixed with 10ul of

6xloading dye. The mixture (30pl per well) was electrophoresed on a 1.6% agarose gel (D1
low electrosmosis, Whitehead Scientific) containing 10mg/ml ethidium bromide and using
0.5xTBE as the running buffer. A bacterial DNA marker was included in the gel to determine
the band sizes (for preparation of the bacterial DNA marker, see appendix C). The gel was
electrophoresed for 1 hour at 150 volts after which they were photographed under ultraviolet

light.

2.3 MYCOBACTERIA

Mycobacterium tuberculosis H37Rv (H37Rv) was obtained from Prof. G Kaplan, Rockefeller
University, New York. The purine mutant of Mycobacterium bovis BCG (purC™ BCG) and
its WT parent strain (WT BCG), and the purine mutant of Mjycobacterium tuberculosis
H37Rv (purC” H37Rv) and its WT parent strain (WT H37Rv) were obtained from Prof. B
Gicquel, Pasteur Institute, France (48, 49). The mutant mycobacteria were generated as
previously described (48, 92). A small amount of the mycobacteria was removed from a
Lowenstein-Jensen slant using a sterile disposable plastic inoculating loop and inoculated into
a sterile 50ml screw-capped tissue culture flask containing Middlebrook 7H9 broth
supplemented with 10% OADC enrichment medium (South African State Vaccine Institute)
and 1% glycerol. For the mutant strains, 20pug/ml kanamycin and 20ug/ml hypoxanthine were
also added. This starter culture was grown to mid-log phase in a 37°C incubator in the
presence of 5% CO,. One aliquot was used to grow up a working stock of mycobacteria. An
aliquot of the working stock was passed through a 26-gauge needle 20 times to unclump the
bacteria. Ten-fold dilutions were made in Tween/saline (0.04% Tween/ 0.9% saline) and
plated on Middlebrook 7H10 agar supplemented with 10% OADC and 0.5% glycerol

(20ug/ml kanamycin and 20pg/ml hypoxanthine were included for the mutant strains). All
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dilutions are plated in duplicate onto 90mm two-compartment bacteriological grade petri
dishes (502V, Sierilab). Plates were incubated at 37°C for 2-3 weeks to determine the H37Rv
concentration. Colonies were counted using a dissecting microscope (Wild, Heerbrugg).

Aliquots were thawed and diluted as required.

2.4 AEROSOL INFECTION

The aerosol procedure was carried out under strict biohazard level 3 guidelines. The aerosol
procedure and inoculating dose were prepared as instructed by the manufacturers of the
Inhalation Exposure System (Model 099C A4224, Glas-Col) to deposit 10, 1x10° CFU
(colony forming units) and 3.5x10% CFU, respectively, into the lungs of mice. To deliver
1x10* CFU into the lungs of mice, the mycobacterial suspension prepared needs to be at
2x10° CFU/ml in a total volume of Sml sterile saline (1x10” CFU total). Therefore the
suspension prepared for use needs to have 5 logig CFU higher than the concentration one
wants to deliver into the lungs of mice. Thus, to obtain 10, 1x10? CFU and 3.5x10? CFU per
lung, 1 x 10° CFU, 1x107 CFU and 3.5x107 CFU respectively, were used. The infection cycle
used was as follows: preheat time = 15 minutes, nebulisation time = 40 minutes, cloud decay
time = 40 minutes, decontamination time = 15 minutes. The preheating cycle allows for the
incinerator to reach a working temperature of 790°C. All exhaust air will pass through the
incinerator before being released. During the nebulisation cycle, compressed air is passed
through the bacterial suspension to form droplet nuclei. During the cloud decay cycle, air is
drawn into the chamber to disperse the aerosol, and the UV lights switch on during the

decontamination cycle to sterilise the top of the basket.
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In 3 separate experiments, IL-4”" and IL-4Ro” mice were infected via the aerosol route with

10, 100 and 350 CFU respectively. Groups consisted of 4 mice per time point and the
experiments were repeated two times. In one experiment, 6 IFNyR'/ “and 6 WT mice were
infected with 100 CFU/lung of WT H37Rv and in another experiment, they were infected

with 100 CFU purC” H37Rv, respectively.

2.5 IMMUNISATION PROCEDURE

Fifteen WT mice were anaesthetised with chloroform and infected iv via the lateral tail vein,
with 1x10° CFU purC'/ "BCG. A second group of 15 mice were injected in the same way with
WT BCG. A control group of 4 mice were injected with sterile saline. At 4 weeks post-
infection, 4 mice from each infection group were sacrificed to determine bacterial load in the
various brgans. The remaining mice from each group were challenged via the aerosol route
with 100 CFU per lung WT H37Rv. Ten control mice were included in the challenge and
sacrificed at day | post-infection to determine the moculating dose. At week 8, 4 mice from
each group were sacrificed to determine whether the inoculation with purC” BCG provided

protection against WT H37Rv.

2.6 DAY 1 CFU DETERMINATION

Ten control mice were sacrificed at day 1 after exposure to confirm the dosage inhaled into
the lungs. Lungs were removed, weighed and homogenised, using glass tissue homogenisers
(Lasec), in 2ml Tween/saline. Homogenised samples were plated onto Middlebrook 7H10
agar supplemented with 10% OADC and 0.5% glycerol, incubated at 37°C for 2-3 weeks after
which the colonies were counted. For the immunisation study, liver and spleen samples were
included. For the mutant strains, 20pug/ml kanamycin and 20pug/ml hypoxanthine were also

added.
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2.7 CLINICAL SIGNS

Mice were observed for clinical signs (posture, condition of fur) and weighed weekly, using a
Mettler Toledo balance (PB 303), as reduction in body weight was considered an indicator of

disease progression.

2.8 BACTERIAL BURDEN

At weeks 4, 8, 12 and 24 post-infection 3-4 mice per group were anaesthetised using diethyl
ether, and sacrificed. Samples of lungs, liver and spleen were removed, weighed and
‘homogenised in 2ml Tween/saline aﬁd plated onto Middlebrook 7H10 agar supplemented
with 10% OADC and 0.5% glycerol. For the mutant strains, 20pug/ml kanamycin and 20ug/ml
hypoxanthine were also added. Samples were plated in duplicate at various dilutions. Colonies

were counted after 2-3 weeks incubation at 37°C.

2.9 HISTOLOGY

Tissues were fixed O/N in 20-30 volumes of 4% phosphate-buffered formalin pH 7.4. Fixed
tissues were dehydrated O/N by an automated tissue processor (TP-1020, Leica) before
paraffin wax embedding (embedding kstation, EG 1140H, Leica). The following cycles were
used: 1 x 70% ethanol for 2 hours, 2 x 96% ethanol for 2 hours, 4 x 100% ethanol for 2 hours
and 2 x xylene for 2 hours. Samples were embedded in paraffin wax (Histosec pastilles,
Merck) and left to solidify. Once set, 2um thick sections were cut on a rotary microtome
{(RM-2125, Leica). Sections were fixed onto glass slides O/N at 65°C, and stored at room

temperature. Before staining, slides were dewaxed at 65°C O/N.

2.9.1 HAEMATOXYLIN AND EOSIN STAIN (HE)

After dewaxing paraffin wax-embedded sections O/N at 65°C, sections were rehydrated for 1

X 3 minutes in xylene, 2 x I minute in xylene, 2 x 1 minute in 100% ethanol, 2 x 1 minute in
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96% ethanol, 2 x 1 minute in 70% ethanol and finally 1 minute in running tap water (22).
Sections were left in haematoxylin for 8 minutes, then washed in running water for 1 minute.
Excess stain was removed by rinsing in 1% acid alcohol for 10 seconds. Blue colour was
regained in water for 30 minutes. Sections were then placed in 1% eosin for 2 minutes, rinsed
in running water and dehydrated through alcohols. Sections were cleared in xylene (Merck)

and mounted in Entellen (Merck).

2.9.2 ZIEHL-NEELSON STAIN (ZN)

Paraffin wax-embedded sections were dewaxed and rehydrated as before. Slides were flooded
with 6% carbol fuchsin (Merck) solution and flamed until the steam rises (23). Sections were
left to cool for 5 minutes before the process was repeated. The carbol fuchsin should then be
fixed to the sections. After the slides have cooled, they were rinsed in running water. Excess
carbol fuchsin was removed by rinsing sections in 1% acid alcohol, followed by running
water. Sections were then left to decolourise in 25% H,SO4 for 20 minutes and washed in
running water for at least 10 minutes to remove excess acid. Sections were counterstained in
Loefflers methylene blue for 1 minute, rinsed in water and dehydrated through alcohols to

xylene. Sections were mounted in Entellen.

2.10 IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed on paraffin wax-embedded sections using the citrate
buffer antigen retrieval method modified from the Dako guide to antigen retrieval (24).
Sections were dewaxed O/N at 65°C and then rehydrated for 1 x 3 minutes in xylene, 2 x 1
minute in xylene, 2 x 1 minute in 100% ethanol, 2 x 1 minute in 96% ethanol, 2 x 1 minute in
70% ethanol and finally 1 minute in running tap water. The sections were microwaved (Model

DM 129, Defy) at medium heat for 2x5 minutes in citrate buffer pH 6, then left to cool in the
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buffer at room temperature for 20 minutes. Endogenous peroxidase activity was blocked by
incubating the sections in 3% H;Oz/methanol for 30 minutes. Sections were then washed
thoroughly in 1xPBS before being incubated in 0.1% avidin for 30 minutes, then 0.01 %
biotin for 20 minutes to block endogenous biotin (biotin blocking kit, X0590, Dako). Sections
were incubated in 1.5% normal goat serum for 30 minutes and left in primary antibody O/N at
4°C. Rabbit anti-mouse INOS antibody (from Prof. J Pfeilschifter, University of Frankfurt,
Germany) was used at 1:2000 and rabbit anti-mouse nitrotyrosine antibody (cat no. 06-284,
Upstate Biotechnology) was used at 1:200. After the primary antibody incubation, sections
were washed in PBS and the biotinylated goat anti-rabbit IgG secondary antibody (BA-1000,
Vector) was added for 30 minutes. After a wash in PBS, sections were incubated in ABC
Vector (PK-6100, Vector) for 30 minutes before addition of the liquid DAB substrate
chromogen system (R3455, Dako) for 10 minutes. Sections were washed in running tap water
before being incubated in 1% CuSOs; for 2 minutes, running tap water for 2 minutes,
haematoxylin for 4 minutes and a final wash in running tap water for 5 minutes. Sections were
dehydrated and mounted in Entellen. All incubations were done at room temperature in a

humidifying chamber, unless otherwise stated.

2.11 BRONCHOALVEOLAR LAVAGE

After 3 and 6 months post-infection, bronchoalveolar lavage (BAL) was done to assess
cytokine production and cellular activation state in the lungs. Mice were given a lethal
injection of Xylazine/Ketamine. The trachea was exposed and a 20-gauge cannula (Introcan,
Braun) was carefully inserted. Lungs were lavaged twice, using 300ul 1xPBS, and each time
the lungs were aspirated 5 times. The BAL fluid was used for cytokine ELISAs. All lavage

procedures were carried out in a biohazard level 3 facility and all samples were kept on ice.



39

The BAL supernatant was centrifuged (5415D, Eppindorf) at 2000rpm for 5 minutes,

aliquoted and stored at -70°C.

2.12 LUNG TISSUE HOMOGENISATION

The left lobe of all mice were weighed and homogenised in 0.5ml sterile 1xPBS pH 7.4. The

‘homogenised samples were centrifuged at 10000 rpm for 10 seconds. Supernatants were

aliquoted and frozen at —70°C until cytokine analysis using ELISA.

2.13 CYTOKINE ELISA

All ELISA procedures involving H37Rv was performed in a laminar flow hood in a

biohazérd level 3 isolation unit. Before reading of the ELISA, 50ul/well absolute ethanol was

added and the plates were incubated for 30 minutes at room temperature to kill the

mycobacteria. Cytokines detected were 1L.-12, IFNy, TNF and TGFp. Antibodies used were

obtained from Pharmingen and R&D Systems (Table 6).

CAPTURE RECOMBINANT DETECTING
ANTIBODY Purified rat g-mouse MOUSE biotinylated
IL-4 18031D 550067 18042D
IL-5 18051D 19241V 18062D
L-12 18491 (p40) 19361V 18482D (p40/p70)

20011D (p35/p70)

20171D (p70)
IFNy 18181D 554587 18112D
clone ANIE
TNF i8131A 193217 clone MP6-XT3.11
TGFB 23201D 555104 23212D

Table 6. Antibodies used for ELISA. All antibodies are from Pharmingen except TGFB, which is from R&D

Systems.
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For IL-12, IFNy and I1L-4, 96-well microtiter plates (Maxisorb, Nunc) were coated with
100ul/well rat anti-mouse capture antibody diluted to 2pg/ml in coating buffer. After 2 hour
incubation at 37°C or O/N incubation at 4°C, the plates were washed 4 times with 200ul/well
washing buffer. Plates were then blocked with 200ul blocking buffer for 1 hour at 37°C or
O/N at 4°C. Three-fold dilutions of recombinant mouse standards were made in dilution
buffer starting at 100ng/ml. Samples (BAL fluid supernatant, lung homogenates) were also
diluted in dilution buffer and 50ul/well were added to the plates. Plates were incubated for 3
hours at 37°C or O/N at 4°C. Plates were then washed 4 times with 200ul/well washing
buffer. Biotin-labeled rabbit anti-mouse secondary antibody was diluted to 0.5ug/ml in
dilution buffer, 50ul/well were added and the plate was incubated for at least 3 hours at 37°C
or O/N at 4°C. Streptavidin alkaline phosphatase (cat no. 13043E, Pharmingen) was diluted
1:1000 in dilution buffer and 50ul/well were added. Plates were incubated for 1 hour at 37°C,
and then washed 4 times with 200pl/well washing buffer. The substrate p-
nitrophenylphosphate (PNPP) (cat no. 738 352, Boehringer Mannheim) was diluted to
Img/ml in substrate buffer. After addition of 50ul/well, the reaction was read on an ELISA
reader (Versamax, Molecular Devices) at 405nm, with a reference wavelength of 492nm. The

reaction was stopped by the addition of 50ul of 1M NaOH.

For TNF, 96-well microtiter plates (Maxisorb, Nunc) were coated with 50ul/well rat anti-
mouse TNF capture antibody diluted to 10ug/ml in coating buffer. After O/N incubation at
4°C, the plates were washed 4 times with 200pl/well washing buffer. Plates were then blocked
with 200pul blocking buffer for 1 hour at 37°C or O/N at 4°C. Three-fold dilutions of
recombinant mouse TNF standard were made in dilution buffer starting at 100ng/ml. Samples

were also diluted in dilution buffer and 50pl/well were added to the plates. Plates were
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incubated for 3 hours at 37°C or O/N at 4°C. Plates were then washed 4 times with 200ul/well
washing buffer. Biotin-labeled rabbit anti-mouse TNF secondary antibody was diluted to
2pg/ml in dilution buffer, S0ul/well were added and the plate was incubated for at least 3
hours at 37°C or O/N at 4°C. Before the addition of 50ul/well goat anti-rabbit IgG-AP (cat no.
12153E, Pharmingen) (diluted 1:10000 in dilution buffer) and 1 hour incubation at 37°C, the
plate was first washed 4 times with 200ul/well washing buffer. After the addition of goat anti-
rabbit IgG-AP, the plate was washed 4 times with 200ul/well washing buffer. The substrate
PNPP was diluted in substrate buffer to a concentration of 1mg/ml and 50ul was added per
well. 50pul of 1M NaOH was added to each well to stop‘ the reaction, and the microtiter plate

was read on an ELISA reader at 405nm.
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3.1.2 CLINICAL SIGNS

To determine the susceptibility of IL-4” and IL-4Ra” mice to an aerosol infection, ten WT
mice between the ages of 8-12 weeks were infected with either 10, 100 or 350 CFU/lung of _
H37Rv, monitored regularly and weighed weekly. The same experiment was repeated using
IL-4" and IL-4Ra” mice. Mice infected with 10 CFU displayed no clinical or pathological
signs of infection after week 2 therefore this part of the experiment was terminated (data not
shown). No changes in weights were observed between the three strains after 2 normal dose of
infection (100 CFU/lung) (data not shown). Weights remained stable for more than six
moﬁths and no deaths were observed. After the high dose infection (350 CFU/lung), all the
WT mice had succumbed to infection by week 20 (Figure 11). Only one IL-4” mouse
survived up to week 21. In contrast, 30% of IL-4Ra” mice survived up to week 24, but the
study was terminated shortly afterwards due to the morbidity of the remaining mice. The
difference in the mortality of the three strains after a high dose of H37Rv indicates that there
may be slight differences in their immune response. Elimination of both IL-4 and IL-13 could

have contributed to the slightly longer survival time of the JL-4Ra” mice.
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Figure 11, Mortality study of WT, IL-4" and IL-4Ro” mice infected with 350 CFU Mycobacterium
tuberculosis H37Rv, via the aerosol route. Each group contained 4 mice and the experiment was repeated twice.
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3.1.3 BACTERIAL BURDEN

To investigate progression of disease with respect to the mycobacterial load, lungs, spleen and
liver were removed and bacterial burden was determined by the count of bacterial colonies
(CFU per organ). For all experiments, the day 1 CFU determination confirmed that there was
an initial dose of 10 CFU, 100 CFU and 350 CFU, respectively. After an initial dose of 100
CFU, WT lung CFU remained slightly higher than the knockout strains (Figure 12A). Lung
CFU from the knockout strains remained similar until week 24. At this point, IL-4” mice
appeared to control the infection better than IL-4Ro™ mice. Spleen CFU of all the strains
increased between weeks 8-12. WT liver CFU was undetectable between weeks 6 and 8 and
no bacteria could be detected in the livers of IL-4"" mice at week 8. Mycobacteria could be
detected for both strains at week 12. IL-4Ra” liver CFU was detected at week 24 after having
no bacteria between weeks 8 and 12. Despite the slight changes in bacterial burden between
the strains, this had no impact on mortality. Twenty-four weeks after a high dose infection,
IL-4Ro”” mice had decreased CFU in the lung and at extrapulmonary sites such as liver and
spleen (Figure 12B). Since IL-4Ro” mice but not IL-4” mice showed increased elimination
of mycobacteria at week 24, the data suggests that endogenous IL-13 in chronic infection may

reduce cell-mediated immunity.
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Figure 12A. Mycobacterial burden in organs of
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3.1.4 HISTOLOGY

3.1.4a HAEMATOXYLIN AND EOSIN STAIN

Histology was performed on 2 non-serial sections per mouse, 4 mice per group. The
haematoxylin and eosin stain shows morphological alterations that may have occﬁrtred in the
organs due to infection. All three strains exhibited extensive granulomatous structures
regardless of the infective dose. With a dose of 100 CFU, there were little differences in the
morphology at week 4 and week 8 although IL-4Ro” mice had slightly more cellular
infiltration than the other strains (data not shown). At week 12 post-infection, the histological
differences between the three strains were still minimal and at week 24 post-infection, IL-
4Ro" lungs had slightly larger granulomas than the other strains (Figure 13A). At week 24,
the histology for the high dose showed that the lungs from IL-4"" and IL-4Ro™ mice had a
granular appearance, increased weight and reduced alveolar air space. (Figure 13B). IL-4Ra”
mice had slightly larger ung granulomas than IL-4" mice. We further quantified the
granuloma response in lungs and livers and demonstrated that IL-4Ro” mice had the most
prominent cellular response in the lungs whereas IL-4"" mice had more liver granulomas
(Figure 14). These results indicate that IL-4Ro™ mice had a slightly stronger granuloma
response in the lung, which resulted in less spread of bacilli to extrapulmonary sites such as

the liver. The final outcome to the increased resistance is reduced mortality.
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3.1.4b ZIEHL-NEELSON STAIN

To determine the number of acid-fast bacilli (AFB) present in the organs, tissue sections were
stained with Ziehl-Neelson. Twelve and 24 weeks after a normal dose infection, organs of
WT, IL-4”" and IL-4Ra™ organs showed similar low levels of AFB (Figure 15A). After a high
dose infection, there were more bacilli at week 12 and week 24 in the lungs of IL-4" than IL-
4Ro”" lungs (Figure 15B). These results correlate with the HE stain, showing that an

increased granuloma response contributed to a reduction in AFB.

3.1.5 IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed on paraffin sections for the presence of iNOS and
nitrotyrosine. iNOS detects inducible nitric oxide synthase activity and the nitrotyrosine stain
detects the iNOS reaction end-product. After a normal dose, strong lung iNOS activity was
detected in all strains of mice at week 12 and week 24 (Figure 16A). After a high dose
infection, strong iNOS activity was detected in all lungs at both week 12 and week 24 but was
most prominent in [L-4Ra”™ lungs (Figure 16B). iNOS was also detected in spleen and liver.
Nitrotyrosine was highest in IL-4Ro” lungs at week 24 after a high dose (Figure 16C). These
data indicate that during high dose infections, endogenous IL-13 inhibits macrophage

activation in chronic infection.
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3.2.4 IMMUNOHISTOCHEMISTRY

Activated macrophages can be detected in organs by staining for their inducible nitric oxide
synthase (iNOS) immunoreactivity. At week 4, and to a lesser extent at week 8, WT mice
infected with either WT H37Rv or the purC mutant displayed strong iNOS immunoreactivity
in the lungs, as well as in liver and spleen (Figure 22A). In contrast, no iNOS staining was
found in IFNyR™ mice infected with either WT or purC” H37Rwv. Nitrotyrosine, which is the
end product of the iNOS reaction, was detected in lungs of WT mice and was very similar to
iNOS staining of these tissues (Figure 22B). As expected, IFNyYR™ mice stained negative for
nitrotyrosine since there was no iNOS reactivity. Therefore, purC” H37Rv has a reduced
capacity to induce iINOS expression, and in the absence of IFNyR signalling, no iNOS
expression was observed, suggesting absence of proper macrophage activation, hence poor
granuloma activation.

iNOS staining of unvaccinated and purC”~ BCG-vaccinated mice was more prominent than
that observed for WT BCG-vaccinated mice (Figure 22C). This correlates with the HE and
ZN data which indicate that these mice have a more extreme infection than WT BCG-
vaccinated mice. The increased iNOS expression would be a result of increased macrophage
activation to cope with the increased AFB. With WT BCG-vaccinated mice, the mycobacteria
have been controlled and therefore less activation of the macrophages occurs at this time

point.
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4 DISCUSSION

4.1 11-411.-13 STUDY
It is well known that TH1 cytokines are critical for protection against TB infection, whileTH2
cytokines play only minor roles (6, 19, 20, 25, 28, 34, 35, 42, 80). Here, for the first time, it is

shown that there is an increased protective cell-mediated response in the absence of IL-13.

IL-4 and IL-13 share a receptor component and therefore it was thought there would be some
redundancy concerning the functions of these two cytokines (10, 82). Due to the common
receptor component, IL-4 and IL-13 share some properties but they also assume distinct
functions. Both IL-4 and IL.-13 have a role in TH2 differentiation (69, 70). It is believed that
IL-13 exerts its effects on T cells indirectly since T cells do not express IL-13 receptor

components on their surface although IL-13 mRNA have been detected in these cells (122).

Work on the role of IL-4 and IL-13 in infectious diseases has revealed distinct functions for
these two cytokines. During L major infection, resistant mice develép a dominant TH1
response with high IFNy and low IL-4 (74). In acute leishmaniasis, IL-4", IL-13" and IL-
4Ro™ were resistant to L major and could control infection (65, 79). IL-4/IL-13 double
knockouts were most resistant (65). Although IL-4" and IL-4Ro”" mice had similar numbers
of parasites during the late chronic phase of infection, IL-4Ro”™ could not control
dissemination of the disease indicating that signals mediated through the IL-4Ra, but which
exclude IL-4, are essential for maintaining immune control in chronic infections (75).

Therefore IL-13 is needed to control dissemination of the parasite.



70
IL-13 plays a critical role in resistance to various nematode infections. IL-13"" mice cannot

expel Trichus muris despite a delayed TH2 response and comparable IL-4 production to WT
mice (3). IL-47 mice are also susceptible to 7' muris due to the inadequate production of TH2
cells and therefore their ability to produce TH2 cytokines including 1L-13. In N brasiliansis
infections, IL-4" mice had higher egg counts than WT mice but could expel the worms (5).
IL-4Ro” had high egg counts and high worm counts. This indicates that IL-4 is sufficient but
not necessary for protection against N brasiliensis and that IL-13 and IL-4Ra are needed for

expulsion of N brasiliensis.

IL-13 is essential for pulmonary granuloma formation in S mansoni infections. WT mice
given a soluble IL-13Ra2 conjugated to an antibody (sIL-13Ra2-Fc) had a reduction in
granuloma volume which was similar to that observed in IL-4” mice (16). IL-4"" mice given
sIL-13Ra2-Fc¢ had an almost complete abrogation of granuloma formation which indicates
that IL-13 has a role in egg-induced granuloma formation. IL-4Ro” mice infected with S
mansoni had a similar complete impairment of granulomatous inflammation and fibrosis
showing that IL-4 was not essential for hepatic fibrosis in pathogenesis (51). IL-13 was
implicated in hepatic fibrosis (30). These results iﬁdicate that there are distinct functions for

IL-4 and IL-~13.

There are only a few investigations on the role of the TH2 cytokines IL-4, IL-13 and IL-10
with respect to resistance in TB infection. Some studies demonstrated that the TH2 cytokines
like IL-4, IL-5 and IL-10 have a minimal impact in TB protection (28, 80). Using a low dose
infection (100 CFU), this study confirms the above data since very little difference between
WT, IL-4” and IL-4Ra” mice were found at this infective dose. However, a recent study

suggested that IL-4 might be required for the defence against mycobacterial infection (116).
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It has previously been shown that the TH1 response to mycobacteria is enhanced in the

absence of IL-10 (50). The present study determined whether this enhancement would apply
when IL-4 and IL-13 are absent. Differences in the host resistance between IL-4” and IL-
4R mice were found with the higher dose of infection (350 CFU) and the data suggest that
endogenous IL-13 may inhibit the protective immune response to TB. Firstly, in the absence
of 11-4 and IL-13, the survival was increased as found in IL-4Ra” mice. The increased
survival is likely due to a reduced bacterial load in all organs of IL-4Ro” mice. Enhanced
bacterial clearance in IL-4Ro” mice was associated with stronger granuloma response, and
increased macrophage activation (increased iNOS activity). The increased macrophage
activation in IL-4Ra” mice could be due to the higher levels of IL-12 in these mice. IL-4 and
IL-13 are known to inhibit [L.-12 production so in the absence of both IL-4 and IL-13 we
expect more IL-12 production. Howéver, TNF and IFNy production was reduced or similar in
IL-47 and IL-4Ro™ mice. The data suggest that endogenous IL-13 may have a greater -

suppressive effect on IL-12 production than IL-4.

During‘ early TB infection, TH1 cytokines are critical to contain infection, while IL-4 and IL-
13 may have minor roles. However, the TH2 cytokines may be important during the chrbnic
stage of infection, when bacterial numbers increase and disease persists. During L major
infection, the effect of the absence of IL-13 is only observed in the chronic stage of infection
when I1.-13 appears to be needed to control dissemination of the disease {75). Similar to L
major infection, the effect of IL.-13 in this study of the TB model was obéerved in the chronic
stage of infection. The absence of IL-13 at this stage and the resultant improved immune
response suggests that the effect of IL-13 on the TH1 immune response is important in the

containment of MTB infection. This data therefore support the concept that the inadequacy of
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THI-mediated anti-tuberculosis immunity may be due to the down-regulation by TH2

cytokines.

In conclusion, the data indicate that increased survival and reduced bacterial load is due to a
stronger cell-mediated immune response resulting in a better confinement of the mycobacteria
into well-formed granulomas and more efficient killing in IL-4Ra”" mice as comparedvto IL-4

and WT mice,

4.2 PROTECTIVE EFFICACY STUDY

Previous studies have shown that auxotrophic mycobacteria grow much slower than their WT
counterparts (45, 49, 111). This study confirms a previous observation that the purC”" H37Rv
mutant is attenuated with respect to growth in WT mice (49). Studies using the intravenous
route of infection have found that immunocompromised mice could control an infection by
certain auxotrophic H37Rv (45, 111). Proline and tryptophan H37Rv mutants could protect
against subsequent iv H37Rv infection (111). H37Rv purine-deficient BCG showed positive
results in guinea pigs when tested for delayed-type hypersensitivity but could not prevent the
dissemination of H37Rv (49). Methionine-deficient BCG protected gﬁinea pigs against
aerosol challenge with virulent H37Rv (11). Leucine-deficient mycobacteria, on the other
hand, could not protect against aerosol H37Rv challenge although it protected against BCG
aerosol challenge and both BCG and H37Rv intravenous challenge (11, 45). A more recent
study showed that a pantothenate auxotroph of H37Rv protected mice against an aerosol

H37Rv challenge (103).

In the present study, using aerosol infection, IFN«/R'/' mice were unable to control purC" ’
H37Rv infection and subsequently died. IFNyR” signalling is important in the early

recruitment and activation of cells involved in granuloma formation and containment of
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infection (19, 25, 31, 32, 101). Despite the fact that purC”™ H37Rv had delayed growth

kinetics compared to WT H37Rv, it still required the same events that WT H37Rv require for
containment. IFNyR™ mice lack these early events and subsequently cannot control purC”
H37Rv infection. Although purC” H37Rv protected guinea pigs against aerosol H37Rv
challenge (49), it may not have been sufficiently attenuated to protect an immune-deficient
host, as was the case in this study. Furthermore, some studies show that mutant mycobacteria
could not protect against an aerosol challenge (11, 45). Since purC'/' H37Rv could protect
guinea pigs, it. could be a combination of the use of an immune-deficient host together with

the aerosol challenge that may explain the death of the IFNYR”" mice.

The rationale for using an attenuated MTB strain rather than BCG is the fact that MTB
expresses a substantial number of additional genes which may be critical for acquired
immunity. It has been suggested that BCG vaccines conferred more protection against M
bovis challenge than against MTB challenge (11). BCG is derived from M bovis so protective
antigens in BCG is similar to M bovis and_ could explain the greater protection against M bovis

compared to MTB.

It has been postulated that different antigens may be the target for preventing pulmonary
disease as opposed to hacmatogenous disease (11). It has also been suggested that the ability
of some auxotrophs to protect against haematogenous but not pulmonary TB infection could
be due to the auxotroph not being sufficiently metabolically active to synthesise antigens
needed for protection against MTB in the lung (11, 45). This may be the reason why
numerous studies report protection against haematogenous but not aerosol infection. It does

not, however, apply in this study since high numbers of the mutant were recovered from
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organ homogenates and the purC” H37Rv was sufficiently virulent to cause death in IFNyR 7

mice,

BCG auxotrophs as vaccine candidates against TB have yielded promising results and it is
hoped that similar safe MTB vaccines would be produced. Thus far, a number of MTB
auxotrophs have protected mice and guinea pigs from haematogenous spread of MTB
although pulmonary spread of TB has yielded varying results (11, 45, 49, 111). The difficulty
in producing live vaccines is to reach a balance between attenuation and immunogenicity
(114). Results from other studies indicate that the inefficient expression of immunity in the
lungs are likely to prove an obstacle to successful vaccination against TB in resistance and
susceptible mouse strains but more so in the latter strains (72). From this study it can be
concluded that although the purine-deficient mutant of H37Rv had delayed growth kinetiés, it
was only partially attenuated and therefore lethal in an immune-deficient host. It is therefore

not an ideal candidate for vaccine development.
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APPENDIX D

SOLUTIONS/REAGENTS USED

Acid alcohol 1%
1% HCl in 70% ethanol

Carbol fuchsin
Stock — 6% carbol fuchsin in 100% ethanol

- Working solution  — 10ml stock in 90ml 5% carbolic acid
Filter before use

Carbolic acid (phenol) 5%
5g carbolic acid in 100ml absolute alcohol

Citrate buffer, pH 6

Solution A — 0.01M citric acid

Solution B —0.1M sodium citrate

Working solution — 9ml solution A, 41ml solution B in 500ml distilled water

Eosin 1%
1% eosin, 1% phloxine, 1 crystal of thymol as preservative

ELISA blocking buffer

2% instant milk powder or 4% BSA, 0.02% NaNj3 in 1xPBS

Solution is stirred until properly dissolved, filtered through Whatmann filter paper no. 1 and
stored at 4°C. For BSA, solution was filtered through a 0.45um filter

ELISA coating buffer
0.02% NaN; in 1xPBS
Filter sterilise through a 0.45um filter, store at 4°C

ELISA dilution buffer
1% BSA (fraction V, #735 086, Boehringer Mannheim), 0.02% NaNj3 in 1xPBS
Filter sterilise through a 0.45um filter, store at 4°C
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ELISA substrate buffer

0.3g NaN;, 97ml diethanolamine (#03116, Merck, liquify in 37°C water bath), 0.8
MgCl,.6H,0, 700ml distilled water, pH 9.8 with 10M HCI, then make to 1 litre

Sterile filter through a 0.45um filter and store at 4°C in the dark

ELISA washing buffer 20x

20g KCl, 20g KH,PO4, 144g Na,HPO4.2H,0, 800g NaCl, 50ml Tween-20, 100ml 10% NaN;
were dissolved in 5 litres distilled water

The solution is sterile filtered through a 0.45um filter and stored at 4°C. The buffer was
diluted 1:20 as a working stock

H,80,25%
25ml H,SO4 in distilled water

Immunochistochemistry blocking serum 1.5%
150ul normal serum in 10ml 1xPBS

Immunohistochemistry secondary antibody

150ul normal mouse serum and 50pl biotinylated goat anti-rabbit IgG, mouse
adsorbed, in 10 ml 1xPBS

KOH 1%
1g KOH in 100m! water

Lethal anaesthetic
500ul Rompun (20mg xylazine/ml, Bayer), 2ml Brevinase (100mg ketamine/HCl in 10ml,
Anaket V), 9ml saline

Loefflers methvlene blue
Stock — 0.8% methylene blue in 100% ethanol

Working solution — 30ml stock, 1ml 1% KOH and 99ml distilled water
Filter before use

Mayers haematoxvlin
1g Mayers haematoxylin, 50g ammonium alum, 0.2g sodium iodate, 1g citric acid in 1 litre of
distilled water

Methylene blue 0.8%
0.8g methylene blue in 100ml water
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Middlebrook agar (cat no. 262710, Difco)

19g agar, Sml glycerol in 900ml distilled water, autoclave at 121°C for 10 minutes, cool to
56°C in a water bath, add 100ml OADC before use

For purC'/ " mutants, add 20pg/ml kanamycin (cat no. 1074466, Boehringer Mannheim) and
20ug/ml hypoxanthine (cat no. H-9636, Sigma)

Middlebrook broth (cat no. 0713-01, Difco)

4.7g broth, 2ml glycerol in 900ml distilled water, autoclave at 121°C for 10 minutes, add
100ml OADC before use

For purC”" mutants, add 20pg/ml kanamycin (cat no. 1074466, Boehringer Mannheim) and
20pg/ml hypoxanthine (cat no. H-9636, Sigma)

Paraformaldehvde 4%
4g NaOH in 100ml water (1M), 40g paraformaldehyde

Add PBS to make up 1 litre, pH to 7.2, aliquot and freeze

PCR loading buffer 6X
0.25% bromophenol blue, 0.25% xylene cyanol, 50% glucose

PCR lysis buffer
50mM Tris-HCI pH 8, 100mM EDTA, 100mM NaCl, 1% SDS, 0.5mg/ml Proteinase K

Add 750ul for each mouse tail.

PCR reaction buffer 10X
Dissolve 100mM Tris pH 9, 500mM KCl and 0.1% gelatin. After autoclaving, add 1% Triton
x-100 and 15mM MgCl,.6H,O

PCR running buffer (10X TBE)
108g Tris, 55g boric acid, 40ml 0.5M EDTA

Phosphate-buffered formalin 4%
40% formaldehyde solution in 1x PBS, pH 7.4

Phosphate buffered saline (PBS) 10x, pH 7.4

80g NaCl, 2.4g KH,POs, 2g KCl, 14.4g Na,HPO,4.2H,0

Made up to 1 litre with distilled water, filter-sterilised through a 0.45um filter and stored at
room temperature. The buffer was diluted 1:10 as a working stock




Saline
0.9%NaC(l in distilled water
The solution is autoclaved before use

Tween/saline
0.9% saline, 0.04% Tween-80 in distilled water
- The solution is autoclaved before; use






