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1 Introduction 

Defined experimental infections in goats with Mycobacterium (M.) avium subsp. 

paratuberculosis (MAP) are used to study the pathogenesis of paratuberculosis, 

search for biomarkers indicative of early infections and for evaluation of potential 

vaccines (HINES II et al. 2007; KÖHLER et al. 2015; KRÜGER et al. 2015). A group 

of goats inoculated with M. avium subsp. hominissuis (MAH) was included in the 

infection trials, to evaluate the specificity of diagnostic antigens. In this group of 

animals an unexpected onset of clinical signs with emaciation, elevated body 

temperature and high-grade disturbed general condition was observed in 50 % of the 

goats infected with MAH at 2-3 month after inoculation (mpi). These animals died 

spontaneously or had to be euthanized according to the animal welfare law. The 

remaining goats had a mild transient episode at the same time but remained healthy 

until necropsy at 13 mpi. 

MAH has been recognized as subspecies of M. avium since 2002 (MIJS et al. 2002) 

and is widely distributed in the environment of humans and animals (BEHR u. 

FALKINHAM III 2009; BIET u. BOSCHIROLI 2014). In recent years, MAH infections 

have been increasingly recognized in humans and were characterized by chronic 

granulomatous lesions predominantly of the respiratory tract (GRIFFITH et al. 2007; 

BRODE et al. 2014). Chronic granulomatous lesions of the digestive tract are well 

known in slaughter pigs usually without clinical symptoms (HIBIYA et al. 2010; 

AGDESTEIN et al. 2012) and as isolated cases in various animal species with 

clinically overt infection (HAIST et al. 2008; KRIZ et al. 2010).  

 

In summary, a distinct disease entity presented in the goats infected with MAH. Thus, 

this thesis addresses the pathomorphological alterations that were seen in these 

goats with macroscopic, microscopic, immunohistologic, bacteriologic and genetic 

approaches to answer the following questions: 
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(i) What are the genetic characteristics of the MAH strain used for inoculation and 

are these traits special with regard to other MAH serovars? 

(ii) What lesions are caused by MAH in the goats with severe early disease at 2-3 

mpi and in the goats without clinical signs at 13 mpi?  

(iii) How is the amount and distribution of MAH in these lesions? 

(iv) What cell types characterize these lesions? 

 

The findings in goats infected with MAH will be compared to lesions described in 

mycobacterial infections of other species to determine the usefulness of this infection 

as comparative model for tuberculosis research. 
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2 Literature review 

This section gives an overview about the taxonomic position of MAH in the non-

tuberculous mycobacteria (NTM) and describes certain bacteriologic and ecologic 

characteristics. Next, the host range and diseases associated with MAH are 

explained and the immune responses of the host to M. tuberculosis and M. avium are 

discussed. Finally, features of currently used small and large animal models in 

tuberculosis (TB) research are described. 

 

2.1 Mycobacterium avium subspecies hominissuis 

 

2.1.1 Taxonomy and identification  

Mycobacterium avium subsp. hominissuis (MAH) is an opportunistic environmental 

pathogen and was first recognized as one of four subspecies of M. avium in 2002 

(MIJS et al. 2002). The second and the third subspecies of M. avium are M. avium 

subsp. avium (MAA) and M. avium subsp. silvaticum (MAS), both causes of avian 

tuberculosis (TURENNE et al. 2007; RINDI u. GARZELLI 2014). The fourth 

subspecies is Mycobacterium avium subsp. paratuberculosis (MAP), the causative 

agent of Johne´s disease, a chronic granulomatous enteritis in ruminants (CLARKE 

1997; RINDI u. GARZELLI 2014; KRÜGER et al. 2015). Genetic analysis revealed 

that MAP, MAA and MAS evolved from an ancestral MAH by deletion and acquisition 

of genomic sequences (RINDI u. GARZELLI 2014). M. avium, 8 other species and 

species that are not further determined, establish the so called Mycobacterium avium 

complex (MAC, RINDI u. GARZELLI 2014). The MAC itself is classified into the large 

group of NTM currently comprising more than 150 species, which can be broadly 

determined by gene sequencing of conserved targets like 16S rRNA (TORTOLI 

2012; I. M. ORME u. ORDWAY 2014). However, the resolution of this method is not 

sufficient and can be enhanced when sequencing other genetic targets, e.g. hsp65, 

which distinguishes pathogenic subspecies of M. avium or the internal transcribed 

spacer element (BEHR u. FALKINHAM III 2009). Apart from sequence based typing, 

testing for the presence or absence of certain insertion sequences (IS) of M. avium 

subspecies is very helpful and allows direct detection of the organism (BEHR u. 
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FALKINHAM III 2009). Usually, MAH contains a polymorphic multibanded IS1245 

pattern, multiple copies of IS1311 without IS901 elements and grows at a wide 

temperature range of 24 to 45 °C (MIJS et al. 2002; TURENNE et al. 2007; RINDI u. 

GARZELLI 2014). 

 

2.1.2 Characteristics and ecology 

The mycobacterial cell wall (Fig. 2.1) is a complex structure mainly composed of 

peptidoglycans, arabinogalactans and mycolic acids followed by a capsule of various 

proteins and lipids. These cell wall components confer the acid fastness, which is 

being utilized for visualization of mycobacteria with acid fast stains, e.g Ziehl-Neelsen 

or Kinyoun (BRENNAN 2003; KIESER u. RUBIN 2014). In M. tuberculosis, type 7 

secretions systems (T7SS) are responsible for the transport of proteins through the 

mycobacterial cell wall. These proteins are associated with granuloma formation and 

the escape of mycobacteria into the cytosol of macrophages (ABDALLAH et al. 2007; 

STOOP et al. 2012). Five different T7SSs exist in M. tuberculosis. The early 

secretory antigenic target 6 (ESAT-6) system 1 (ESX-1) is best studied since it 

secretes ESAT-6 and culture filtrate protein of 10 kDa (CFP-10) both associated with 

virulence and granuloma formation. The region of difference 1 (RD1) which encodes 

ESX-1 is absent in Mycobacterium bovis Bacille Calmette-Guerin (BCG). It confers 

the lower virulence of BCG (ABDALLAH et al. 2007). RD1 is partially or completely 

deleted in M. avium species (STOOP et al. 2012). However, the lack of these 

virulence factors seems to be compensated by special cell wall components of M. 

avium, the glycopeptidolipids (GPLs). GPLs are non-covalently attached to the outer 

cell wall layer of NTM, but not of M. tuberculosis and M. leprae (HONDA et al. 2015). 

They can be divided into non serovar-specific GPLs (nsGPLs), that are present in 

many NTM species and serovar-specific GPLs (ssGPLs) that are solely produced by 

M. avium and allow the typing of currently 31 distinct serotypes of M. avium (HONDA 

et al. 2015). 
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Fig. 2.1 Mycobacterial cell wall: 1, outer lipids; 2, mycolic acid; 3, polysaccharides 

(arabinogalactan); 4, peptidoglycan; 5, plasma membrane; 6, liparabinomannan 

(LAM); 7, phosphatidylinositol mannoside; 8, glycopeptidolipids (GPLs); 9, cell wall 

skeleton 

The original work has been modified. 

"Mycobacterial cell wall diagram" by Y tambe - Y tambe's file.  

Licensed under CC BY-SA 3.0, http://creativecommons.org/licenses/by-sa/3.0/ 

https://commons.wikimedia.org/wiki/File:Mycobacterial_cell_wall_diagram.png#/media/File:Mycobacter

ial_cell_wall_diagram.png 

 

Serotypes 4-6, 8-11 and 21 are classified as MAH (MÖBIUS et al. 2006; HIBIYA et 

al. 2011). ssGPLs in particular are highly immunogenic components necessary for 

intracellular survival, the regulation of the production of pro- and anti-inflammatory 

cytokines, biofilm formation and are therefore part of the species-specific 

pathogenesis (SWEET u. SCHOREY 2006; SCHOREY u. SWEET 2008; 



Literature review 
  

20 
 

MUKHERJEE u. CHATTERJI 2012; HONDA et al. 2015). In addition, GPLs in 

general can resist lysosomal degradation, accumulate in macrophages and can 

trigger adjacent macrophages when shed via exosomes (BHATNAGAR et al. 2007). 

The ability of M. avium to form biofilms is connected with the survival in water supply 

systems due to adherence in pipes. Thus persistence in drinking water systems can 

occur and is considered as major risk factor for dissemination in human households 

in the United States (FALKINHAM 2013). This lead to the recommendation that tap 

water should not be used for sinus irrigation when patients suffer from chronic 

rhinosinusitis, because it may harbor M. avium (TICHENOR et al. 2012; FALKINHAM 

2013). After intake into the environment M. avium can resist diverse harsh 

environments mainly due to its impermeable, lipid-rich cell wall. It was frequently 

isolated from soil, particular peat-rich soil which promotes mycobacterial growth due 

to the low acidic pH of 3-5 (FALKINHAM 2009, 2013). Recent data from Germany 

reported detection of MAH primarily in dust and soil, while biofilms and water were 

free (LAHIRI et al. 2014). Taken together MAH and other NTM species are widely 

distributed in the environment, however with regional differences.  

 

2.2 Host range of MAC and pathological and epidemiological features of 

associated diseases 

Discrepancies in the reviewed literature have been found concerning the designation 

of MAC, M. avium or MAH as the etiologic agent of diseases mainly through the 

following reasons: (1) MAH exists as distinct subspecies only since 2002 (MIJS et al. 

2002) and reports of diseases caused by NTM before this time were virtually 

described as MAC or M. avium and (2) even nowadays, where sophisticated 

discrimination methods are available, hospital labs do not routinely distinguish 

between M. avium subspecies (BEHR u. FALKINHAM III 2009).  

 

2.2.1 Humans 

MAC infections gained great importance during the emergence of the acquired 

immunodeficiency syndrome (AIDS) epidemic in the 1980´s. AIDS patients with 

disseminated granulomatous disease in a variety of organs were increasingly 
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recognized, among them predominantly homosexual man with a history of 

intravenous and non-intravenous drug abuse and concomitant infections (DAMSKER 

u. BOTTONE 1985; ROTH et al. 1985; WOLINSKY 1992). Particularly the 

gastrointestinal tract (GIT), intestinal lymph nodes (ILN), liver, spleen and almost all 

other organs can be affected with fever, emaciation and diarrhea as common 

symptoms. Histopathologic examination revealed aggregates of macrophages filled 

with numerous AFB frequently replacing parts of preexisted tissue at these sites 

(ROTH et al. 1985; ARIS et al. 2011). 

MAC was considered as the most common NTM species (WOLINSKY 1992) and this 

feature continued to date particular in developed countries (HOEFSLOOT et al. 2013; 

ORME u. ORDWAY 2014). Nowadays, MAH is considered as most relevant, since 

nearly 70% of AIDS patients die after untreated MAH infection (IGNATOV et al. 

2012).  

Also immunocompetent people, especially children, older people (>60 years) and a 

group of middle-aged, postmenopausal women with a slender body phenotype are 

affected by MAC-associated diseases (GRIFFITH et al. 2007; KARTALIJA et al. 

2013). Among the MAC species, predominantly MAH causes granulomatous neck 

lymphadenitis in children (BRUIJNESTEIJN VAN COPPENRAET et al. 2008) and 

granulomatous lesions of the respiratory tract in the other patient groups (TRAN u. 

HAN 2014). Children develop primarily neck lymphadenitis most likely through oral 

uptake of MAH when playing with soil (DESPIERRES et al. 2012).  

Three patterns of respiratory diseases can be differentiated: (i) hypersensitivity 

pneumonitis, also known as hot-tub lung, that is associated with aerosols which 

derive from household water or shower; (ii) tuberculosis-like pulmonary disease 

which is frequently connected to chronic obstructive pulmonary disease, cigarette 

smoking or prior TB; and (iii) nodular bronchiectasis (Fig. 2.2) frequently seen in older 

females with the aforementioned slender body phenotype (WEISS u. GLASSROTH 

2012; ORME u. ORDWAY 2014). 
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Fig. 2.2 Nodular bronchiectasis in a CT scan also known as “Lady Windermere 

syndrome”. 

"Lady windermere syndrome ct" by Samir at en.wikipedia. Licensed under CC BY 3.0 

http://creativecommons.org/licenses/by-sa/3.0/ 

https://commons.wikimedia.org/wiki/File:Lady_windermere_syndrome_ct.JPG#/media/File:Lady_winde

rmere_syndrome_ct.JPG 

 

Little is known about the histopathological picture of pulmonary MAH infection. In an 

autopsy-based study of 11 deceased patients almost all had an organized 

granulomatous inflammation predominantly necrotizing and to a lesser extent non-

necrotizing or were diffusely consolidated with scattered AFB (O’CONNELL et al. 

2012). Those were bronchocentrically concentrated, accompanied by bronchiectasis 

with 73% of cases having cavities and 36% nodules. Microbiologic data revealed 

MAC without further differentiation in eight and M. abscessus in three of the patients 

(O’CONNELL et al. 2012). 

In general, current data suggest an overall increase of NTM infections in developed 

countries, with MAC species as leading cause (HOEFSLOOT et al. 2013; BRODE et 

https://commons.wikimedia.org/wiki/File:Lady_windermere_syndrome_ct.JPG#/media/File:Lady_windermere_syndrome_ct.JPG
https://commons.wikimedia.org/wiki/File:Lady_windermere_syndrome_ct.JPG#/media/File:Lady_windermere_syndrome_ct.JPG
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al. 2014; ORME u. ORDWAY 2014). However, reliable data about incidence rates 

are rare, since NTM infections are usually not mandatory. One exception is 

Queensland, Australia, that documented a rise in incidence rates of NTM infections 

from 4.85/100.000 in 1999 to 5.7/100.000 in 2005. Interestingly, this rise was 

concomitant with an almost constant incidence rate of MTC infections: 2.5/100.000 

(1999) and 2.6/100.000 (2005) (BRODE et al. 2014). Brode and colleagues showed, 

that this phenomenon is present in almost all developed countries and discussed 

different aspects of cross immunity, socio-economic factors and improved diagnostic 

techniques as responsible for this trend.   

 

2.2.2 Animals 

Predominantly pigs are affected and a variety of other species, e.g. horses, cats, 

dogs, cattle, wild ruminants and zoo animals, as indicated from recently published 

reports (GLAWISCHNIG et al. 2006; MÖBIUS et al. 2006; HAIST et al. 2008; KRIZ et 

al. 2010; AGDESTEIN et al. 2012; MORAVKOVA et al. 2013; AGDESTEIN et al. 

2014; KLANG et al. 2014). Local granulomatous infections of the GIT, ILN (Fig. 2.3) 

and liver accompanied by clinically inapparent disease predominated in young pigs 

(< 6 month). Lesions were usually detected at slaughter, while systemic infections 

were rare. Exsudative lesions with multinucleated giant cells (MGCs), macrophages, 

lymphocytes, neutrophils and eosinophils predominated. Necrosis and calcification 

were seen in lesions of ILN, while fibrotic organization was less obvious 

(AGDESTEIN et al. 2012). In the other species, affected individuals are usually older 

(> 1 year) and have clinically overt disease with emaciation, weight loss and a 

prolonged phase of diarrhea that often leads to euthanasia due to animal welfare 

reasons. 
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Fig. 2.3 Multifocal yellow-white foci (arrows) with a dry and crumbly consistency in a 

mandibular LN of a pig infected with M. avium.  

The photograph is provided with the kind permission of Dr. André Vallant, Landratsamt Dingolfing-

Landau; Abteilung Veterinärwesen.  

 

Shedding of numerous MAH via feces was also mentioned during phases of 

diarrhea. At necropsy, animals had frequently disseminated disease with (pyo)-

granulomatous inflammation in GIT, ILN and a variety of organs. The lesions were 

characterized by extensive areas of caseous necrosis with calcification surrounded 

by epitheloid macrophages and MGCs with numerous AFB (GLAWISCHNIG et al. 

2006; HAIST et al. 2008; KRIZ et al. 2010).  

Epidemiological data describing the current status of MAH infections in animals are 

scarce since they are not notifiable or reportable. A more satisfactory situation exists 

for MAP, which is notifiable in Germany (BMEL 2015) and is listed in the Terrestrial 

Animal Health Code of the Organization for Animal Health (SEVILLA et al. 2015). 
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Without considering MAP infections, where significant epidemiological data exist, 

MAH infections are mostly reported in case studies and merely few research articles 

are available. A recent study of hunted wild boars in Spain revealed that 16,8 % of 

animals were infected with NTM species and among these 11% belonged to the 

species M. avium (GARCÍA-JIMÉNEZ et al. 2015). The lack of epidemiological data 

is explained by a bias in tissue sampling. Most studies are currently focused on 

sampling respiratory tissue to decipher epidemiological aspects of TB, while M. 

avium infections are primarily seen in the GIT (BIET u. BOSCHIROLI 2014). 

 

2.3 Reactions of the immune system to M. avium 

Most studies which describe host immune response to M. avium are predominantly 

derived from experimental infections in murine models. Frequently serotype 1 

(BERMUDEZ et al. 1992; KIM et al. 1998; SANGARI et al. 2001; PETROFSKY u. 

BERMUDEZ 2005; HAUG et al. 2013) was used for inoculation of animals which 

nowadays is considered to be MAA (DHAMA et al. 2011; HIBIYA et al. 2011) and 

little is known about MAH, even though both subspecies are closely related (BIET u. 

BOSCHIROLI 2014). The following paragraphs are primarily focused on the 

pathogenesis of MAA, MAH and M. intracellulare. When appropriate, comparisons to 

the pathogenesis of tuberculosis and paratuberculosis are drawn. 

 

2.3.1 Entry at host sites 

Uptake of M. avium can occur via the respiratory or the alimentary tract in humans 

and animals. Soft tissue and skin infections in humans are also reported, but are 

usually iatrogenic or caused by trauma (HONDA et al. 2015). In the respiratory tract, 

M. avium infects bronchial epithelial cells via binding to fibronectin on integrin 

receptors of epithelial cells (HONDA et al. 2015). Fibronectin-associated binding to 

epithelial cells, predominantly M cells, was also reported in MAP infections (SECOTT 

et al. 2004). It is generally accepted that the preferred site of MAP entry are M cells 

overlying organized gut-associated lymphoid tissue (oGALT, MOMOTANI et al. 1988; 

SIGURDARDÓTTIR et al. 2001). However, experimental studies in mice with M. 
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avium serovar 1 suggested that MAA primarily invades the intestine via enterocytes 

(SANGARI et al. 2001).  

After overcoming this first epithelial barrier, macrophages and dendritic cells (DCs) 

are the primary target cells for M. avium. Toll-like receptors, complement receptors, 

mannose receptors, cluster of differentiation (CD) 14, Fc receptors or fibronectin 

receptors are exploited to gain access into these cell types via ssGPLs (ROCCO u. 

IRANI 2011; HONDA et al. 2015). Once inside macrophages or DCs, MAH resides in 

phagosomes where they actively inhibit the phagolysosome maturation, similar to M. 

tuberculosis (CARDONA u. IVANYI 2011; IGNATOV et al. 2012) or if not, even 

survive the detrimental environment inside the phagolysosome (ROCCO u. IRANI 

2011).  

 

2.3.2 Innate and adaptive immune responses 

 

To M. tuberculosis 

If phagocytic cells fail to kill mycobacteria, the pro-inflammatory cytokines interleukin 

(IL) 12, IL-1β and tumor necrosis factor (TNF) and various chemokines are released 

(FLYNN et al. 2011; O'GARRA et al. 2013). TNF-α and chemokines attract 

neutrophils, monocyte-derived macrophages, NK cells and γδ T lymphocytes to the 

site of infection (PETERS u. ERNST 2003). The continuous immigration of 

macrophages results in the development of an early granuloma and is thought to 

promote M. tuberculosis replication (EHLERS u. SCHAIBLE 2012). DCs that contain 

mycobacteria are responsible for the induction of adaptive immunity. They migrate to 

draining lymph nodes (LN) and prime naïve CD4+ and CD8+ T lymphocytes, which 

reside in paracortical regions of LN, by secretion of IL-12 (PETERS u. ERNST 2003; 

FLYNN et al. 2011). Studies revealed that this is a delayed process, since priming of 

T lymphocytes started usually 12-21 days post infection (WOLF et al. 2008; 

O'GARRA et al. 2013). As explanation for this delay was proposed, that DCs infected 

with M. tuberculosis are impaired in the ability to migrate from the lung to the draining 

LN, while this is not the case for DCs that have phagocytosed bacilli in apoptotic 

bodies (BLOMGRAN u. ERNST 2011). 
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After priming by DCs, antigen-specific, activated T lymphocytes migrate back to the 

site of granulomatous inflammation. Th1 polarized CD4+ T lymphocytes secrete IFN-γ 

which activates macrophages, while CD8+ T lymphocytes are involved in direct 

cytotoxic killing of infected macrophages. At this stage, the granuloma becomes 

organized with infected epitheloid macrophages at the center surrounded by a layer 

of lymphocytes (EHLERS u. SCHAIBLE 2012). Concomitantly, regulatory T 

lymphocytes and anti-inflammatory cytokines like IL-10 and TGF-β released by 

macrophages limit tissue pathology by downregulation of pro-inflammatory 

responses and establish a balanced response between bacterial killing and host 

survival (FLYNN et al. 2011; O'GARRA et al. 2013).  

The role of B lymphocytes and humoral immunity were neglected for a long time 

even though the presence of B lymphocytes within granulomas is well known 

(PETERS u. ERNST 2003). However, in recent years it became clear that they have 

a major influence in granuloma development and clinical outcome of human TB 

(ULRICHS et al. 2004; ULRICHS u. KAUFMANN 2006). Ulrichs and colleagues 

suggested that not the granuloma center itself, but rather the lymphocytic layer in the 

periphery is the primary battlefield between host and mycobacteria. This assumption 

was based on their findings that granulomas had T lymphocyte-rich and B 

lymphocyte-rich areas resembling tertiary lymphoid tissue (3rd LT). Mycobacteria in 

CD68+ cells were frequently associated with B lymphocyte-rich areas which indicate 

antigen presentation in this environment (ULRICHS et al. 2004; ULRICHS et al. 

2005). The B lymphocyte-rich compartments had many proliferative cells and were 

therefore interpreted as germinal centers (GC). Patients that had well developed 3rd 

LT in the periphery of granulomas were in the asymptomatic latent phase of TB, 

while patients with active disease had cavitary lesions without 3rd LT (ULRICHS et al. 

2005). Thus, compartimentalization of lymphocytes into 3rd LT confers protective 

immunity and highlights the importance of B lymphocytes and humoral immunity in 

the interaction between mycobacteria and the host (ULRICHS u. KAUFMANN 2006; 

CHAN et al. 2014). 

The CD8+ T lymphocytes were not found in the granulomatous rim surrounding the 

necrotic core, but rather in the T lymphocyte-rich areas of the lymphocytic rim. This 
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makes their relevance for necrosis formation by killing of infected macrophages 

questionable (ULRICHS u. KAUFMANN 2006). To answer the question what factors 

drive necrosis or apoptosis in tuberculous lesions, eicosanoids are increasingly 

investigated for their role in cell death of infected macrophages (BEHAR et al. 2010). 

When tissue is damaged, phospholipids from the cell wall are converted by 

phospholipases for the production of arachidonic acid (TIZARD 2012). Arachidonic 

acid is further processed by lipoxygenases to produce leukotrienes and anti-

inflammatory lipoxins (e.g. LXA4) or cyclooxygenases (COX) which produce pro-

inflammatory prostaglandins (PGs), e.g. PGE2. These arachidonic acid derivatives 

are termed eicosanoids. They influence cell death, amount of TNF-α and indirectly 

TB outcome (BEHAR et al. 2010; KAUFMANN u. DORHOI 2013).  

Apoptosis is thought to be detrimental for mycobacteria, since mycobacteria in 

apoptotic macrophages are cross presented to DCs resulting in an effective immune 

response restricting mycobacterial growth and limiting tissue pathology (BEHAR et al. 

2010; DIVANGAHI et al. 2010). Therefore, mycobacteria can actively block apoptosis 

of macrophages (VELMURUGAN et al. 2007) and influence eicosanoid pathways. 

Attenuated M. tuberculosis induces PGE2 which prevents necrosis by repairing 

mitochondrial membranes damaged by mycobacteria (DIVANGAHI et al. 2010). 

Generally speaking, mycobacteria can shift the eicosanoid pathways in their favor 

towards apoptosis. Virulent M. tuberculosis induces increased levels of LXA4 by 

inhibiting COX-2, which lead to decreased levels of PGE2 finally resulting in necrosis 

of infected macrophages (BEHAR et al. 2010). Thus, necrosis is beneficial for 

mycobacteria, since it results in uncontrolled release of mycobacteria into the 

extracellular milieu, promotes massive proliferation of mycobacteria and 

dissemination while immune cells are absent (BEHAR et al. 2010; RAMAKRISHNAN 

2012; MATTY et al. 2015). 

 

To M. avium 

After entry into macrophages, M. avium infections progress similar as described for 

M. tuberculosis and may result in formation of organized (non-) necrotizing 

granulomas or diffuse granulomatous disease (O’CONNELL et al. 2012). There are, 
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however, differences in the involvement of certain cell types (HAUG et al. 2013; 

ORME u. ORDWAY 2014). IFN-γ producing CD4+ T lymphocytes, but not CD8+ or γδ 

T lymphocytes are required for an effective immunity against M. avium in mice. This 

is supported by the findings in AIDS patients that succumb to disseminated M. avium 

infections when CD4+ T lymphocytes are decreasing (PETROFSKY u. BERMUDEZ 

2005; HAUG et al. 2013). M. avium infections vary greatly in their outcome 

depending on the virulence of strains used for infection (HAUG et al. 2013). While 

granulomas in mice infected with M. tuberculosis show no evidence of necrosis 

(LENAERTS et al. 2015), aerosol infection of mice with virulent M. avium can result in 

uncontrolled bacterial growth and severe necrosis of granulomas (BENINI et al. 

1999). As in TB, CD4+ Th1 lymphocytes and an intact IL-12/IFN-γ axis are required 

for the development of necrosis, while conflicting results exist about the role of TNF-

α. Some investigations observed the development of necrotic granulomas in TNF-

receptor deficient mice (FLORIDO et al. 2002), while others reported the opposite 

(ORME u. ORDWAY 2014). On the other hand, excessive apoptosis induced by 

biofilm formation was reported. Analysis of macrophages after exposure to MAH 

biofilms resulted in rapid apoptosis and hyper stimulation of macrophages in vitro 

(ROSE u. BERMUDEZ 2014). In summary, it is less clear what drives apoptosis or 

necrosis when compared to data from TB studies.  

The role of B lymphocytes in M. avium infections is almost unknown and studies that 

report 3rd LT in association with granulomas does not exist. However, B lymphocytes 

in addition to CD4+ and CD8+ T lymphocytes are required for protective immunity 

against M. avium in mice. The authors (FATTORINI et al. 1999) suggest that not 

antibody production, but rather antigen presentation is the role of B lymphocytes in 

this experimental model. 

 

2.4 Experimental animal models in TB research 

The granuloma is the hallmark of TB composed of different cell types like epitheloid 

macrophages, MGCs, lymphocytes and neutrophils. With further granuloma 

development necrosis, mineralization, fibrosis and cavity formation are variably 

present. This demonstrates that there is not one type of granuloma, but rather a wide 
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heterogeneity of morphologically and functionally different granulomas which can be 

found even in the same host (EHLERS u. SCHAIBLE 2012; LENAERTS et al. 2015).  

Therefore, animal models should aim to reproduce the heterogeneity of lesions and 

disease progression as it occurs in human TB (BASARABA 2008). However, there is 

not a single animal model that fully recapitulates the pathology of human tuberculosis 

(EHLERS u. SCHAIBLE 2012). In the following, specific features of currently used 

animal models are described. 

 

2.4.1 Small animal models 

The majority of experimental studies in TB research are done in mice. This is due to 

the fact that a variety of genetically modified strains, several knock-out technics and 

a plethora of immunological and immunohistochemical tools exist for studying 

interactions between host and pathogen. Thus, a lot of fundamental insights have 

been gained. However, most mice do not develop human TB-like lesions with 

necrotic and mineralized granulomas or cavity formation (VILAPLANA u. CARDONA 

2014; LENAERTS et al. 2015). Merely the C3HeB/FeJ mouse strain develops 

necrotic granulomas (DRIVER et al. 2012). 

In addition, there is the issue of housing conditions of the mice. Usually, mice are 

kept in research facilities at temperatures of 19-22 °C which are suboptimal for their 

physiology (KARP 2012). As small mammals they are adapted to arid environments, 

temperatures of 30-32 °C are rather preferred. When the establishment of the 

thermoneutral zone is impaired by the housing regimen, chronic cold stress occurs 

that alters a wide variety of immunological effects in mice (KOKOLUS et al. 2013). 

Thus, conclusions drawn from mouse studies have to be considered with great care, 

particular in cancer and infectious disease research (KARP 2012; KOKOLUS et al. 

2013; ENG et al. 2015). 

The guinea pig model overcomes some of the constraints that occur in mice models 

of TB. In particular, they are used for drug testing, since they develop necrotic and 

calcified granulomas allowing the study of drug distribution and response of M. 

tuberculosis in different microenvironments (LENAERTS et al. 2007; BASARABA 
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2008). However, the feature of cavitary lesions is also lacking in this species 

(LENAERTS et al. 2015).  

The zebrafish model provides live imaging of cellular processes in the early phase of 

granuloma development due to the use of transparent zebrafish larvae infected with 

M. marinum and revolutionized the understanding of granuloma formation. Early 

granulomas with epitheloid macrophages, necrotic and hypoxic regions developed in 

the absence of any adaptive immunity and displayed early spread of mycobacteria by 

inducing secondary granulomas (DAVIS u. RAMAKRISHNAN 2009). Also the above 

mentioned influences of eicosanoids on inflammatory pathways, especially TNF-

mediated pathways, were convincingly demonstrated in this model (TOBIN et al. 

2012). With regard to these findings, the former common view of the granuloma as 

host protective entity shifted towards replication and exploitation of the granuloma by 

virulent mycobacteria (RAMAKRISHNAN 2012; MATTY et al. 2015). 

In addition and of great importance, all above mentioned species do not undergo a 

phase of latency, but rather develop a progressive disease and finally die 

(BASARABA 2008; VAN RHIJN et al. 2008; GUIRADO u. SCHLESINGER 2013). 

Latent TB is defined as "evidence of immunological sensitization by mycobacterial 

proteins, in the absence of clinical signs and symptoms of active disease” (BARRY et 

al. 2009). Compared to active disease, granulomas in latent TB show minor 

inflammation with prominent fibrosis and mineralization (LENAERTS et al. 2015). An 

animal model capable to establish granuloma heterogeneity during a phase of 

latency would be highly desirable, since almost 2 billion humans are latently infected 

with TB and fail to completely eliminate the infection, and thus are the major source 

for developing active disease when immunity wanes (KAUFMANN u. DORHOI 2013). 

During active disease, individuals have sterile granulomas, caseous necrotic 

granulomas with variable bacillary load and liquefactive cavitary lesions with 

numerous replicating mycobacteria (BARRY et al. 2009). 

In non-human primates, particular in the macaque model, development of the full 

spectrum of TB pathology with latency and active disease, granuloma heterogeneity 

and even cavitary lesions can be found (CAPUANO et al. 2003; LENAERTS et al. 

2015). However, ethical issues, high costs and the restricted availability of animals 
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have to be considered when applying this animal model (VAN RHIJN et al. 2008; 

LENAERTS et al. 2015). 

 

2.4.2 Large animal models 

In particular, ruminants gained access into TB research for different advantageous 

reasons. Cattle and goats are natural outbred hosts for M. bovis and M. caprae, that 

are both closely related to M. tuberculosis (CRAWSHAW et al. 2008; SHARPE et al. 

2010; PESCIAROLI et al. 2014; WATERS et al. 2014). Additionally, both species are 

of zoonotic potential (BIET et al. 2005; RODRÍGUEZ et al. 2009) and few studies 

reported about M. tuberculosis infections of cattle and goats (AMENI et al. 2011; 

KASSA et al. 2012). The primary mode of infection is the respiratory route via 

inhalation of mycobacteria and like in humans minimal doses are sufficient (VAN 

RHIJN et al. 2008). Furthermore, epidemiological aspects of TB transmission can be 

recapitulated, since livestock animals are usually kept in herds which allow the study 

of infectious disease dynamics within a defined population (LANZAS et al. 2010).  

Special traits of human anatomy are absent in small animal species and are only 

present in large animal species like cattle, goat and swine (VILAPLANA u. 

CARDONA 2014). One example that illustrates the significance of this aspect is the 

presence of intralobular septae in human lungs and large animal species. This 

feature primarily influences the tendency of granuloma encapsulation in experimental 

settings and mimics human pulmonary TB where most granulomas are restricted to 

certain regions of the lung sections (GIL et al. 2010). The question, if the 

encapsulation process is relevant or not for the outcome of TB, can be studied only in 

large animal models (CARDONA 2015). 

The major advantage of ruminants as animal models is the establishment of a wide 

range of morphologically different lesions that are found in natural and experimentally 

induced TB and closely mimic human pathology (WANGOO et al. 2005; VAN RHIJN 

et al. 2008; DOMINGO et al. 2009; DOMINGO et al. 2014; LENAERTS et al. 2015). 

Different macroscopic lesions can be semi-quantitatively assessed at necropsy by 

careful examination of affected organs using scoring systems that allow comparison 

between different studies (VORDERMEIER et al. 2002; DOMINGO et al. 2014). This 
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can be improved by microscopic staging of different granulomas. Wangoo and 

colleagues established a scheme for granuloma staging in bovine LN: stage 1- 

clusters of epitheloid macrophages, stage 2 - variable, thin encapsulated granulomas 

with minimal necrosis, stage 3 - completely encapsulated with central caseous and 

mineralized necrosis and stage 4 - marked fibrosis, with extensive multicentric 

caseous and mineralized necrosis (WANGOO et al. 2005). The authors concluded 

that staging of granulomas might be helpful to recognize differences between certain 

Mycobacteria species or changes in immunity. Meanwhile, many research groups 

utilized this approach which allows comparisons between multiple studies, different 

methods and the conclusions drawn (LIEBANA et al. 2007; LIEBANA et al. 2008; 

SANCHEZ et al. 2011; ARANDAY-CORTES et al. 2013; PALMER et al. 2015). Due 

to these advanced analytic tools, it is not surprising that both species are widely used 

as animal models in TB vaccine research aiming to control the infection in the 

respective species and also for safety and efficacy studies of human vaccines 

(VORDERMEIER et al. 2006; DE VAL PEREZ et al. 2011; WATERS et al. 2012; 

DOMINGO et al. 2014).  

Particularly, TB infection in goats raised attention in recent years, since they are of 

small size in comparison to cattle which enables smaller housing capacities and 

allows performance of state of the art imaging techniques (DE VAL PEREZ et al. 

2011; GONZALEZ-JUARRERO et al. 2013). Especially the possibility to perform 

magnetic resonance imaging and computed tomography is of notice which enhances 

the assessment of lesion distribution in the lung and allows the study of granuloma 

development. Unfortunately, despite of all efforts, there is up to date no TB vaccine 

that fully prevents infections and lesion establishment (DOMINGO et al. 2014). 

Finally, it is worth mentioning that cattle and goats are one of few species that 

develop cavitary lesions during active disease (DOMINGO et al. 2014; LENAERTS et 

al. 2015). Prior to onset of active disease, a variable, subclinical phase occurs even 

with the possibility of clearance of infection in some animals (VAN RHIJN et al. 

2008). Thus, both species are able to mimic the clinically important phase of latency 

which was recognized in recent years and exploited by some studies even though no 
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inducible model of latent bovine or caprine tuberculosis currently exists (VAN RHIJN 

et al. 2008; DOMINGO et al. 2009).  
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3 Materials und methods 

This chapter is structured as follows: paragraph 3.1 describes the animal experiment 

in detail, while paragraphs 3.2 and 3.3 describe the methods used in the two 

manuscripts submitted. Paragraph 3.2 deals with the histopathological 

characterization of lesions and detection of mycobacteria and paragraph 3.3 

describes the investigations of selected lesions to further characterize their cellular 

composition. 

 

3.1 Experimental design of the oral infection of goats with MAH 

 

3.1.1 Animals 

Thirty-one goats („Thüringer Waldziegen“) derived from a herd without a history of 

mycobacteriosis where used in this study. Twenty-six animals were of male gender, 4 

of female gender and 1 hermaphrodite. All goats were taken at the age of 8-19 days 

to the animal facility of the FLI, Jena. At this time fecal samples were collected and 

cultured, but no MAH or MAP was detected. Additionally, monitoring for other 

infectious agents (Salmonella, Mycoplasma and Pasteurella) was performed and 

resulted negative. The ten control animals and the 21 goats designated for 

inoculation with MAH were kept in separate animal rooms. The rooms had deep 

straw bedding. Ad libitum feed of hay and a permanent access to water were given at 

any time. Initially the goat kids received commercial milk replacement (Denkamilk 

Capritop, Denkavit Futtermittel GmbH, Warendorf, Germany). Until 10 weeks of life 

(12kg body weight) this was stepwise changed to concentrated feed (Alleinfuttermittel 

für Ziegenmastlämmer, Landhandelsgesellschaft eG, Schmölln, Germany) and hay 

until the end of the trial. The male goats were castrated between 7 and 8 weeks of 

life and received metamizole (40mg/kg, intramuscularly (IM), WDT, Germany) for 3 

days. A prophylactic therapy against coccidia (Baycox®, 20mg/kg, Bayer, 

Leverkusen, Germany) was performed at the 3rd and 4th month of life. This was 

accompanied by supplementary administration of vitamin B1 (Vitamin B1-Hevert®, 

200 mg/animal, IM, Hevert Nussbaum, Germany) at the 3rd, 5th, 8th and 11th month of 

life together with the treatment against endo- and ectoparasites with doramectin 
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(Dectomax®; 3 mg/kg, IM, Pfizer, Berlin, Germany) at the 5th, 8th and 11th month of 

life. 

In concordance with the national Animal Welfare Act, this animal experiment was 

approved by the animal ethical committee of Thuringia and the Thuringian Regional 

Office for Food Safety and Consumer Protection (Permit Number: 04-002/12). All 

experiments were done in containment of biosafety level (BSL) 2 under supervision 

of the authorized institutional agent for animal protection. During the entire study, 

every effort was made to minimize suffering. 

 

3.1.2 Characterisation of the MAH strain used for inoculation 

The investigations on the genetic traits of MAH are described in this paragraph and 

were kindly performed by Dr. Petra Möbius. 

 

Bacterial strain 

Strain 09MA1289 was isolated from a lymph node of a slaughtered pig in Baden 

Württemberg in Germany with suspicion of mycobacteriosis in 2009 on Stonebrink 

medium with Pyruvat, PACT and Loewenstein-Jensen medium with Glycerol and 

PACT (Bioservice Waldenburg, Germany) without Mycobactin J. The isolate was 

maintained and propagated in Middlebrook 7H9 broth containing glycerine and 10% 

OADC (MB, Becton Dickinson, Heidelberg, Germany). 

 

 

DNA extraction 

Genomic DNA was prepared by the cetyltrimethylammonium bromide method as 

described (VAN SOOLINGEN et al. 1991). 

 

Identification 

Species and subspecies determination was done by Mycobactin independency 

during cultivation, examination for the presence of IS1245 (GUERRERO et al. 1995), 

the absence of IS900 (ENGLUND et al. 1999), the absence of IS901 (KUNZE et al. 
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1992), and the presence of flanking region of IS901 FR300 without the IS901 

element (NISHIMORI et al. 1995). 

 

Genotyping 

Restriction fragment length polymorphism (RFLP) analysis based on the insertion 

sequence IS1245 was conducted as recently published (MÖBIUS et al. 2006), but 

using the short probe of IS1245 (JOHANSEN et al. 2005) to prevent cross 

hybridization between IS1245 and IS1311. Strain 09MA1289 was further 

characterized by mycobacterial interspersed repetitive units-variable-number tandem 

repeat (MIRU-VNTR) typing and using foreseeable polymerase chain reaction (PCR) 

product sizes for data analysis (THIBAULT et al. 2007; RADOMSKI et al. 2010). In 

detail, different numbers of tandem repeat sequences were detected by PCR 

targeting specific loci of the M. avium genome (MIRU-VNTR Loci 292, X3, 25, 47, 3, 

7, 10, 32). Results were arranged in the same order and profiles were called INMVs 

(THIBAULT et al. 2007). 

 

Detection of potential virulence markers 

The presence of ISMpa1 was examined by PCR using the primers P2 and P3 

(OLSEN et al. 2004). The presence of nsGPL genes (gtfA, rtfA, mtfC) and ser2 

genes (mdhtA, merA, mtfF) involved in the synthesis of GPLs in the cell wall of M. 

avium was investigated using published primers (JOHANSEN et al. 2009). 

 

3.1.3 Preparation of the inoculum  

The inoculum was prepared essentially as described elsewhere with modifications 

(KÖHLER et al. 2015). Bacterial inoculum stocks were prepared from batch cultures 

in MB. After centrifugation of the stocks, bacterial wet mass was adjusted to 10 mg 

per dose using PBS. The bacterial inoculum of MAH strain 09MA1289 amounted to 

0.78 - 4.1 x 109 colony forming units (cfu) per dose.  
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3.1.4 Study design and inoculation  

All goats were evenly distributed based on body weight and origin of the sire. Thus 

seven goats each to be infected with MAH were assorted into three groups housed in 

the same animal room. Inoculation was performed by Dr. H. Köhler. Twenty-one 

goats received at the age of 10-21 days, 10 times, every 2-4 days the inoculum with 

the milk replacer. The total inoculation doses yielded 2.13 x 1010 cfu MAH per goat. 

The 10 control goats were sham inoculated with milk replacer only. Necropsy dates 

were scheduled for 4, 7 and 13 mpi. Necropsy of 10 control animals was scheduled 

at the end of the trial together with infected animals at 13 mpi. 

Unexpectedly, 12 of 21 MAH infected goats died spontaneously or had to be 

euthanized according to the animal welfare law (Tab. 3.1). Goat No.1 had to be 

euthanized 28 days after inoculation (dpi) and revealed a severe pleuropneumonia 

with multiple abscesses at necropsy. Goat No. 2 died spontaneously due to a 

volvolus 30 dpi. Goats 3-11 died spontaneously or had to be euthanized for animal 

welfare reasons between 2-3 mpi after a phase of severely protracted disease. Goat 

No.12 was necropsied 4 mpi as originally scheduled. The remaining 9 goats survived 

and were regularly necropsied with the 10 control goats at 13 mpi (Tab. 3.1, Fig. 3.1). 
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Fig. 3.1 Timeline of necropsies of MAH-inoculated and control goats. The grey 

arrows indicate animals that died separately from the other MAH infected goats. The 

red arrows indicate the groups of MAH infected goats, while the green arrow 

indicates the group of control goats. 
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Tab. 3.1 Overview of goats inoculated with MAH and controls 

 
Goat 
No. 

Goat No. 
in 

manus-
cript 

Gen-
der 

Age at 
start of 

the 
study  
(in d) 

Weight 
at start 
of the 
study  
(in kg) 

Age at 
start/end 

of in-
oculation 

(in d) 

Age at 
ne-

cropsy 
(in d) 

Weight 
at ne-
cropsy 
(in kg) 

Ne-
cropsy 
(in dpi) 

M1 M2 

 
1 - - ♂ 11 5,0 13/39 41 6,4 28 

 2* - - ♂ 16 6,6 18/44 48 11,6 30 

3 1 - ♂ 8 4,6 10/36 76 10,8 66 

 4* 2 - ♀ 13 7,0 15/41 86 10,8 71 

5 3 1 ♂ 12 4,2 14/40 90 12,4 76 

6 4 - ♂ 13 7,4 15/40 93 15,6 78 

7 5 2 ♀ 13 3,2 13/39 91 10,4 78 

8 6 3 ♂ 16 6,0 18/44 96 14,9 78 

9 7 4 ♂ 11 4,4 13/39 96 13,9 83 

10 9 - ♂ 10 6,2 12/38 96 16,4 84 

11 8 5 ♂ 10 5,0 12/38 97 15,8 85 

 

12 - - H 14 5,4 16/42 133 27,0 117 

13 10 7 ♂ 19 7,6 21/47 386 38,8 365 

14 11 8 ♂ 15 5,8 17/43 382 36,4 365 

15 12 9 ♂ 13 6,0 15/41 387 37,6 372 

16 13 10 ♂ 11 4,4 13/39 385 35,6 372 

17 14 11 ♂ 11 6,6 13/39 396 39,6 383 

18 15 12 ♂ 14 6,8 16/42 399 44,9 383 

19 16 13 ♂ 12 4,6 14/40 399 37,3 385 

20 17 14 ♂ 13 5,4 15/41 405 41,7 390 

21 18 15 ♀ 12 3,6 14/40 404 32,8 390 

 
22 19 - ♂ 17 8,0 - 381 45,1 362 

23 20 - ♂ 15 6,8 - 381 51,3 362 

24 21 - ♀ 12 4,0 - 383 33,9 369 

25 22 - ♂ 11 5,2 - 404 38,2 391 

26 23 - ♂ 11 5,8 - 404 45,2 391 

27 24 - ♂ 10 4,6 - 404 42,0 392 

28 - - ♂ 14 5,4 - 385 45,7 369 

29 - - ♂ 10 6,4 - 404 39,4 392 

30 - - ♂ 13 6,0 - 377 41,0 362 

31 - - ♂ 12 5,6 - 383 35,7 369 

*died spontaneously; dpi, days post first inoculation; M1, manuscript 1; M2, 

manuscript 2; H, hermaphrodite 
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3.1.5 Necropsy and tissue sampling 

Necropsies started with the sedation of goats with xylazine 2% (Rompun®, 0.25 

mg/kg IM, Bayer, Leverkusen, Germany). This was subsequently followed by 

administration of ketamine-hydrochlroride (Ketamin 10%®, 2.5 mg/kg, intravenously 

(IV), Intervet, Unterschleißheim, Germany) and diazepam (Faustan®, 0.5 mg/kg, IV, 

AWD, Radebeul, Germany) to induce deep anesthesia and was maintained by 

ketamine-hydrochloride adjusted to depth of anesthesia. The reason behind this 

procedure was to ensure preservation of intestinal tissues, particular the mucosa, on 

predefined intestinal segments to generate high quality sections later on. To achieve 

this aim, the abdominal cavity was opened and predefined small intestinal segments 

were selected and loops ligated. Loops at each localization were either filled with 4 % 

neutral buffered formalin1 (NBF) or with cold phosphate buffered saline2 (PBS) by 

injection into the ligated small bowel lumen. Four jejunal localizations, either ligated 

two meters apart (Tab. 3.2, goats No. 1-12) or three meters apart (Tab. 3.2, goats 

No. 13-31), two jejunal Peyer´s patches (JPP) from the proximal (JPP-p) and distal 

(JPP-D) jejunum, and two segments of the ileal Peyer´s patch (IPP) 80 cm (IPP-1) 

and 30 cm (IPP-2) from the entrance of the ileocecal valve were prepared. Without 

any delay the goat was euthanized with pentobarbital-sodium (Release®, 20 ml/goat, 

WDT, Garbsen, Germany). After this, the intestines were cut at the duodenum and 

rectum, detached from the mesentery and placed on a table. The complete intestinal 

length was measured. Prior ligated intestinal segments were measured with regard to 

their localization and were cut out of the intestine. A variety of other intestinal 

segments and organs were sampled: duodenum, cecum, oGALT in the colon next to 

ileocecal valve (ICVPP), at the end of the proximal colon (PCPP) and in the rectum 

(RCPP), ansa centralis, and descending colon (when macroscopic alterations were 

present). The remaining bowel was opened at the mesenteric attached site and color, 

consistency and amount of feces were recorded. 

 

     

1 
own production, see annex  

2 
own production, see annex  
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Then the ingesta were rinsed off and the mucosa was investigated for macroscopic 

lesions. Additional JPP with lesions were collected, termed, JPP-variable (JPP-v), 

and their position in the intestine were measured. The ILN were examined and 

samples were taken from proximal and distal jejunal lymph nodes (J-LN), ileocolic 

lymph nodes (ICV-LN) and colonic lymph nodes (Co-LN). The necropsy ended with a 

complete sampling of a variety of representative organs (Tab. 3.2). Figure 3.2 gives 

an overview of the sampling of intestinal segments and ILN. 

Dr. H. Köhler harvested tissues with sterile scissors and forceps at comparable sites 

for cultural isolations of mycobacteria (Tab. 3.2). 

 

3.1.6 Fixation of specimens with NBF 

All NBF filled and ligated intestinal segments were opened at the mesenteric 

attachment and pinned flat on a styrofoam with the mucosal surface upwards. Then 

samples were submerged in NBF. The other organs and lymph nodes were directly 

placed into NBF filled containers. All specimens were fixated at least for 24 h in a 

ratio of 1:10 tissue to NBF. 

 

3.1.7 Cryoconservation 

For cryoconservation, PBS filled intestinal segments were opened at the mesenteric 

attachment, rinsed, placed on a thin slice of liver tissue and snap frozen for 20-60 

seconds at -70 °C in 2-methylbutane (Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany). The remaining tissues were directly snap frozen at -70 °C. All tissues 

were wrapped in aluminium foil, labelled and stored at -80 °C. 
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Fig. 3.2 Overview of intestinal sites where samples were collected for histopathology 

(red arrows) and for cyroconservation (green arrows). Duo, duodenum; Jej, jejunum; 

Cae, cecum; JPP, oGALT in jejunum; IPP, oGALT in the ileum; ICVPP, oGALT in the 

colon next to ileocecal valve (ICVPP), at the end of the proximal colon (PCPP) and in 

the rectum (RCPP), modified from Krüger (2014). 
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Tab. 3.2 Overview of tissue samples fixated in NBF, snap frozen and collected for 

cultural isolation of mycobacteria. 

 
Localisation NBF-fixation Cryoconservation 

Cultural isolation of 
mycobacteria 

1 duodenum x x x 

2 jejunum 1 x x x 

3 jejunum 2 x x  

4 jejunum 3 x x x 

5 jejunum 4 x x x 

6 JPP proximal x x x 

7 JPP distal x x  

8 JPP-v x x  

9 IPP 1 x x  

10 IPP 2 x x  

11 Caecum x x  

12 ICVPP x x x 

13 PCPP x x x 

14 ansa centralis x x  

15 colon altered x x  

16 rectum x x  

17 Lnn. jej. cranialis x x x 

18 Lnn.jej. caudalis x x 2x 

19 Lnn. ileocolici x x x 

20 Lnn. colici x x  

21 Lnn. hepatici x x x 

22 liver x x x 

23 tonsills x x x 

24 Ln. ing.superf. x x Lnn. cerv.superf. 

25 Lnn. retrophar. x x x 

26 thymus x   

27 spleen x x x 

28 pancreas x   

29 kidney x  x 

30 adrenals x   

31 lung x   

32 Ln. mediastinalis x   

33 heart x   

34 aorta x   

35 rumen x   

36 abomasum x   

37 bone marrow x   
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3.2 Methods used in manuscript 1: Pathomorphological examinations and 

detection of MAH in tissues 

 

3.2.1 Macroscopic examination 

A thorough visual examination of all specimens was performed and all alterations 

were recorded with special emphasis on the gut and the oGALT and ILN. 

 

3.2.2 Histological examination 

 

3.2.2.1 Paraffin embedding 

NBF fixed tissues were trimmed and placed into embedding cassettes (Engelbrecht, 

Edermünde, Germany). Prior to trimming extensively mineralized ILN were 

decalcified with HCL-EDTA decalcifying solution (Richard Allen Scientific, Microm 

International, Germany) for 12 h. Tissues were rinsed under cold tap water for at 

least one hour to remove the fixative. The dehydration and paraffin (Paraffin type 1, 

Microm International GmbH, Thermo Fisher Scientific, Walldorf, Germany) infiltration 

was performed with the tissue processor Tissue-Tek® VIP® 6 (Sakura Finetek, Inc., 

Torrance, USA). The protocol is summarized in table 3.3. 

 

Tab. 3.3 Protocol for paraffin embedding in the tissue processor Tissue-Tek® VIP® 6 

Solvents Temperature (in °C) Duration (in h) 

Ethanol 70% ( 2-times) 40 1 

Ethanol 96% ( 3-times) 40 1 

Isopropanol ( 2-times) 40 1 

Xylene (2-times) 40 1 

Paraffin 1+2 63 Each 1 

Paraffin 3+4 63 Each 1,5 

 

The processed tissues were placed into metal dishes, embedded in paraffin (Paraffin 

type 6, Thermo Fisher Scientific GmbH, Walldorf, Germany) in a paraffin dispensing 

center Histocentre 2 Shandon (Thermo Scientific GmbH, Walldorf, Germany). 

Formalin fixed, paraffin embedded (FFPE) consecutive sections of 1.5 to 2.0 µm 

thickness were generated on a rotary microtome (HM355S, Thermo Fisher Scientific, 
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Walldorf, Germany) and collected on chrome alum gelatin3 coated slides (StarFrost, 

Engelbrecht, Edermünde, Germany) or electrostatically loaded slides (Süssefrost 

Plus, Süsse Labortechnik, Gudensberg, Germany). The manufactured sections were 

dried in a warming cabinet (Mikrobiologischer Brutschrank B6200, Kendro Laboratory 

Products GmbH, Langenselbold, Germany) for 24-48 h at 37 °C. 

 

3.2.2.2 Hemalum-eosin (HE) stain  

Sections were deparaffinized starting with a warming up period at 60 °C for 30 min in 

a warming cabinet. The remaining paraffin was removed by rinsing twice in xylene for 

two minutes. Then sections were rehydrated in denatured 96 % alcohol and in 

denatured 70% alcohol twice for two minutes and five minutes in distilled water. 

Sections were stained for 25 minutes in Mayer´s hemalum4, rinsed in distilled water 

and blued under cold tap water for 10 min. The counterstain was performed with 1% 

eosin5 for four minutes. After a renewed rinse in tap water, the sections were 

dehydrated and differentiated (Tab. 3.4) This process ended with cover slipping in 

Canada balsam (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). The HE stain 

stains nuclei blue and the cytoplasm in red. 

 

 

 

 

 

 

 

 

 

 

 

     

3
 own production, see annex 

4
 own production, see annex 

5
 own production, see annex 



Materials and methods 
  

47 
 

Tab.3.4 Dehydration and differentiation of HE stain 

Solvents Duration (in min) 

denatured ethanol 70% ( 2-times) short 

denatured ethanol80% ( 2-times) short 

denatured ethanol 96% ( 2-times) 2  

carbolic xylene6 3  

xylene 2  

 

3.2.2.3 Analysis of HE sections 

All specimens that were collected during necropsy were examined for the presence 

of histologic lesions in HE stained sections. All lesions were analyzed for distribution, 

severity and localization of inflammatory cells. Lesions were summarized as mild (+): 

small granulomatous or lymphocytic infiltrates without influencing the tissue 

morphology, moderate (++): inflammation influenced the tissue morphology or severe 

(+++): partial or complete disruption of tissue morphology due to a variable infiltration 

of inflammatory cells. The overall assessment of each localization depended on the 

most severe lesions detectable in the section. The distribution of lesions was 

assessed as: a) focal - <3 lesions per section, multifocal - >3 lesions per section and 

diffuse - lesions without obvious separation. A special scheme for granuloma staging 

was adopted from a previously published study (WANGOO et al. 2005) and is 

summarized in Tab. 3.5. 

 

 

 

 

 

 

 

 

 

 

     

6
 own production, see annex 
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Tab. 3.5 Characterization of granulomas in oGALT and lymph nodes  

Granuloma 
stage 

Cellular composition 
Necrosis and 
mineralization 

Fibrosis 

1 (Initial) 

epitheloid macrophage 
cluster, ± MGCs, interspersed 
and encircling lymphocytes, 

single neutrophils 

no necrosis - 

2 (Solid) 
epitheloid macrophages, ± 
MGCs, interspersed with 

lymphocytes and neutrophils 

minimal necrosis 
and/or 

mineralization 

incomplete, 

thin: -/+ 

3 
(Monocentric 
necrosis and 

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils, surround 
necrosis and/or mineralization 

monocentric 
caseous necrosis 

and/or 
mineralization 

variable, 

- / +++ 

4 (Multicentric 
necrosis and 

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils, surround 
necrosis and/or mineralization 

multicentric caseous 
necrosis and/or 
mineralization 

variable, 

- / +++ 

5 (Fibrotic 
organization) 

minimal cellular infiltrate 

 

fibrosis > necrosis 
and mineralization 

+++ 

MGCs, multinucleated giant cells; -, not present; ±, missing or present at variable 

number. 

 

3.2.3 Immunohistochemical (IHC) detection of mycobacteria in FFPE 

IHC is used to identify bacterial or host antigens. Antigen-antibody binding is 

visualized by light microscopy. To visualize MAH in FFPE tissue, sections were 

placed on electrostatically loaded slides and the indirect immunoperoxidase (IP) 

method was performed. Prior to this, FFPE sections were deparaffinized beginning 

with a warming phase in a warming cabinet at 60 °C for 30 min. The remaining 

paraffin was removed by rinsing in xylene followed by rehydration (Tab. 3.6). The 

endogenous peroxidase was blocked by incubation of sections in 0.3 % H2O2 (Merck 

Schuchardt OHG, Hohenbrunn, Germany) in methanol for 25 minutes at room 

temperature (RT). This was followed by triple rinsing in Tris-PBS-buffer7 for 5 minutes  

 

     
7
 own production, see annex 
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Tab.3.6 Removing of paraffin and rehydration of consecutive sections for IHC 

Solvents Duration (in min) 

 xylene( 2-times) 3  

ispropanol ( 2-times) 3  

denatured ethanol 96% ( 2-times) 3  

denatured ethanol 70% 2  

denatured ethanol 50% 5  

distilled water 5  

 

each. For antigen retrieval tissue was digested in trypsin. For this, trypsin (Sigma- 

Aldrich Chemie GmbH, Steinheim, Germany) and CaCl2 (Merck KGaA, Darmstadt, 

Germany) were mixed and adjusted to pH 7.8. Sections were incubated for 20 

minutes at 37 °C in a waterbath (Memmert GmbH & Co. KG, Schwabach, 

Germany).The reaction was stopped by rinsing in cold tap water for 10 minutes. This 

was followed by rinsing for five minutes with Tris-PBS-buffer and subsequent 

placement of sections in Shandon coverplates (Thermo Fisher Scientific GmbH, 

Nidderau, Germany). To avoid unspecific antibody binding, sections were incubated 

with 10% of normal goat serum diluted in 12,5 % bovine serum albumin (BSA, 

SERVA Electrophoresis GmbH, Heidelberg, Germany) in Dulbecco’s PBS8 (DPBS) 

for 20 min at RT. Then a polyclonal rabbit anti-MAP serum (Dako, Glostrup, 

Denmark) diluted 1:4000 in DPBS (pH 7.4) containing 12.5% BSA was used as 

primary antibody and sections were incubated for 60 minutes at RT. After triple 

rinsing in Tris-PBS buffer the incubation with horseradish peroxidase-conjugated 

goat anti–rabbit IgG as secondary antibody (Dianova, Hamburg, Germany) was done 

for 60 minutes at RT. Again a triple rinsing in Tris-PBS buffer followed with removal of 

sections from coverplates. 

For visualization of the antigen-antibody reaction, 3-amino-9-ethylcarabazol-

formamid (AEC) was used as chromogen. Sections were incubated for 20 minutes in 

 

 

 

     
8 
own production, see annex 
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AEC solution9 at RT. Since AEC generates an intense red precipitate this feature was 

used to differentiate between unspecific brown pigments in the cytoplasm of 

macrophages in intestinal and LN sections. The final steps were a short rinse in 

distilled water, a counterstaining for 90 seconds in Mayer´s hemalum, bluing under 

cold tap water for 10 min and cover slipping with Kaiser´s glycerin gelatin (Merck 

KGaA, Darmstadt, Germany). 

To guarantee specificity of each antigen-antibody reaction positive and negative 

controls were used. A MAH suspension was injected into a muscle tissue to generate 

a tissue block for positive control slides. The above mentioned polyclonal anti-MAP 

was cross reactive against MAH in the positive control slides. This positive control 

was replaced during the infection trial by a FFPE tissue block of an IPP with many 

MAH in the granulomatous lesions of goat No.11. The cultivation followed by PCR of 

adjacent IPP verified the presence of MAH in tissue. A consecutive section of the 

positive control was incubated with a primary antibody against unrelated antigen 

(Brachyspira hyodysenteria) as negative control. 

 

Analysis of IHC detection of MAH 

All intestinal, oGALT, ILN, tonsils, liver, liver LN, superficial inguinal LN and lung 

specimens, as well as tissues with granulomatous inflammation were investigated by 

IHC for the presence of MAH by light microscopy (Laborlux S, Leitz GmbH, Wetzlar, 

Germany) according to a adopted scheme (KRÜGER et al. 2015). The adopted 

scheme additionally considered the presence of mycobacterial material in caseous 

necrosis and mineralization that was seen in granulomas (Tab. 3.7). To clarify the 

specificity of labelling in necrotic material, for each section with caseous necrosis a 

consecutive section was incubated with a primary antibody against unrelated bacteria 

(Brachyspira hyodysenteria). Only labeling with the polyclonal anti-MAP serum 

resulted in specific granular labeling in necrosis and mineralization. 

 

 

     
9
 own production, see annex 
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Tab. 3.7 Scoring of labeled MAH and mycobacterial material in tissue sections by 

IHC 

Quantity Distribution 

None < 2 MAH per section, no labelling in n and m 

Single (a) 
<20 % EM/ MGC with single MAH and/or 
single labeling of mycobacterial material in n+m 

Few (b) 
20-50 % EM/MGC with 1-10 MAH and/or predominantly single to 
moderate labeling of mycobacterial material in n+m 

Many (c) 

50-75 % EM/MGC with >10 MAH and < 50% with uncountable 
MAH and/or predominantly moderate to extensive labeling of 
mycobacterial material in n+m 

Numerous (d) 
>75 % EM/MGC with >10 MAH and > 50% with uncountable MAH 
and/or predominantly extensive labeling of mycobacterial material 
in n+m 

n, necrosis; m, mineralization; EM, epitheloid macrophages; MGC, multinucleated 

giant cells 

 

3.2.4 Cultivation of MAH in tissue 

Cultivation and the molecular-biological identification of MAH from tissues that were 

sampled during necropsy, was done in the workgroup “Mycobacteria” headed by Dr. 

Köhler. All investigated tissues were collected from sites adjacent to the specimens 

used for histopathological examination. Detailed analysis of growth kinetics for each 

specimen were performed, however, in the manuscript merely the statement 

“presence or absence of mycobacteria in tissue” was included. 

 

3.3 Methods used in manuscript 2: IHC labeling of cell surface markers, 

proliferative cells, endothelial cells and staining of collagen and acid fast 

bacteria in granulomas 

 

3.3.1 Selection and preparation of tissues 

The cellular composition of granulomas and granulomatous lesions that were 

predominantly found in oGALT and ILN was the objective of manuscript 2 (Tab. 3.8).  
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Tab. 3.8 Origin of tissues used (goats, localizations) 

Time of necropsy 2-3 mpi 13 mpi 

Tissue 

localizations 

JPP 6 13 

IPP 5 11 

ILN 5 12 

Total No. of goats sampled 5 9 

Identification No. of goats 5, 7-9, 11 13-21 

 

Snap frozen tissues of JPP, IPP and ILN had been collected and stored as described 

in section 3.1.7. Frozen samples were cut at -29 to -24 °C with cooled foreceps and a 

razor blade in a cryostate (Figocut 2800E, Leica Instruments GmbH, Wetzlar, 

Germany) to tissue blocks of approximately 1.5 cm x 0.5 cm x 0.5 cm for oGALT and 

2.0 cm x 1.0 cm x 0.5 cm for ILN. Tissue blocks were attached with freezing medium 

(NEG 50TM, Thermo Fisher Scientific, Walldorf, Germany) to the object holder. 

Consecutive sections of 5 µm in thickness were generated and collected on chrome 

alum gelatin coated slides. Sections were dried at RT overnight and subsequently 

stored at - 20 °C until further use. 

 

3.3.2 HE- and Azan staining of frozen sections  

Sections were dried at RT for 60 min, fixed in NBF for 5 minutes and then rinsed in 

distilled water for 5 minutes.  

 

HE-stain 

To analyze granulomatous lesions and perform granuloma staging all specimens 

were stained with HE. A new granuloma stage was added to table 3.5 and resulted in 

an extended granuloma scheme (Tab. 3.9). Five minutes staining with Mayer´s 

hemalum was followed by further steps as described in section 3.2.2.2. 
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Azan stain 

The Azan stain was used for demonstration of collagen fibers. After rinsing in distilled 

water, sections were stained for 13 minutes in azocarmine B solution10 at 60 °C. 

Renewed rinsing in distilled water was followed by differentiation in aniline alcohol11 

for 3 minutes, in acetic alcohol12 for 1 minute and in phosphomolybdic acid (Merck 

KGaA, Darmstadt, Germany) for 15 minutes. Sections were rinsed in distilled water 

and further stained for 13 minutes in an aniline blue/orange G solution13. Sections 

were rinsed in distilled water, followed by incubation in absolute ethanol for 3 minutes 

twice and for 2 minutes in xylene twice. The procedure ended with coverslipping of 

sections in Canada balsam. 

 

3.3.3 Kinyoun stain 

This method was used without heating of sections for visualization of AFB and was 

performed with a commercially available staining kit following the manufacturer´s 

instructions (BD-TB-Stain Kit K, Omni Lab, Markkleeberg, Germany). Sections were 

air dried for 60 minutes and then differentiated for 4 minutes in TB Carbolfuchsin KF, 

rinsed with distilled water, decolored with decolorizer for 30 seconds, rinsed with 

distilled water and finally counterstained for 1 minute in TB Brilliant Green K. The 

staining was finished by incubation for 5 minutes in xylene and coverslipping of 

sections in Canada balsam.  

Numbers of AFB were semi- quantitatively assessed at x 1000 magnification in a 

reference area (RA) of 2359 µm2 on representative sections (Tab. 3.11). 

 

 

 

 

 

     
10

 own production, see annex 

11
 own production, see annex 

12 
own production, see annex 

13 
own production, see annex 



Materials and methods 
  

54 
 

Tab. 3.9 Characterization of granulomas in oGALT and lymph nodes 

Granuloma 
stage 

Cellular composition 
Necrosis and 
mineralization 

Fibrosis 

1 (Initial) 

epitheloid macrophage cluster, ± 
MGCs, interspersed and 

encircling lymphocytes, single 
neutrophils 

no necrosis - 

2 (Solid) 
epitheloid macrophages, ± 
MGCs, interspersed with 

lymphocytes and neutrophils 

minimal necrosis 
and/or 

mineralization 
- 

3 (Monocentric 
necrosis and 

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils surround necrosis 
and/or mineralization 

monocentric 
caseous necrosis 

and/or 
mineralization 

variable, 

- / +++ 

4 (Multicentric 
necrosis and 

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils surround necrosis 
and/or mineralization 

multicentric 
caseous necrosis 

and/or 
mineralization 

variable, 

- / +++ 

5 (Fibrotic 
organization) 

minimal cellular infiltrate 

 

fibrosis > 
necrosis and 
mineralization 

+++ 

6 (Extensive 
caseous 
necrosis) 

many lymphocytes, interspersed 
epitheloid macrophages and 

neutrophils,  

irregular necrosis 
with minor 

mineralization 
- 

MGCs, multinucleated giant cells; -, not present; ±, missing or present at variable 

number 

 

3.3.4 Immunohistochemical methods and antibodies used for IHC 

Both the indirect IP method (described in section 3.2.3) and the avidin-biotin complex 

(ABC) method were used. For the latter, a biotinylated secondary antibody with 

enzyme labeled ABC was used. Avidin is a tetravalent glycoprotein with a strong 

affinity for biotin. This connection is exploited by binding of biotin to the secondary 

antibody and the labeling enzyme (horseradish peroxidase). After incubation of the 

biotinylated secondary antibody with the primary antibody a complex of avidin and 

biotinylated enzyme is added. The enzyme catalyzes a chromogen and an amplified 

signal occurs in form of an insoluble precipitate. 
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To examine the cellular composition of different lesions and granulomas, monoclonal 

antibodies against CD4, CD8, CD25, TcR1-N24 (δ chain), CD79α, CD68 and MHC-II 

were used (Tab. 3.10). The monoclonal antibody Ki-67 and the polyclonal rabbit anti-

human van Willebrand Factor (vWF) were used for detection of proliferative cells, 

respectively for detection of endothelial cells, capillaries and larger vessels. Table 

3.10 summarizes cell types, epitopes, clones, dilutions and information about the 

suppliers of the primary and secondary antibodies used. The ABC method was used 

for the primary antibodies against CD25 and CD79α and the indirect IP method for 

the primary antibodies against CD8, TcR1-N24 (δ chain), CD68, MHC-II, Ki-67 and 

vWF. CD4 was enhanced by using a commercially available Boost Kit SignalStain® 

Boost IHC Detection Reagent (New England Biolabs GmbH, Frankfurt, Germany) 

following the manufacturer´s protocol. 

 

3.3.5 Performing of IHC  

Frozen sections were air dried for 60 minutes at RT, fixated in aceton (CD4, CD8, 

TcR1-N24(δ chain), CD79α, MHC-II and vWF), in -20 °C methanol/aceton (1:2) for 

CD25 or in NBF for Ki-67 for 10 min. The sections were than air dried for 10 minutes, 

surrounded by a hydrophobic circle using a felt-tip pen (Dako Pen, Dako, Hamburg, 

Germany) and rehydrated twice in DPBS for 5 minutes each. The NBF fixed sections 

were immediately rinsed in DPBS. To avoid unspecific binding to the tissue, sections 

were incubated with a blocking serum (inactivated, 1:10 diluted with BSA/DPBS) for 

20 minutes at RT in humid chambers (Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany). The blocking serum was from the same species as the secondary 

antibody was. After removal of the blocking serum, sections were incubated with the 

primary antibody for 60 minutes at RT in humid chambers. After rinsing off the 

primary antibody, sections were transferred into DPBS for 5 minutes, 3-times. This 

was followed by blocking of the tissue intrinsic peroxidase by incubation in 0.06 % 

phenylhydrazine solution14 at 37 °C in a water bath for 40 minutes. After renewed 

rinsing in DPBS, sections were incubated with the secondary antibodies for 60 min at  

     
14 

own production, see annex 
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RT in humid chambers. 

 

Tab. 3.10 Antisera used for IHC 

target/ 
cells 

epitope/ 
antigen 

clone dilution supplier 
secondary 
antibody 

method 

T helper 
cells 

CD4 GC1A 1:50 

VMRD, Pullman, 
USA, distrib. Labor 
Diagnostik Leipzig, 

Germany 

Boost Kit
15

 

indirect 
immuno-

peroxidase 
(IP) 

cytotoxic 
T cells 

CD8 CC63 
un-

diluted 

European Cell 
Culture Collection, 

Salisbury, UK 

sheep anti-
mouse IgG

16
 

indirect IP 

γδ T cells 
TcR1-N24 
(δ chain) 

GB21A 1:400 VMRD 
sheep anti-

mouse IgG
16

 
indirect IP 

activated    
T cells 

CD25    
(IL-2Rα) 

CACT 
116A 

1:500 VMRD 
biotin. goat 
anti-mouse 

IgG
17

, ABC
18

 

avidin-
biotin 

complex 

B cells, 
plasma 

cells 
CD79α HM57 1:200 

AbD Serotec, 
Düsseldorf, Germany 

biotin. goat 
anti-mouse 

IgG
17

, ABC
18

 

avidin-
biotin 

complex 

macro-
phages 

CD68 EBM11 1:50 
Dako, Glostrup, 

Denmark 
sheep anti-

mouse IgG
16

 
indirect IP 

MHC-II MHC-II H42A 1:4000 
European Cell 

Culture Collection, 
Salisbury, UK 

sheep anti-
mouse IgG

16
 

indirect IP 

prolifer-
ating cells 

Ki-67 MIB-1 1:200 
Dako, Glostrup, 

Denmark 
sheep anti-

mouse IgG
16

 
indirect IP 

endo-
thelial 
cells 

Van 
Willebrand 

Factor 
--- 

1:800, 
1:2000* 

Dako, Glostrup, 
Denmark 

goat anti-rabbit 
IgG

19
 

indirect IP 

* dilution of 1:800 used in oGALT and 1:2000 used in ILN 

 

 

 

     

15 
SignalStain® Boost, New England Biolabs GmbH, Frankfurt, Germany 

16 
NA931V, GE Healthcare Europe GmbH, Freiburg 

17 
GE Healthcare Europe GmbH, Freiburg, Germany 

18 
Vector Laboratories, Inc., Burlingame, USA; distributed by Biologo, Konshagen, Germany 

19
Jackson Immunoresearch; distributed by Dianova, Hamburg, Germany;  
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After rinsing in DPBS, the ABC Kit Vectastain® (Vector Laboratories, Inc., 

Burlingame, USA; Biologo, Konshagen, Germany) was used for the clones 

CACT116A and HM57. For each section 1 ml of DPBS was mixed with each 20 µl of 

reagent A, respectively reagent B and was left to stand for 30 minutes at RT. 

Sections were incubated for 30 minutes with ABC and finally rinsed in DPBS. To 

visualize the peroxidase conjugated secondary antibodies and peroxidase 

conjugated avidin-biotin complex, 3,3’-diaminobenzidine (DAB) was used as 

chromogen. After short rinsing in distilled water, 1-2 droplets of 0.01 % osmic acid 

solution20 were placed for 20 seconds resulting in blackening of the precipitate. 

Counterstaining was done for 10 to 15 minutes with 2 % methylene green solution21, 

with the exception for Ki-67 and vWF reactions that were counterstained in Mayer´s 

hemalum for 20 seconds. After rinsing in distilled water sections were cover slipped 

with Kaiser`s glycerin gelatin. To verify specificity of the reactions, positive controls 

that included all cell types to be visualized were carried along in each reaction. As 

negative control, a consecutive section served by replacing the primary antibody with 

an antibody of the same isotype against unrelated antigen (Brachyspira 

hyodysenteriae).  

 

3.3.6 Image analysis of the size and cellular subsets in granulomas  

Measurement of granuloma areas in sections was used as estimate of granuloma 

size. This was performed with Image J for all granulomas of all stages in selected 

JPP, IPP and ILN. Granulomas were measured by manual tracing of their outline in 

HE-stained sections. Stages 1 and 2 were measured at x 100 magnification, stage 3 

on x 1 or x 50 magnification depending on size, stages 4 and 5 x 1 magnification and 

stage 6 on x 1 or x 50 magnification depending on size. Magnification of factor 1 was 

achieved by scanning whole slides with a flatbed scanner (Epson V700, Seiko Epson 

Corporation, Suwa, Japan).  

 

 

    

20
own production, see annex 

21
own production, see annex 
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Numbers of CD4+, CD8+, CD25+, TcR1-N24+, CD79α+, CD68+, Ki-67+ cells, 

endothelial cells and neutrophils were semi-quantitatively assessed at x 400 

magnification in a RA of 2359 µm2 measured by an ocular grid. Cell numbers were 

converted to scores (Tab. 3.11). MGCs were differentiated as small MGCs (<10 

nuclei) and large MGCs (>10 nuclei). Representative images were captured using a 

Leica DMR microscope (Leica, Germany) equipped with an Olympus DP71 video 

camera (Olympus, Germany) and imaging software (Cell F, Version 2.6, Olympus, 

Germany).  

 

Tab. 3.11 Semi-quantitative assessment of different immunohistochemically labeled 

cell types, neutrophils and AFB 

score 
- (+) + ++ +++ ++++ 

none scattered single few many numerous 

number of lymphocytes, 
plasma cells, proliferating 

cells/RA  

0 1-2 3-8 9-14 15-20 >20 

number of macrophages/RA 0 1-2 3-6 7-10 11-15 >15 

Number of AFB 0 1-3 4-15 16-50 50-200 >200 

RA, reference area (2359 µm2) 
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4.1 Summary  

Mycobacterium avium subsp. hominissuis (MAH) is an opportunistic pathogen and 

causes infections in humans and animals. In this study, 18 goat kids were orally 

inoculated with a high total dose of MAH. One group of goats (n=9) developed severe 

clinical disease until 2-3 month after inoculation (mpi). At necropsy, ulcerative and 

granulomatous lesions in organized gut-associated lymphoid tissue (oGALT) and 

granulomas with extensive necrosis in intestinal lymph nodes (ILN) predominated. 

Cultivation revealed MAH in all lesions and systemic spread. A second group of 

goats were healthy at the end of the trial (13 mpi), however, all had extensive 

granulomas in ILN but no extra-intestinal spread of bacteria. Moderate fecal shedding 

occurred in all goats until 2 mpi. Further histological characterization of granulomas 

revealed solid non-necrotic, necrotic, calcified and fibro-calcified granulomas with 

striking resemblance to those seen in human and bovine tuberculosis. The two 

different courses of disease with highly heterogenic lesions, systemic spread in goats 

with severe clinical disease and the development of granulomas of all stages in the 

surviving goats, makes the experimental infection of goats with MAH a valuable 

model for TB research. This model might allow new insights into host-pathogen 

interaction and anti-mycobacterial compound testing. 

 

Keywords: communicable diseases, tuberculosis, nontuberculous mycobacteria, 

Mycobacterium avium Complex, pathology, genotype, goat, disease models/animal  

 

4.2 Introduction 

Mycobacterium avium subsp. hominissuis (MAH) is an environmental opportunistic 

pathogen, currently considered as potential zoonotic agent and was first recognized 

as subspecies of Mycobacterium avium in 2002 (MIJS et al. 2002; TRAN u. HAN 

2014). Mycobacterium avium is part of the M. avium complex (MAC) which belongs 

to the large family of non-tuberculous mycobacteria (NTM) (BIET u. BOSCHIROLI 

2014; ORME u. ORDWAY 2014). The incidence of NTM associated diseases is 

increasing worldwide in developed countries with MAC as leading cause in humans, 

while Mycobacterium tuberculosis complex (MTC) infections are declining (WEISS u. 
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GLASSROTH 2012; BRODE et al. 2014). Epidemiological data are limited, because 

NTM infections are predominantly not notifiable in humans and animals (WEISS u. 

GLASSROTH 2012). In Queensland, Australia, a rise in incidence rates of NTM 

infections in humans from 4.85/100.000 in 1999 to 5.7/100.000 in 2005 was reported, 

while those for MTC infections were almost constant with 2.5/100.000 and 

2.6/100.000, respectively (BRODE et al. 2014). Little is known about the prevalence 

of NTM infections in animals with the exception of paratuberculosis, a chronic 

granulomatous enteritis in ruminants, caused by Mycobacterium avium subsp. 

paratuberculosis (MAP) (ELZE et al. 2013). Pigs were found to be particularly 

susceptible for experimental and natural infections with MAH ( AGDESTEIN et al. 

2012; AGDESTEIN et al. 2014). An epidemiological study of hunted wild boars in 

Spain revealed a prevalence of 16.8 % NTM without further sub-classification for 

MAH and 38.3 % MTC species (GARCÍA-JIMÉNEZ et al. 2015). A survey of 

slaughtered pigs from Czech Republic that received peat as feed supplement, 

revealed up to 75 % of mycobacterial isolates were MAH (MATLOVA et al. 2005). In 

recent years, an increasing number of cases of MAH infections were reported in a 

variety of animal species (GLAWISCHNIG et al. 2006; MÖBIUS et al. 2006; HAIST et 

al. 2008; KRIZ et al. 2010; KLANG et al. 2014).  

In pigs, MAH infections usually present as silent infections without clinical signs 

mainly detected at slaughter. Granulomatous lesions of the digestive tract and 

intestinal lymph nodes (ILN) predominate while disseminated disease is a rare 

condition (AGDESTEIN et al. 2012; AGDESTEIN et al. 2014). Case reports in dogs, 

horses, cat and red deer described severe protracted disease with fever, emaciation 

and diarrhea. Granulomatous lesions of the digestive tract, ILN and systemic spread 

were found accompanied by numerous acid fast bacilli (GLAWISCHNIG et al. 2006; 

HAIST et al. 2008; KRIZ et al. 2010; KLANG et al. 2014). In humans, MAH causes 

lymphadenitis in children and chronic lung disease in patients with cystic fibrosis, 

chronic obstructive pulmonary disease and disseminated disease in patients with 

acquired immunodeficiency syndrome (GRIFFITH et al. 2007; LAHIRI et al. 2014).  

A current problem of screening tests for tuberculosis in animals and humans and 

paratuberculosis in ruminants are cross reactions with M. avium subspecies causing 
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false positive and false negative results (MANCUSO et al. 2012; BIET u. 

BOSCHIROLI 2014). The initial aim of this study was the evaluation of specific 

diagnostic antigens for paratuberculosis with an experimental infection of goats with 

either MAP or MAH. Two to 3 month after inoculation (mpi) clinical signs progressing 

to severe disease were observed unexpectedly in 50 % of the MAH infected goats.  

The remaining MAH infected goats were healthy at necropsy 13 mpi. In the following, 

the characteristics of the MAH strain used for inoculation, lesions and tissue 

distribution of MAH in the infected goats and fecal shedding of MAH are reported. 

This aims to raise awareness of possible infections of small ruminants with MAH and 

of their similarities to MTC infections (DOBBERSTEIN u. WILMES 1937; NIEBERLE 

1937; WANGOO et al. 2005; DEBI et al. 2014; PESCIAROLI et al. 2014; LENAERTS 

et al. 2015) 

 

4.3 Material and methods 

 

Animals 

This study was carried out in strict accordance with European and National Law for 

the Care and Use of Animals. The protocol was approved by the Committee on the 

Ethics of Animal Experiments and the Protection of Animals of the State of Thuringia, 

Germany (Permit Number: 04-002/12). All experiments were done in containment of 

biosafety level (BSL) 2 under supervision of the authorized institutional Agent for 

Animal Protection. During the entire study, every effort was made to minimize 

suffering. 

Twenty-four goats of the breed “Thüringer Wald Ziege” (20 males, 4 females) from a 

herd without history of paratuberculosis were used. Upon arrival at the animal 

facilities at the age of 8-19 days, all goat kids were tested negative for MAH by fecal 

culture. Infected and control animals were maintained in separate stables on straw 

bedding. Kids were initially fed with milk replacer and subsequently with pelleted 

concentrate for goats as described (KÖHLER et al. 2015). Water and hay were given 

ad libitum. Male kids were castrated at the age of 6-8 weeks. Goats were treated 
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against endo- and ectoparasites and received vitamin B supplementation (KRÜGER 

et al. 2015). 

 

Characterization and preparation of bacteria used for inoculation  

MAH strain 09MA1289 used for inoculation was isolated from the enlarged lymph 

node of a slaughtered pig in Southern Germany in 2009 using Stonebrink medium 

with Pyruvat and PACT and Löwenstein-Jensen medium with Glycerol and PACT 

(Bioservice Waldenburg). The isolate was maintained and propagated in Middlebrook 

7H9 broth containing glycerine and 10% OADC, (MB, Becton Dickinson, Heidelberg, 

Germany). Genomic DNA was prepared by the cetyltrimethylammonium bromide 

method (VAN SOOLINGEN et al. 1991). 

Subspecies identity of MAH strain 09MA1289 was verified by examination for the 

presence of IS1245 (GUERRERO et al. 1995), absence of IS900 (ENGLUND et al. 

1999), absence of IS901 (KUNZE et al. 1992) and presence of flanking region of 

IS901 FR300 without the IS901 element (NISHIMORI et al. 1995). For genotyping, 

restriction fragment length polymorphism (RFLP) analysis based on the insertion 

sequence IS1245 (IS1245-RFLP) was conducted using the short probe of IS1245 

(JOHANSEN et al. 2005) to prevent cross hybridization between IS1245 and IS1311 

(MÖBIUS et al. 2006). Strain 09MA1289 was further characterized by mycobacterial 

interspersed repetitive units-variable-number tandem repeat (MIRU-VNTR) typing 

(RADOMSKI et al. 2010; FRITSCH et al. 2012).  

As potential virulence markers, presence of ISMpa1 was determined by PCR using 

the primers P2 and P3 (OLSEN et al. 2004) and presence of non-serovar-specific 

glycopeptidolipid (nsGPL) genes (gtfA, rtfA, mtfC) and ser2 genes (mdhtA, merA, 

mtfF) involved in the synthesis of GPLs in the cell wall of M. avium using published 

primers (JOHANSEN et al. 2009).  

The inoculum was prepared essentially as described elsewhere with modifications 

(KÖHLER et al. 2015). Bacterial inoculum stocks were prepared from batch cultures 

in MB. After centrifugation of the stocks, bacterial wet mass was adjusted to 10 mg 

per dose using PBS. The bacterial inoculum of MAH strain 09MA1289 amounted to 

0.78 - 4.1 x 109 cfu/dose.  
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Study Design 

Eighteen goats (No. 1-18) were inoculated starting at the age of 10-21 days, 10 

times, every 2-4 days, with MAH mixed in milk replacer. The total inoculation dose 

was 2.13 x 1010 cfu MAH per goat. Six control goats received milk replacer only. 

Clinical signs were recorded daily and body weight every 4 weeks. Blood and fecal 

samples were collected every 4 weeks also. Fecal samples were cultured for MAH. 

Unexpectedly, 50% of goats infected with MAH had to be necropsied between 66-85 

days post first inoculation (dpi) when clinical signs required euthanasia in 7 goats 

because of animal welfare reasons. Two goats died spontaneously. The surviving 

and control goats were euthanized and necropsied as scheduled between 362-392 

dpi.  

 

Cultural isolation of MAH from feces and tissues 

Cultural isolation of MAH from feces and tissues was performed as described 

recently (KÖHLER et al. 2015). Cultures were incubated up to 3 months at 37 ± 2 °C 

and checked regularly for contamination and occurrence of visible colonies. 

Presence or absence of colony growth was recorded. 

 

Necropsy and sampling 

At necropsy macroscopic lesions were documented and tissues sampled for 

histology, immunohistochemistry (IHC) and cultivation of MAH as described 

(KRÜGER et al. 2015). The following specimens were collected: duodenum, jejunum, 

jejunal Peyer´s patches (JPP), ileal Peyer´s patch (IPP), organized gut associated 

lymphoid tissue (oGALT) next to the ileocecal valve (ICVPP) and in the proximal 

colon (PCPP), cecum, colon, rectum, intestinal lymph nodes (ILN) including proximal 

and distal jejunal (J-LN), ileocolic (ICV-LN) and colonic lymph nodes (Co-LN). A 

thorough necropsy with collection of specimens was performed immediately 

subsequently as described elsewhere (KRÜGER et al. 2015).  
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Histology and IHC  

Extensive mineralized ILN were decalcified with HCL-EDTA decalcifying solution 

(Richard Allen Scientific, Microm International, Germany) for 12 h prior to tissue 

embedding. Lesions were examined in hematoxylin and eosin (HE)-stained formalin-

fixed paraffin embedded (FFPE) sections. Granulomatous infiltrates and granulomas 

were graded from mild to severe. Staging of granulomas was adapted from a 

previous study (WANGOO et al. 2005) (Tab. 4.1). MAH and mycobacterial material 

were labeled in FFPE sections of all intestinal sites, ILN, liver, lung, tonsil, hepatic 

LN, mediastinal LN, superficial inguinal LN and tissues with granulomas by IHC 

(KRÜGER et al. 2015). Sections of an IPP with many MAH were used as positive 

controls. As negative control the primary antibody was replaced by a polyclonal 

antiserum against unrelated antigen. Negative controls of consecutive sections were 

included for all tissues with necrosis and mineralization to verify specificity. MAH and 

mycobacterial material were quantified according to an adapted scoring scheme 

(KRÜGER et al. 2015) (Tab. 4.2). 
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Table 4.1 Characterization of granulomas in oGALT and lymph nodes of goats 

infected with MAH 

Granuloma 
stage 

Cellular composition 
Necrosis and 
mineralization 

Fibrosis 

1 (Initial) 

epitheloid macrophage 
cluster, ± MGCs, interspersed 
and encircling lymphocytes, 

single neutrophils 

no necrosis - 

2 (Solid) 
epitheloid macrophages, ± 
MGCs, interspersed with 

lymphocytes and neutrophils 

minimal necrosis 
and/or 

mineralization 

incomplete, 

thin: -/+ 

3 (monocentric 
necrosis and 

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils, surround 
necrosis and/or mineralization 

monocentric 
caseous necrosis 

and/or 
mineralization 

variable, 

- / +++ 

4 (multicentric 
necrosis and  

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils, surround 
necrosis and/or mineralization 

multicentric 
caseous necrosis 

and/or 
mineralization 

variable, 

- / +++ 

5 (fibrotic 
organization) 

minimal cellular infiltrate 

 

fibrosis > necrosis 
and mineralization 

+++ 

oGALT, organized gut-associated lymphoid tissue; MGCs, multinucleated giant cells; 

-, not present; +, mild; ++, moderate; +++, severe; ±, missing or present at variable 

number. 
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Table 4.2 Scoring of labeled MAH and mycobacterial material in tissue sections by 

IHC 

Quantity Distribution 

None < 2 MAH per section, no labelling in n and m 

Single <20 % EM/ MGC with single MAH and/or single labeling of 
mycobacterial material in n+m 

Few 20-50 % EM/MGC with 1-10 MAH and/or predominantly single to 
moderate labeling of mycobacterial material in n+m 

Many 50-75 % EM/MGC with >10 MAH and < 50% with uncountable MAH 
and/or predominantly moderate to extensive labeling of mycobacterial 

material in n+m 

Numerous >75 % EM/MGC with >10 MAH and > 50% with uncountable MAH 
and/or predominantly extensive labeling of mycobacterial material in 

n+m 

MAH, Mycobacterium avium subsp. hominissuis; n, necrosis; m, mineralization; EM, 

epitheloid macrophages; MGC, multinucleated giant cells; adapted from Krüger et al.  

 

4.4 Results 

 

Characteristics of MAH  

Isolate 09MA1289 used as inoculum was verified as MAH based on presence of 

IS1245 and FR300 [311 bp] and absence of IS901 and IS900. It exhibited the same 

MIRU-VNTR profile 22221129 corresponding to INMV 46 as detected previously in a 

porcine MAH isolate from France (RADOMSKI et al. 2010). IS1245-RFLP resulted in 

a 12-banded pattern (Fig. 4.1). Strain 09MA1289 harbored ISMpa1 and was positive 

for all nsGPL and ser2 genes examined (gtfA, rtfA, mtfC, mdhtA, merA, and mtfF). 

 

(A) Goats with severe disease (necropsy at 66-85 dpi) 

 

Clinical signs. 

Nine of 18 goats inoculated with MAH developed elevated body temperature 

immediately after inoculation and decreased food intake with mild depression at 40 

dpi. Clinical signs progressed in severity until necropsy at 66–85 dpi and resulted in 
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severely reduced body condition. Two goats died spontaneously; seven had to be 

euthanized for animal welfare reasons.  

MAH was culturally isolated in moderate amounts from the feces of 9/9 goats at the 

end of the 4 week inoculation period and from 6/9 goats at 7-10 weeks post first 

inoculation (wpi) and 1/1 goat at 11 wpi (data not shown).  

 

Macroscopic, histologic and IHC findings.  

All 9 goats were in bad body condition with serous atrophy of coronary and renal 

adipose tissue, subcutaneous edema and transudate in body cavities. Lesions 

predominated in the intestinal tract and regional lymph nodes. 

Intestinal tract. Macroscopic lesions characterized by nodular thickening and 

ulcerations were seen in JPP, IPP, ICVPP and PCPP with exception of the PCPP in 

one goat (Tab. 4.3). The number of JPP affected varied from a few, at random, to all. 

Ulcerations were especially extensive in IPP covering almost the complete length in 8 

goats and thus resulting in ulcerated areas of up to 3 x 150 cm (Fig. 4.2A). Merely 

small ulcerations with thickened mucosa (Fig. 4.2E) and multiple small, 1-mm foci of 

mineralization were seen in goat no. 9. Ulcerations in ICVPP and PCPP were 

multifocal and 2-10 mm in diameter. Multiple, round, 1-5 mm in diameter erosions 

and ulcera occurred in cecum and colon outside oGALT in 6 goats. Chronic fibrous 

serositis was frequently associated with altered oGALT. 

Histologically, ulcerations in oGALT were always associated with granulomatous 

infiltrates of variable severity and severe loss of the preexisting lymphatic tissue (Tab. 

4.3). There were no granulomas. In 8 goats, granulomatous infiltrates in the 

submucosa and rarely small foci in the overlying mucosa were composed of small 

multifocal clusters of epitheloid cells, many lymphocytes, variable numbers of 

macrophages, and many neutrophils (Fig. 4.2B). Foci of necrosis and mineralization 

were regularly seen. Extensive infiltrates of epitheloid cells were found under intact 

mucosa or superficial ulcerations, while deep ulcerations were associated with few 

epitheloid cells (Fig. 4.2C) and granulation tissue. Single mycobacteria were present 

in epitheloid cells and small amounts of mycobacterial material in areas with necrosis 

and mineralization (Tab. 4.3, Fig. 4.2D). 
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Lesions were different in one goat (no. 9). Diffuse granulomatous infiltrates 

composed of many epitheloid cells, few macrophages, moderate numbers of 

lymphocytes, many neutrophils, variable numbers of Mott cells and circumscribed 

areas of necrosis and mineralization were present both in submucosa and mucosa 

(Fig. 4.2F, G). More mycobacteria and mycobacterial material were found compared 

to the other 8 goats (Tab. 4.3, Fig. 4.2H).  

In all goats, granulomatous thrombi and emboli were frequent in submucosal and 

subserosal lymphatics of IPP and occasionally in JPP, ICVPP and PCPP. 

Granulomatous vasculitis of subserosal arterioles was observed occasionally. Mild to 

moderate subserosal edema and serositis was frequent in sites with ulcerations. 

Outside oGALT, small granulomatous infiltrates were seen in the mucosa of 

duodenum, jejunum and cecum of 4 goats. Ulcerations in the large intestine outside 

oGALT were not associated with granulomatous infiltrates, but presented with diffuse 

infiltration of neutrophils. 

Intestinal lymph nodes. Macroscopic lesions occurred in J-LN and ICV-LN of all 

goats, but in the Co-LN of 3 goats only. Distal J-LN were more severely affected than 

proximal J-LN. Lymph nodes were enlarged with multifocal to confluent necrosis and 

mineralization of the cortex (Fig. 4.2I). 

Histological lesions were dominated by granulomas with extensive mono- and 

multicentric caseous necrosis, variable amount of mineralization and small islands of 

preexisting lymphatic tissue (Fig. 4.2J). Areas of necrosis were irregularly surrounded 

by few epitheloid cells, macrophages, lymphocytes and neutrophils. Formation of 

collagenous capsules in the periphery of granulomas was absent, except adjacent to 

the capsule of the lymph node (Fig. 4.2J). These features are compatible with stage 

3 and 4 granulomas (Tab. 4.4). In addition, there were multifocal to confluent 

infiltrates of epitheloid cells (Tab. 4.4). Single MAH were labeled in epitheloid cells 

and mycobacterial material was found in variable quantity in areas with necrosis and 

mineralization (Tab. 4.4, Fig. 4.2K). 

In goat no. 9, confluent granulomatous infiltrates dominated. Stage 3 and 4 

granulomas were present in lower numbers with less caseous necrosis and more 

extensive mineralization than in the other goats (Tab. 4.4). Numerous mycobacteria 



Manuscript 1 
  

70 
 

were seen in epitheloid cells and there was extensive labeling for mycobacterial 

material (Tab. 4.4). 

Other organs. Few, small granulomatous infiltrates were regularly found in hepatic-

LN, retropharyngeal LN and mediastinal LN and rarely in tonsils and liver. A few 

small stage 2 and 3 granulomas occurred in liver and mediastinal LN. In 2 goats, 

there was a moderate to extensive granulomatous bronchopneumonia with 

neutrophils and few giant cells. Single mycobacteria were detected in epitheloid cells 

in one of these goats (no. 1). All goats had moderate to severe thymic atrophy and 

multiple small periportal lympho-histiocytic infiltrates. Multifocal areas of renal tubular 

necrosis were seen in 6 goats and focal catarrhalic bronchopneumonia in one. 

Multiple fibrin thrombi were seen in kidneys, livers and lungs of 3 goats.  

 

Cultural Isolation of MAH from tissues.  

MAH was recovered in moderate to high amounts from all locations of oGALT and 

intestinal lymph nodes of all necropsied goats (Tab. 4.3, 4.4). Cultural isolation of 

MAH was also possible from extra-intestinal sites, most often from hepatic LN, 

mediastinal LN and spleen, followed by retropharyngeal LN, liver and tonsil (data not 

shown).  

 

(B) Goats with mild disease / surviving group (necropsy at 365-390 dpi) 

 

Clinical signs. 

The 9 surviving goats developed a transient increase of body temperature and mild 

depression until 60 dpi. Thereafter they were clinically healthy until the end of the 

trial. MAH was culturally isolated in moderate to very high amounts from the feces of 

these goats at the end of the four-week inoculation period and from 4/10 goats at 7-

10 wpi. Fecal shedding was no longer recorded from 11 wpi until the end of the 

experiment. 
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Macroscopic, histological and IHC findings.  

All goats were in very good nutritional condition. Lesions were detected in all goats 

predominantly in oGALT and ILN. 

Intestinal tract. Multiple small granulomas were seen in IPP of 7 goats and single 

small granulomas in some JPP of 2 goats (Fig. 4.3A). Some JPP were atrophic in 3 

goats. Occasionally, mild serositis was associated with altered Peyer´s patches.  

Histologically, granulomas of varying size and stage were seen in the submucosa of 

JPP and IPP (Tab. 4.3). Monocentric stage 3 granulomas (Fig. 4.3B) predominated 

with extensive central necrosis and mineralization surrounded by a layer of 

granulomatous infiltrate with many epitheloid cells, few multinucleated giant cells 

(MGC) and few lymphocytes followed by a layer of lymphocytes (Fig. 4.3C). In 

addition, there were focal to multifocal granulomatous infiltrates in the mucosa and 

submucosa of 3 goats (Tab. 4.3). Granulomatous lymphangitis, but no granulomas 

were found in the subserosa of the IPP in one goat. Mycobacteria were detected 

rarely in granulomas in the IPP: single mycobacteria in epitheloid cells and MGCs 

(Fig. 4.3D) of 1 goat and small amounts of mycobacterial material in necrosis and 

mineralization of 3 goats (Tab. 4.3).  

Segmental to diffuse atrophy affected lymphoid follicles in some JPP of all, ICVPP of 

2 and PCPP of 3 goats, while age-dependent atrophy was observed in IPP. Mild 

filamentous serositis was frequently associated with atrophic Peyer`s patches.  

Intestinal lymph nodes. Extensive granulomas in severe cases completely replacing 

the lymph node were seen in many J-LN and ICV-LN in all goats (Tab. 4.4, Fig. 

4.3E).  

Histologically, extensive granulomas of stage 4 and 5 dominated, while 

granulomatous infiltrates and stage 2 and 3 granulomas were occasionally present in 

J-LN and ICV-LN (Tab. 4.4). Granulomas of stage 3 and 4 had fibrotic capsules of 

varying thickness and only minimal infiltrates of epithelial cells and MGC´s. Fibrotic 

organization predominated in some granulomas (stage 5 granulomas, Fig. 4.3F, G). 

Granulomatous lymphangitis was seen in the capsule of the lymph nodes in 2 goats. 

Co-LN had few small granulomas of stage 3 and 4 and focal granulomatous infiltrates 

(Tab. 4.4). Single MAH and small amounts of mycobacterial material were labeled in 
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the necrosis and mineralization of some granulomas (Fig. 4.3H, Tab. 4.4). Single 

mycobacteria were found in epitheloid macrophages and MGCs of 2 goats. 

Other organs. Few small stage 2 and 3 granulomas and granulomatous infiltrates 

were present in liver LN and retropharyngeal LN of one goat. Infiltrates of few 

epitheloid cells or single MGCs were associated with bronchus associated lymphatic 

tissue of two goats as well as pulmonary interstitium and renal cortex of one goat 

each. Multifocal granulomatous infiltrates were observed in the mediastinal LN of one 

goat.  

Most goats had multiple small periportal lympho-histiocytic infiltrates. Parasite-

induced alterations were observed as filamentous peritonitis at forestomachs and 

diaphragm and eosinophilic granulomas and infiltrates in tonsils, R-LN and kidneys.  

 

Cultural isolation.  

MAH were isolated from few sites of oGALT and ILN, but not from extra-intestinal 

sites (Tab. 4.3, 4.4). 

 

(C) Control animals (necropsy at 362-392 dpi) 

Control animals did not developed clinical signs throughout the trial. Neither 

macroscopic nor histological lesions were seen. Mycobacteria were not detected by 

IHC or culture. 
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Table 4.3 Macroscopic and histological lesions with detection and cultivation of MAH 

in oGALT of experimentally infected goats 

No 

JPP 

 

IPP 

 

ICVPP 

 

PCPP 

M 

micro. lesion 

M 

micro. lesion 

M 

micro. lesion 

M 

micro. lesion 

gI Gr 
MAH 

gI Gr 
MAH 

gI Gr 
MAH 

gI Gr 
MAH 

I C I C I C I C 

66-85 dpi 
1 N/U + - a + 

 
 

N/U + - a + 

 
 
 
 
 

N ++ - - + 

 

N + - - + 
 2

†
 N/U ++ - a + N/U + - a + N/U ++ - a + N/U ++ - - + 

3 N/U + - a + N/U +++ - a + N/U + - - + N/U ++ - - + 
 4

†
 N/U ++ - a + N/U ++ - a + N/U ++ - - + N/U + - - + 

5 N/U +++ - a + N/U ++ - a + N/U + - - + N/U ++ - a + 
6 N/U ++ - a + N/U + - a + N/U nd nd nd N/U + - a + 
7 N/U ++ - a + N/U ++ - a + N/U ++ - - + 

 
N/U + - - + 

8 N/U ++ - a + N/U +++ - a + N/U ++ - a + - - - - + 
9 N/U +++ - c + N/U +++ - c + N/U +++ - b + N/U ++ - b + 

365-390 dpi 
10 A - - - - 

 

- - 3 - - 

 

- - - - - 

 

A - - - - 
11 A + 1,3

*
 - - N + 2,3,4 - - - - - - - - - - - - 

12 N - 3 - - N - 2,3
*
 - - - - - - - - - - - - 

13 - - 3 - - - ++
‡
 - - + - - - - - - - - - - 

14 N - 4 - - N - 2,3
*
 a - - - - - - - - - - - 

15 A - - - - N - 2,3
*
 a - N - - - - - - - - - 

16 - + 1 - - N ++ 1,3
*
 - + - - - - - - - - - - 

17 - + 1,2
*
 - - N - 3 a + - - - - - - - - - - 

18 - - 3 - - N - 3 - - - - - - - - - - - - 

MAH, Mycobacterium avium subsp. hominissuis; oGALT, organized gut-associated lymphoid tissue, 

dpi, days post first inoculation; JPP, jejunal Peyer´s patch; IPP, ileal Peyer´s patch; ICVPP, oGALT in 

the colon next to the ileocecal valve; PCPP, oGALT at the end of the proximal colon; No, animal 

number; M, macroscopic lesion; micro., microscopic; gI, granulomatous infiltrate; Gr, granuloma 

stages; I, immunohistochemistry; C, bacterial culture; N, nodular thickened; U, ulceration; A, atrophy; 

+, mild or positive in bacterial culture; ++, moderate; +++,severe; a, single; b, few; c, many; d, 

numerous; -, no gross lesion/ microscopic lesions/ <2 or no mycobacteria by immunohistochemistry/no 

mycobacteria in bacterial culture; nd, not done. 

*Predominant granuloma stage. 

†Spontaneously deceased animal.  

‡Granulomatous lymphangitis. 
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Table 4.4 Macroscopic and histological lesions with detection and cultivation of MAH 

in ILN of experimentally infected goats 

No 

J-LN proximal  J-LN distal 

 

ICV-LN 

 

Co-LN 

M 

micro. lesion  

M 

micro. lesion 

M 

micro. lesion 

M 

micro lesion 

gI Gr 
MAH  

gI Gr 
MAH 

gI Gr 
MAH 

gI Gr 
MAH 

I C  I C I C I 

66-85 dpi   
1 X ++ 3,4

*
 a +  X ++ 3,4

*
 a + 

 

X ++ 3
*
,4 a + 

 

- + 3 - 
 2

†
 X ++ 3,4

*
 a +  X ++ 2,3,4

*
 c + X ++ 3,4

*
 b + X ++ 3,4

*
 - 

3 X +++ 3,4
*
 a +  X ++ 2,3,4

*
 b + X ++ 3,4

*
 a + - + - - 

 4
†
 X ++ 3,4

*
 a +  X ++ 3,4

*
 a + X ++ 3

*
,4 a + - ++ - - 

5 X +++ 3
*
,4 a +  X +++ 3,4

*
 b + X ++ 3,4

*
 a + - - - - 

6 X +++ 3 a +  X +++ 3,4
*
 c + X ++ 3,4

*
 c + X ++ 3

*
,4 b 

7 X ++ 3,4
*
 b +  X ++ 3,4

*
 c + X ++ 3,4

*
 c + X ++ 3,4

*
 a 

8 X +++ 3,4
*
 b +  X +++ 3,4

*
 b + X +++ 3

*
,4 c + - - - - 

9 X +++ 2,3,4
*
 d +  X +++ 3,4

*
 d + X +++ 3,4

*
 d + - + - a 

365-390 dpi   
10 X ++ 2,3,4,5

*
 a -  X ++ 3,4

*
,5 a - 

 

X - 3 a - 

 

- - 3
*
,4 - 

11 X + 3,4
*
,5 a +  X - 4 a - X + 3,4

*
 a - - - - - 

12 - - 3
*
,4 a +  X + 3,5

*
 a - - - 3 a - - - 2 - 

13 X - 4 a +  X ++
‡
 3,4

*
 a + X ++

§
 2,4

*
,5 a + - - - - 

14 X - 3,4
*
 a -  X +

‡
 3,4

*
 a - X - 2,3,4

*
 a - - + 3 - 

15 X + 3
*
,4,5 a -  X ++ 3,4,5

*
 a - X - 3

*
,4 a - - - - - 

16 X ++ 2,3,4
*
 a -  X ++ 2,3,4

*
 a - X + 3 a - - - - - 

17 X - 3,4
*
 a -  X - 3,4

*
 a - X - 3,4

*
 a - - - - - 

18 X ++ 3,5
*
 a -  X + 3,4

*
 a + X - 4 a - - - - - 

MAH, Mycobacterium avium subsp. hominissuis; ILN, intestinal lymph node, dpi, days post first 

infection; J-LN, jejunal lymph node; ICV-LN, ileocolic lymph node; Co-LN, colonic lymph node; No, 

animal number; M, macroscopic lesion; micro., microscopic; gI, granulomatous infiltrate; Gr, 

granuloma stages; I, immunohistochemistry; C, bacterial culture; X, present; +, mild or positive in 

bacterial culture; ++, moderate; +++,severe; a, single; b, few; c, many; d, numerous, -, no gross 

lesion/microscopic lesions/ <2 or no mycobacteria by immunohistochemistry/no mycobacteria in 

bacterial culture.  

*Predominant granuloma stage.  

†Spontaneously deceased animal. 

‡Granulomatous lymphangitis. 
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Figure 4.1 IS1245-RFLP patterns of PvuII digested genomic DNA from German M. 

avium strains.  

Lanes 1 and 2: MAA strains from deer and goose, Lane 3: MAS type strain DSM 

44175, Lane 4: MAH bovine strain 00A0920, Lane 5: MAH porcine strain 09MA1289. 

Lanes M: molecular weight (Mw) markers. MAA: M. avium subsp. avium, MAS: M. 

avium subsp. silvaticum, MAH: M. avium subsp. hominissuis. 
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Figure 4.2  

Gross and microscopic lesions with immunohistochemical detection of MAH in JPP, 

IPP and ILN of goats 66-85 dpi.  

A. Diffuse ulceration of the IPP; goat No. 3. 

B. Moderate amount of granulomatous infiltrate underneath extensive ulceration (U) 

and small foci of granulomatous infiltrates in the lamina propria (arrow) of a JPP; 

goat No. 7. 

C. Granulomatous infiltrate is composed of many lymphocytes and neutrophils 

(arrowhead), but only single epitheloid cells (arrows); higher magnification of 2B. 

D. Single MAH in an epitheloid cell (arrow); consecutive section of 2C.  

E. Small circumscribed ulcerations in the IPP (arrows); goat No. 9. 

F. Extensive granulomatous infiltrate in the submucosa and lamina propria with 

circumscribed necrosis and mineralization (left lower corner) and limited mucosal 

ulceration (U) of the IPP; goat No. 9.  

G. Granulomatous infiltrate is composed of many epitheloid cells, few lymphocytes 

and neutrophils (arrowhead); higher magnification of 2F. 

H. Many MAH in epitheloid cells; consecutive section of 2G.  

I. Severely enlarged distal jejunal LN with cortical necrosis and mineralization with 

radial appearance; goat No. 7. 

J. Cortex of proximal jejunal LN replaced by multicentric granulomas (stage 4) with 

extensive caseous necrosis (N), multiple foci of mineralization (M), an island of 

preexisting lymphoid tissue (L) and moderately thickened lymph node capsule. 

K. Large amount of fine-grained to clustered mycobacterial material in an area of 

necrosis and mineralization, area delineated in 2J. 
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Hematoxylin and eosin staining in panels B, C, F, G, J; IHC in panels D, H, K; scale 

bar = 1 cm in panels A, E, I; scale bar = 500 µm in panels B, F, J; scale bar = 100 µm 

in panels C, G, K; scale bar = 20 µm in panels D, H 
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Figure 4.3  

Gross and microscopic lesions with immunohistochemical detection of MAH in IPP 

and ILN of goats 365-390 dpi.  

A. Thickened, nodular IPP; goat No. 16.  

B. Granuloma (stage 3) with central necrosis (N) and mineralization (arrows) 

surrounded by granulomatous infiltrate (gI) and a layer of lymphocytes (L); 

microscopic view of 3A. 

C. Granulomatous infiltrate is composed of epitheloid cells, multinucleated giant cells, 

lymphocytes and neutrophils. The layer of lymphocytes is visible at top. Area 

delineated in 3B. 

D. Single MAH (arrow) in a multinucleated giant cell; consecutive section of 3C.  

E. Enlarged and completely mineralized distal jejunal LN with a thickened capsule; 

goat No. 12. 

F. Multicentric granuloma (stage 5) with prominent fibrotic organization (f) and 

multiple areas of mineralization (M). 

G. Fibrosis and mineralization without granulomatous infiltrate, area delineated in 3F. 

H. Single MAH (arrow) in an area of mineralization, consecutive section of 3G. 
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Hematoxylin and eosin staining in panels B, C, F, G; IHC in panels D, H; Panel F, G, 

H decalcified; scale bar = 1 cm in panels A, E; scale bar = 500 µm in panels B, F; 

scale bar = 100 µm in panels C, G; scale bar = 20 µm in panels D, H 
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4.5 Discussion 

Oral inoculation of goats with MAH resulted in infection of all animals which indicates 

that goats are highly susceptible adding them to the increasing list of species in 

which MAH infections have been found (GLAWISCHNIG et al. 2006; MÖBIUS et al. 

2006; HAIST et al. 2008; KRIZ et al. 2010; AGDESTEIN et al. 2012; AGDESTEIN et 

al. 2014; KLANG et al. 2014). The MAH strain used for inoculation was a porcine 

isolate with a MIRU-VNTR genotype unique for Germany until now. The presence of 

all selected GPL synthesis genes and ISMpa1 distinguishes this MAH strain from 

those commonly isolated in Norway (JOHANSEN et al. 2009), but is common in MAH 

strains from Germany (P. Möbius, pers. comm.). Although no further data concerning 

host-pathogen interaction are available, there is no indication for an increased 

pathogenicity of this particular strain. The high inoculation dose might be the cause 

for the severe course of the disease in part of the animals. 

Two distinct courses of infection were seen in the inoculated goats: (a) severe, fatal 

disease and (b) transient mild infection with persisting lesions. Since all goats 

received the same dose of MAH, were kept under identical conditions and had similar 

age, key factors for the outcome of the infection are most likely differences in the 

individual host’s immune responses. As goats are an outbred species, genetic 

heterogeneity has to be expected although all animals came from one herd and one 

breed. Comparable observations were made after infection of goats with MAP in 

previous trials (KÖHLER et al. 2015; KRÜGER et al. 2015). This turns the goat into 

an appropriate animal model, since inter-individual differences naturally occur in TB 

in humans and cattle, and the currently used animal models are not able to establish 

this heterogeneity (VAN RHIJN et al. 2008).  

The closer analysis of the lesions in the goats with severe disease allows insights in 

the pathogenesis of the infection. Based on the distribution of lesions, oGALT is the 

predominant port of entry as reported for the closely related MAP, although the 

invasion via enterocytes as seen in mice cannot be excluded (MOMOTANI et al. 

1988; SANGARI et al. 2001; SIGURDARDÓTTIR et al. 2001). The marked infiltration 

of lymphocytes and low number of epitheloid cells are indications for an intense local 

immune response. This appears to limit proliferation of MAH, but on the other hand 
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results in extensive tissue destruction, e.g. ulcerations of the mucosa overlying 

oGALT and necrosis in the draining lymph nodes. Intestinal ulcerations and acute 

clinical signs are not commonly associated with mycobacterial infections in goat kids, 

but should be included in the differential diagnosis of ulcerative conditions (UZAL u. 

SONGER 2008). Distribution of lesions and type of inflammatory infiltrate closely 

resemble those described in case reports of MAH infections in various species 

(GLAWISCHNIG et al. 2006; HAIST et al. 2008; KRIZ et al. 2010; KLANG et al. 

2014). They also have close resemblance to lesions and their distribution described 

in bovine tuberculosis when calves were orally inoculated with Mycobacterium bovis 

(DOBBERSTEIN u. WILMES 1937; NIEBERLE 1937). Preferential localization of 

ulcerations and granulomas is described in the ileocecal region in human intestinal 

tuberculosis (DEBI et al. 2014). The herein described systemic spread of MAH 

infection and rapid disease progression in the young goats has also similarity to 

human pediatric TB and might represent a model for TB infection in this specific age 

group (MARAIS et al. 2004). 

Clinically mild infection with persisting lesions is common in natural and experimental 

MAH infection of pigs (AGDESTEIN et al. 2012; AGDESTEIN et al. 2014). In the 

surviving goats, lesions were seen at the same sites as in the pigs and as in the 

goats with severe disease. This indicates the ability of the host`s immune system to 

limit the inflammation after entry by forming granulomas. Because of the macroscopic 

resemblance of granulomas, MAH should be considered as differential diagnosis in 

field cases of intestinal TB in ruminants (DOBBERSTEIN u. WILMES 1937; 

NIEBERLE 1937; PESCIAROLI et al. 2014). 

Granulomas, solid without necrosis, with necrosis and mineralization, with fibrotic 

organization, are major hallmarks of TB besides cavitary lesions in the lung 

(BASARABA 2008; LENAERTS et al. 2015). The goats in this study developed a 

wide spectrum of morphologically different granulomas. Because of the great 

resemblance to granulomas observed in cases of human and bovine TB (WANGOO 

et al. 2005; LENAERTS et al. 2015), MAH infections of goats may serve as a 

comparative model for TB research. In contrast to goats, mice, the predominant 

species used in experimental TB research, lack those key features, but develop 
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poorly organized granulomas, high bacterial burden and finally die after protracted 

infection (BARRY et al. 2009; LENAERTS et al. 2015). Cavitary lesions were not 

seen in this study, however this is reported in natural and experimental TB infections 

of goats developing cavitary lesions and thus are one of few species that exactly 

model this feature of TB (SANCHEZ et al. 2011; LENAERTS et al. 2015).  

The range of morphologically different granuloma stages that were induced in this 

model could be utilized for testing of anti-mycobacterial compounds. 

Pharmacodynamics and pharmacokinetics of drugs are directly influenced by certain 

characteristics of granulomas like necrosis, mineralization and extensive fibrosis 

(BASARABA 2008; BARRY et al. 2009). In addition, the relative small size of goats 

would allow the utilization of state of the art live imaging systems to evaluate 

development of lesions under drug therapy (DE VAL et al. 2011; LENAERTS et al. 

2015).  

Finally, MAH infections of goats may also be of relevance for public health. Fecal 

shedding seen in all goats until 2 mpi may cause contamination of the environment 

and might pose a health risk to immunocompromised individuals, children and the 

elderly (HAIST et al. 2008; KRIZ et al. 2010). Especially children may come in close 

contact to goats in zoos and petting farms (STIRLING et al. 2008). If infected animals 

are slaughtered, contamination of the slaughterhouse and meat products is 

conceivable as indicated by detection of DNA from MAH by PCR in retail meat from 

cattle and pigs (KLANICOVA et al. 2011; AGDESTEIN et al. 2014; KLANICOVA-

ZALEWSKA u. SLANA 2014). 

In this study, oral inoculation of goats with MAH induced infections in 100% of 

animals, with two different courses of clinically overt and silent disease and a variety 

of morphological different lesions that resemble different aspects of TB pathology. 

Different inoculation modes and dose titration might help to adopt the herein 

described experimental goat model to specific research objectives. Overall this 

approach could provide new insights into progression of mycobacterial diseases and 

anti-mycobacterial compound testing and overcome obstacles that occur in TB 

research with currently used animal models. 
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5.1 Summary  

Oral infection of goats with Mycobacterium avium subsp. hominissuis (MAH) resulted 

in a large variety of granulomas in organized gut-associated lymphatic tissues and 

intestinal lymph nodes. To characterize the cellular composition of granulomas, 

CD4+, CD8+, γδ, B lymphocytes and plasma, CD25+, CD68+,  MHC-II+, Ki67+ and 

endothelial cells were labeled in consecutive frozen sections by 

immunohistochemistry and acid fast bacilli (AFB) by Kinyoun stain. Granulomas with 

extensive necrosis, little mineralization and variable numbers of AFB surrounded by 

many CD4+ T cells, but only few epitheloid macrophages were observed in severely 

sick goats at 2-3 mpi. They were interpreted as exuberant immune reaction. 

Organized granulomas with very few AFB were seen in clinically healthy goats at 13 

mpi. The necrotic cores were surrounded by a zone of granulomatous infiltrate with 

many epitheloid macrophages and few lymphocytes. This zone was initially wide and 

highly vascularized and became progressively smaller. It was enclosed by an 

increasing layer of connective tissue. All organized granulomas were surrounded by 

compartimentalized tertiary lymphoid tissue. The granulomas in experimental 

infection of goats with MAH reflect the heterogeneity of lesions seen in mycobacterial 

infections of humans and ruminants and are therefore valuable for comparative 

research. 

 

Keywords: granuloma, immune response, animal model, Mycobacterium avium 

subsp. hominissuis, tuberculosis, lymphoid tissue  

 

5.2 Introduction 

A hallmark of Mycobacterium (M.) tuberculosis complex (MTC) infection is the 

presence of structured granulomas with central necrotic cores with variable 

mineralization surrounded by epitheloid macrophages, multinucleated giant cells 

(MGC), other inflammatory cells and connective tissue (WANGOO et al. 2005; 

ULRICHS u. KAUFMANN 2006; BASARABA 2008; RAMAKRISHNAN 2012). These 

granulomas are sites of host-pathogen interactions that on the one hand may limit 

mycobacterial growth and tissue pathology, but on the other hand can be exploited 
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by the mycobacteria for survival (EHLERS u. SCHAIBLE 2012; RAMAKRISHNAN 

2012). They are highly dynamic structures with an enormous morphological 

heterogeneity within an individual and even within one organ (EHLERS u. SCHAIBLE 

2012; LENAERTS et al. 2015). Thus, they are important read out parameters for the 

stage of infection and the reaction to anti-tuberculous treatments and animal models 

that develop the spectrum of granulomas seen in human tuberculosis (TB) are highly 

desirable.  

The currently used small animal models in experimental TB research are often not 

capable to reproduce the complete spectrum of granuloma heterogeneity (EHLERS 

u. SCHAIBLE 2012; SHALER et al. 2013; LENAERTS et al. 2015). Most mouse 

strains develop poorly organized granulomas. Granulomas with necrosis, but without 

the important feature of calcification are described in C3HeB/FeJ mice (DRIVER et 

al. 2012; LENAERTS et al. 2015). The guinea pig model overcomes these 

shortcomings (LENAERTS et al. 2007; PALANISAMY et al. 2008). However, both 

guinea pigs and mice develop only progressive fatal disease without a phase of 

latency (BASARABA 2008; VAN RHIJN et al. 2008). Granulomas with morphology 

comparable to human TB have been described in infected macaques; however, 

ethical issues, costs and availability of animals are limitations of this model (VAN 

RHIJN et al. 2008; LENAERTS et al. 2015). The zebrafish model revealed new 

aspects of the interaction between M. marinum and the innate immune response due 

to the unique opportunity of live imaging during granuloma formation, but zebrafish 

embryos are not able to mount an adaptive immune response (DAVIS u. 

RAMAKRISHNAN 2009; RAMAKRISHNAN 2012). 

Cattle have been used in TB research for a long time, whereas goats have 

increasingly gained acceptance in recent years. Both are naturally susceptible to M. 

bovis and M. caprae, respectively, and may undergo a phase of latency (VAN RHIJN 

et al. 2008; PESCIAROLI et al. 2014). Granulomas with a wide spectrum of 

heterogeneity can be observed (WANGOO et al. 2005; VAN RHIJN et al. 2008; 

SANCHEZ et al. 2011). They have been classified as: stage 1- clusters of epitheloid 

macrophages, stage 2 - granulomas with minimal necrosis and variably thin fibrous 

capsule, stage 3 – granulomas with central caseous and mineralized necrosis and 
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complete fibrous capsule and stage 4 – granulomas with extensive multicentric 

caseous and mineralized necrosis and marked peripheral fibrosis (WANGOO et al. 

2005). 

After experimental oral infection of goats with M. avium subsp. hominissuis (MAH), 

an opportunistic, non- tuberculous mycobacterium, goats developed either severe 

fatal disease with marked ulcerative and granulomatous lesions predominantly in 

organized gut-associated lymphoid tissue (oGALT) and extensive caseonecrotic 

granulomas in intestinal lymph nodes (ILN) at 2-3 month after inoculation (mpi) or a 

wide variety of morphologically different granulomas in oGALT and ILN at 13 mpi. 

The objectives of this investigation were to characterize the morphology of 

granulomas seen in the goats infected with MAH and to compare them with those 

seen in other granuloma models and in human TB. Thus cellular composition and 

presence of MAH were examined in the different granulomas. A special focus was on 

the layer of lymphocytes in the periphery of granulomas resembling tertiary lymphoid 

tissue (3rd LT) described recently in human TB (ULRICHS et al. 2004; ULRICHS u. 

KAUFMANN 2006), since it has been suggested that the interaction between 

mycobacteria and 3rd LT determines the development of latency versus progression 

in TB (ULRICHS et al. 2004; ULRICHS et al. 2005). 

 

5.3 Material and methods 

 

5.3.1 Tissue samples 

The experimental infection of goat kids was carried out in strict accordance with 

European and National Law for the Care and Use of Animals. The protocol was 

approved by the Committee on the Ethics of Animal Experiments and the Protection 

of Animals of the State of Thuringia, Germany (Permit Number: 04-002/12). All 

experiments were performed in containment of biosafety level 2 under supervision of 

the authorized institutional Agent for Animal Protection. During the entire study, every 

effort was made to minimize suffering. A total of 24 goat kids of the breed “Thüringer 

Wald Ziege” (20 males, 4 females) were used in this study as described recently 

(Schinköthe et.al, submitted). In brief, 18 goat kids were orally inoculated 10 times 
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every 2-4 days with a total dose of 2.13 x 1010 cfu MAH beginning at the age of 10-21 

days. Between 2-3 mpi, 2 animals died spontaneously and 7 had to be euthanized for 

animal welfare reasons because of severe clinical symptoms of elevated body 

temperature, weight loss and apathy. The remaining 9 goats developed mild transient 

increase in body temperature and depression around 2 mpi, recovered and remained 

healthy until necropsied at 13 mpi. 

Ulcerative lesions primarily restricted to the oGALT and granulomas in draining ILN 

were seen in goats necropsied at 2-3 mpi and numerous granulomas of varying size 

at the same sites in goats necropsied at 13 mpi. After macroscopic documentation of 

lesions, multiple sites of altered oGALT and ILN were collected for histology, 

immunohistochemistry (IHC) and bacterial cultivation. To investigate the cellular 

composition, lesions and/or granulomas were collected from at least one jejunal 

Peyer´s patch (JPP), ileal Peyer´s patch (IPP) and ILN of 5 of the 9 goats necropsied 

at 2-3 mpi and from 1-2 JPP and ILN as well as 1-2 different sites of IPP in 9 out of 

the 9 goats necropsied at 13 mpi. This resulted in a total of 6 JPP, 5 IPP, 5 ILN from 

goats at 2-3 mpi and 13 JPP, 11 sites of IPP and 12 ILN from goats at 13 mpi. 

These tissue samples were snap frozen in 2-methyl-butane at -70 °C immediately 

after euthanasia. Consecutive frozen sections of 5 µm thickness were collected on 

glass slides coated with chrome alum gelatin.  

 

5.3.2 Staining of frozen tissue sections 

Frozen sections were stained with hematoxylin and eosin (HE) for classification of 

granulomas based on a previously described scheme (Tab. 5.1, Schinköthe et.al, 

submitted.). The following 6 stages were differentiated: stage 1 (initial), stage 2 

(solid), stage 3 (monocentric necrosis and mineralization), stage 4 (multicentric 

necrosis and mineralization), stage 5 (fibrotic organization) and stage 6 (extensive 

caseous necrosis). Azan staining was used to detect collagen fibers and the Kinyoun 

stain to detect acid fast bacilli (AFB). (TB stain kit K, BD Diagnostics, US). Numbers 

of AFB were semi-quantitatively assessed at x 1000 magnification in a reference 

area (RA) of 2359 µm2 on representative sections (Tab. 5.3). 
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Table 5.1 Characterization of granulomas in oGALT and lymph nodes of goats 

infected with M. avium subsp. hominissuis 

Granuloma 
stage 

Cellular composition 
Necrosis and 
mineralization 

Fibrosis 

1 (Initial) 

epitheloid macrophage cluster, ± 
MGCs, interspersed and 

encircling lymphocytes, single 
neutrophils 

no necrosis - 

2 (Solid) 
epitheloid macrophages, ± 
MGCs, interspersed with 

lymphocytes and neutrophils 

minimal necrosis 
and/or 

mineralization 
- 

3 (Monocentric 
necrosis and 

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils surround necrosis 
and/or mineralization 

monocentric 
caseous 

necrosis and/or 
mineralization 

variable, 

- / +++ 

4 (Multicentric 
necrosis and 

mineralization) 

± epitheloid macrophages, ± 
MGCs, lymphocytes and 

neutrophils surround necrosis 
and/or mineralization 

multicentric 
caseous 

necrosis and/or 
mineralization 

variable, 

- / +++ 

5 (Fibrotic 
organization) 

minimal cellular infiltrate 

 

fibrosis > 
necrosis and 
mineralization 

+++ 

6 (Extensive 
caseous 
necrosis) 

many lymphocytes, interspersed 
epitheloid macrophages and 

neutrophils,  

irregular 
necrosis with 

minor 
mineralization 

- 

oGALT, organized gut-associated lymphoid tissue; MGCs, multinucleated giant cells; 

±, missing or present at variable number ; -, not present; +++, severe;  

 

5.3.3 Immunohistochemistry (IHC) for cell surface markers and proliferation 

The cell surface markers CD4, CD8, TcR1-N24, CD79α, CD25, CD68, and MHC-II 

were labeled in frozen sections. A monoclonal antibody against Ki-67 was used for 

differentiation of proliferating cells and a polyclonal rabbit antiserum to human van 

Willebrand Factor (vWF) for detection of endothelial cells. The monoclonal antibodies 

used and cell types detected are summarized in table 5.2.  

Frozen sections were air dried and fixed for 10 minutes (min) in acetone at room 

temperature except for sections used for the detection of CD25 which were directly 

transferred in 1:1 acetone-methanol at -20 °C for 10 min and for the detection of Ki-

67 which were fixed in neutral buffered formalin for 10 min at room temperature. 
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Endogenous peroxidase was blocked by incubation with 0.06 % phenylhydrazine in 

PBS at 37 °C for 40 min. Ki-67 antigen was retrieved by heating in citrate buffer in a 

microwave oven for 10 min. Peroxidase-conjugated sheep anti-mouse IgG (NA931V, 

GE Healthcare Europe, Freiburg, Germany) was used as second antibody for the 

detection of CD8, TcR1-N24, CD68, and MHC-II antigen. The signals for CD25 and 

CD79α were enhanced by incubation with biotinylated goat anti-mouse IgG (GE 

Healthcare Europe GmbH, Freiburg, Germany ) and avidin-biotin-complex 

(Vectastain® ABC Kit, Vector Laboratories, Burlingame, USA) and those for CD4 by 

the SignalStain® Boost IHC Detection Reagent (New England Biolabs, Frankfurt, 

Germany). Diaminobenzidine was used as chromogen and intensified by a short 

incubation with 0.01 % osmic acid. Sections were counterstained with 2 % methylene 

green except those for Ki-67 and factor VIII that were counterstained with Mayer´s 

hematoxylin and cover slipped with Kaiser’s glycerin gelatin. Sections containing the 

specific cell types were included as positive controls and sections where the first 

antibody was replaced by an antibody against unrelated antigen as negative controls.  

 

5.3.4 Image analysis of the size and cellular subsets in granulomas 

Measurement of granuloma areas in sections was used as estimate of granuloma 

size. This was performed with Image J for all granulomas of all stages in selected 

JPP, IPP and ILN. Granulomas were measured by manual tracing of their outline in 

HE-stained sections. Stages 1 and 2 were measured at x 100 magnification, stage 3 

on x 1 or x 50 magnification depending on size, stages 4 and 5 x 1 magnification and 

stage 6 on x 1 or x 50 magnification depending on size. Magnification of factor 1 was 

achieved by scanning whole slides with a flatbed scanner (Epson V700, Seiko Epson 

Corporation, Suwa, Japan). Numbers of CD4+, CD8+, CD25+, TcR1-N24+, CD79α+, 

CD68+, Ki-67+ cells, endothelial cells and neutrophils were semi-quantitatively 

assessed at x 400 magnification in a reference area (RA) of 2359 µm2 measured by 

an ocular grid. Cell numbers were converted to scores (Tab. 5.3). MGCs were 

differentiated as small MGCs (<10 nuclei) and large MGCs (>10 nuclei). 

Representative images were captured using a Leica DMR microscope (Leica, 
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Germany) equipped with an Olympus DP71 video camera (Olympus, Germany) and 

imaging software (Cell F, Version 2.6, Olympus, Germany).  

 

Table 5.2: Antisera used for immunohistochemistry 

target/ 
cells 

epitope/ 
antigen 

clone dilution supplier 
secondary 
antibody 

method 

T helper 
cells 

CD4 GC1A 1:50 VMRD, Pullman, 
USA, distrib. 

Labor Diagnostik 
Leipzig, Germany 

Boost Kita indirect 
immuno-

peroxidase 
(IP) 

cytotoxic 
T cells  

CD8 CC63 un-
diluted 

European Cell 
Culture Collection, 

Salisbury, UK 

sheep anti-
mouse 
IgGb 

indirect IP 

γδ T cells TcR1-N24 
(δ chain) 

GB21A 1:400 VMRD sheep anti-
mouse 
IgGb  

indirect IP 

activated  
T cells 

CD25         
(IL-2Rα) 

CACT 
116A 

1:500 VMRD biotin. goat 
anti-mouse 
IgGc, ABCd 

avidin-
biotin 

complex 
B cells, 
plasma 

cells 

CD79α HM57 1:200 AbD Serotec, 
Düsseldorf, 
Germany 

biotin. goat 
anti-mouse 
IgGc, ABCd 

avidin-
biotin 

complex 
macro-
phages 

CD68 EBM11 1:50 Dako, Glostrup, 
Denmark 

sheep anti-
mouse 
IgGb 

indirect IP 

MHC-II MHC-II H42A 1:4000 European Cell 
Culture Collection, 

Salisbury, UK 

sheep anti-
mouse 
IgGb 

indirect IP 

proliferat-
ing cells 

Ki-67 MIB-1 1:200 Dako, Glostrup, 
Denmark 

sheep anti-
mouse 
IgGb 

indirect IP 

endothel-
ial cells 

Van 
Willebrand 

Factor 

--- 1:800, 
1:2000* 

Dako, Glostrup, 
Denmark 

goat anti-
rabbit IgGe 

indirect IP 

a, SignalStain® Boost, New England Biolabs GmbH, Frankfurt, Germany; b, 

NA931V, GE Healthcare Europe GmbH, Freiburg, c, GE Healthcare Europe GmbH, 

Freiburg, Germany; d, Vector Laboratories, Inc., Burlingame, USA; distributed by 

Biologo, Konshagen, Germany, e, Jackson Immunoresearch; distributed by Dianova, 

Hamburg, Germany; * dilution of 1:800 used in oGALT and 1:2000 used in ILN  
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Table 5.3 Semi-quantitative assessment of different immunohistochemically labeled 

cell types, neutrophils and AFB 

score 
- (+) + ++ +++ ++++ 

none scattered single few many numerous 

number of lymphocytes, 
plasma cells, proliferating 

cells,neutrophils/RA  

0 1-2 3-8 9-14 15-20 >20 

number of 
macrophages/RA 

0 1-2 3-6 7-10 11-15 >15 

number of AFB 0 1-3 4-15 16-50 50-200 >200 

RA, reference area (2359 µm²) 

 

5.4. Results  

In the following, first the cellular composition of granulomas of stages 1-6 will be 

described and then the distribution at 2-3 mpi versus 13 mpi in oGALT versus ILN. 

 

5.4.1 Cellular composition of granulomas 

 

5.4.1.1 Stage 1 granulomas (initial, Fig. 5.1 A-F) 

They were composed of small clusters of CD68+ epitheloid macrophages (Fig. 5.1A, 

B) which were weakly MHC-II+ (Fig. 5.1C). Few to single CD4+ T lymphocytes (Fig. 

5.1D), scattered CD8+ T lymphocytes, γδ T lymphocytes, neutrophils and proliferating 

cells, but no B lymphocytes (Fig. 5.1E) were present between the epitheloid 

macrophages. Single strongly MHC-II+ cells with dendritic morphology (Fig. 5.1C) 

surrounded the granulomas. Stage 1 granulomas were often observed in the 

paracortex and thus surrounded by many to numerous CD4+ (Fig. 5.1D) and few to 

many CD8+ T lymphocytes. If present, scattered AFB were detected in the cytoplasm 

of epitheloid macrophages (Fig. 5.1F).  

 

5.4.1.2 Stage 2 granuloma (solid, minimal necrosis) 

Stage 2 granulomas were slightly larger (Tab. 5.4), but similar in cellular composition 

to stage 1 granulomas (Fig. 5.2 A-E). Single small MGCs were occasionally seen at 

13 mpi. A few areas of single to few necrotic cells (Fig 5.2A), predominantly CD68+ 
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epitheloid macrophages (Fig. 5.2B), were present. Thin collagen fibers occurred 

throughout the granuloma in a pattern similar in the surrounding tissue. If present, 

scattered AFB were detected in the cytoplasm of epitheloid macrophages (Fig. 5.2F). 

 

5.4.1.3 Stage 3 (monocentric necrosis and mineralization) 

They were larger than stage 1 and 2 granulomas (Tab. 5.4), often round structures, 

composed of a central area with caseous necrosis and mineralization surrounded by 

distinct layers of inflammatory cells (Fig. 5.3A). Few thin collagen fibers were radially 

orientated in the inner granulomatous zone (Fig. 5.3H). 

No distinct cell types could be discerned in the area of central caseous necrosis and 

mineralization, but if present scattered AFB were found. At the edge of necrosis, 

epitheloid macrophages and MGC were degenerated and scattered AFB were 

detected in the cytoplasm of a few of these epitheloid macrophages. The necrosis 

was completely surrounded by a wide zone of granulomatous infiltrate composed of 

many CD68+ epitheloid macrophages (Fig. 5.3B), few CD4+ T lymphocytes (Fig. 

5.3D), single CD8+ T lymphocytes, scattered γδ T lymphocytes, CD25+ cells , B 

lymphocytes and plasma cells (Fig. 5.3E), and single neutrophils. A small number of 

large and moderate numbers of small MGC´s were observed (Fig. 5.3B). A few 

intensely MHC-II+ cells with dendritic morphology (Fig. 5.3C) were observed between 

the epitheloid macrophages and lymphocytes. Very few cells of the infiltrate were 

Ki67+ (Fig. 5.3F). Cells were embedded in a network of endothelial cells, capillaries 

and single venules (Fig. 5.3G).  

The granulomatous infiltrate was surrounded by an incomplete variable thick zone of 

lymphocytes resembling tertiary lymphoid tissue (3rd LT) in an early developmental 

phase. The 3rd LT was  organized into lymphoid follicle-like structures with numerous 

B lymphocytes, single plasma cells (Fig. 5.3E), CD4+ T lymphocytes (Fig. 5.3D), 

CD68+ macrophages (Fig. 5.3B), scattered CD8+ T lymphocytes and occasional foci 

with increased proliferation, and interfollicular areas (IFA) with many CD4+ T 

lymphocytes (Fig. 5.3D), few CD8+ T lymphocytes, single γδ T lymphocytes, and 

scattered intensely MHC-II+ dendritic cells (Fig. 5.3C), CD25+ cells and CD68+ 

macrophages. There were few capillaries, venules, arterioles (Fig. 5.3G) and a few 
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vessels with cuboidal endothelium possibly representing high endothelial venules. 

Scattered AFB were associated with some macrophages in the B-cell rich zone of the 

3rd LT in one granuloma (Fig. 5.3I). 

Multiple, rather small granulomas with almost completely mineralized centers 

frequently lacking a zone of granulomatous infiltrate, but surrounded by a few layers 

of collagen fibers and occasionally associated with 3rd LT were observed 

predominantly in ILN and scarcely in oGALT (Tab. 5.4). Although, they were 

morphologically distinct, they were included under stage 3 granulomas. 

 

5.4.1.4 Stage 4 (multicentric necrosis and mineralization)  

Stage 4 granulomas were highly variable in size, overall much larger than stage 3 

granulomas and irregular in shape (Tab. 5.4). They were characterized by extensive 

multicentric caseous necrosis and mineralization surrounded by distinct layers of 

inflammatory cells and collagen fibers (Fig. 5.4A). 

The zone of granulomatous infiltrate surrounding the necrosis was variably thick, with 

scattered large and few small MGCs. The cellular composition was similar as in stage 

3 granulomas (Fig. 5.4B, D, E), but the amount of neutrophils, endothelial cells and 

capillaries was lower. Scattered AFB were seen in the areas of necrosis and 

mineralization and in the cytoplasm of single epitheloid macrophages of the 

granulomatous infiltrates as described for granulomas of stage 3. 

The zone of granulomatous infiltrate was partly or completely enclosed by an 

irregular zone of connective tissue with mature collagen fibers (Fig. 5.4C) which was 

especially thick in the proximity of pre-existing connective tissue, e.g. the capsule of 

lymph nodes. Many intensively labeled MHC-II+ cells, single CD4+ T lymphocytes (Fig. 

5.4D), CD68+ macrophages (Fig. 5.4B) and scattered CD8+ T cells, γδ T 

lymphocytes, CD25+ cells, B lymphocytes and plasma cells (Fig. 5.4E) and 

proliferative cells (Fig. 5.4F) were present between the strands of connective tissue. 

Cell numbers were slightly increased immediately adjacent to the granulomatous 

infiltrate. In addition, single capillaries and few endothelial cells could be 

differentiated. 
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Well differentiated 3rd LT was observed at the periphery of the connective tissue (Fig. 

5.4D-F). It consisted of lymphoid follicles with proliferating B cells (Fig. 5.4E, F) 

forming light and dark zones; thus indicating the presence of germinal centers (GC). 

GC of 3rd LT were oriented with the light zone towards the center of granulomas and 

thus distinct from GC in the peripheral cortex that were directed towards the 

subcapsular sinus. Lymphoid follicles were separated by large IFA with a cellular 

composition as described for granulomas of stage 3 (Fig. 5.4D), but increased 

numbers of high endothelial venules and capillaries.  

 

5.4.1.5 Stage 5 (fibrotic organization)  

Stage 5 granulomas were comparable in size to stage 4 granulomas (Tab. 5.4). 

Small multicentric islands of necrosis and mineralization were surrounded by 

extensive connective tissue (Fig. 5.5A, C) and 3rd LT, whereas the granulomatous 

infiltrate was minimal (Fig. 5.5A) or missing.  

When present, the small zones of granulomatous infiltrate consisted of many CD68+ 

epitheloid macrophages, few CD4+ T lymphocytes and γδ T lymphocytes (Fig. 5.5B) 

as well as scattered small MGCs, CD8+ T lymphocytes, CD25+ cells, B lymphocytes, 

plasma cells and neutrophils. Scattered AFB were seen in the islands of necrosis and 

mineralization and in the cytoplasm of single epitheloid macrophages in the zone of 

granulomatous infiltrate (Fig. 5.5F). In the extensive zone of connective tissue, a 

similar distribution and number of inflammatory cells as described in stage 4 

granulomas were seen. The amount of endothelial cells and capillaries was very low 

in these zones (Fig. 5.5E). The morphology of 3rd LT was comparable to that in stage 

4 granulomas (Fig. 5.5D). 

 

5.4.1.6 Stage 6 (extensive necrosis and minor mineralization) 

These granulomas varied markedly in size (Tab. 5.4). They were characterized by 

extensive zones of caseous necrosis with multiple small foci of mineralization which 

were surrounded by an irregular, variably thick zone of inflammatory cells not well 

demarcated from the pre-existing lymphoid tissue (Fig. 5.6A). 
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The necrosis was not uniform, but consisted of areas with nuclear fragments and 

ghost cells, and areas interspersed with numerous confluent vacuoles of variable 

size (Fig. 5.6B). Small clusters of few to many extracellular AFB were frequently seen 

in the necrotic material (Fig. 5.6F). At the edge of the necrosis, there was a zone of 

degenerated cells, predominantly CD68+ epitheloid macrophages (Fig. 5.6D), 

intermixed with single CD4+ T lymphocytes (Fig. 5.6E), CD8+, γδ T lymphocytes, 

CD25+ cells, B cells, plasma cells and neutrophils. Multifocally, intense MHC-II+ 

dendrites (Fig 5.6C) were interspersed between these cells. Few AFB were found 

extracellularly between cellular fragments (Fig. 5.6G) and scattered AFB were 

present in epitheloid macrophages. Scattered Ki-67+ cells and single endothelial cells 

could be found.  

The necrosis was surrounded by a granulomatous infiltrate dominated of many CD4+ 

T lymphocytes (Fig. 5.6E), small clusters of CD68+ epitheloid macrophages (Fig. 

5.6D) and remnants of pre-existing lymphoid tissue. There were few B lymphocytes, 

scattered plasma cells, single CD8+ T lymphocytes and scattered γδ T lymphocytes, 

CD25+ cells and neutrophils. Clusters of epitheloid macrophages were surrounded by 

intensely MHC-II+ dendritic cells. Single endothelial cells, capillaries and venules 

were present. Haphazardly oriented, immature collagen fibers were present from the 

edge of the necrosis throughout the granulomatous infiltrate. 

 

5.4.2 Distribution of granuloma stages 1-6 in oGALT versus ILN of goats at 2-3 

mpi versus 13 mpi  

Many stage 1 and 2 granulomas were seen in the cortex and to a lesser extent in 

medullary regions in ILN at 2-3 mpi, whereas only few were found in oGALT and ILN 

at 13 mpi (Tab. 5.4). Stage 3 granulomas were larger in submucosal areas of IPP 

than in ILN (Tab. 5.4). Large stage 4 and 5 granulomas were only seen in ILN at 13 

mpi (Tab. 5.4). Stage 6 granulomas of varying size were uniquely found in ILN at 2-3 

mpi (Tab. 5.4). Figure 5.7 proposes a scheme of granuloma development during 

infection of goats with MAH. 
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5.4.3 Ulcerative and granulomatous lesions in oGALT at 2-3 mpi 

In the goats necropsied at 2-3 mpi, granulomatous infiltrates were seen in oGALT, 

especially the IPP. There were similarities to stage 6 granulomas, but no distinct 

granuloma formation as described above. This is most likely due to the extensive 

ulceration of the overlying mucosa. Therefore this lesion is described separately. An 

extensive, T cell-dominated infiltrate had replaced large parts of the preexisting 

oGALT and the mucosa was extensively ulcerated. The infiltrate was characterized 

by many CD4+, few CD8+, single γδ T lymphocytes, B lymphocytes and plasma cells 

as well as scattered CD25+ cells and variable numbers of neutrophils. Clusters of 

single to few CD68+ epitheloid macrophages were present in the infiltrate. They were 

surrounded by intensely MHC-II+ cells with dendritic morphology. Scattered AFB 

could be seen in single epitheloid macrophages. 
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Table 5.4 Number and areas of different granuloma stages in goats infected with 

MAH at 2-3 mpi and 13 mpi in oGALT and ILN. 

GS 
months 

post 
inocul. 

location number 
(n) 

associated 
with 3rd LT 

minimal 
area (mm2) 

maximal 
area (mm2) 

median 
area (mm2) 

1 
2-3 

oGALT 0 0/0 - - - 
ILN 87 0/87 0.003 0.05 0.021 

13 
oGALT 1 0/1 0.034 0.034 0.034 

ILN 6 0/6 0.096 0.23 0.124 

2 
2-3 

oGALT 0 0/0 - - - 
ILN 13 0/13 0.097 0.46 0.194 

13 
oGALT 2 0/2 0.095 1.07 0.5825 

ILN 4 0/4 0.118 0.216 0.1425 

3 
2-3 

oGALT 0 0/0 - - - 
ILN 0 0/0 - - - 

13 
oGALT 22 13/22 0.064 3.467 0.9245 

ILN 32 26/32 0.109 1.81 0.2775 

4 
2-3 

oGALT 0 0/0 - - - 
ILN 0 0/0 - - - 

13 
oGALT 0 0/0 - - - 

ILN 10 10/10 0.215 43.79 6.331 

5 
2-3 

oGALT 0 0/0 - - - 
ILN 0 0/0 - - - 

13 
oGALT 0 0/0 - - - 

ILN 5 5/5 2.671 58.278 5.159 

6 
2-3 

oGALT 0 0/0 - - - 
ILN 28 0/28 0.357 34.03 0.8985 

13 
oGALT 0 0/0 - - - 

ILN 0 0/0 - - - 

GS, granuloma stage; inocul., inoculation; oGALT, organized gut-associated 

lymphoid tissue; ILN, intestinal lymph nodes  
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Figure 5.1 

Consecutive sections of stage 1 granulomas (indicated as hatched lines) in the 

interfollicular areas of the cortex in ILN. (A) Groups of epitheloid macrophages 

surrounded by lymphocytes in the paracortex. (B) Stage 1 granulomas consist 

predominantly of CD68+ epitheloid macrophages with abundant cytoplasm. Slender 

CD68+ macrophages are present in the surrounding paracortex. (C) Epitheloid 

macrophages are weakly MHC-II+ and scattered intensely MHC-II+ cells with dendritic 

morphology are seen in the periphery (arrow). (D) The paracortex is dominated by 

CD4+ T lymphocytes, single CD4+ T lymphocytes are inside the granuloma obscuring 

its delineation. (E) Clusters of many B lymphocytes and scattered plasma cells are 

seen around the granuloma but not within. (F) One AFB (arrow) in an epitheloid 

macrophage. 
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Hematoxylin and eosin staining in panel A, IHC in B-E, Kinyoun stain in panel F, 

scale bar = 100 µm in panels A-E, scale bar = 20 µm in panel F. 
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Figure 5.2 

Consecutive sections of stage 2 granuloma at the transition between paracortex and 

medulla in an ILN. (A) Stage 2 granuloma consists predominantly of epitheloid 

macrophages and small areas of necrotic cells (arrow). (B) Epitheloid macrophages 

in the granuloma have abundant CD68+ cytoplasm; some of them are necrotic 

(arrow). (C) Epitheloid macrophages are weakly MHC-II+, intensively MHC-II+ cells 

are present at the edge and throughout the granuloma some with dendritic 

morphology (arrow). (D) There are single CD4+ T lymphocytes in the granuloma. (E) 

Single γδ T lymphocytes are seen in the paracortex around the granuloma but not 

within. (F) Extracellular AFB (arrow) next to cellular fragments. 
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 Hematoxylin and eosin staining in panel A, IHC B-E; Kinyoun stain in panel F, scale 

bar = 200 µm in panels A-E, scale bar = 20 µm in panel F. 
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Figure 5.3 

Consecutive sections of stage 3 granuloma in an IPP with central necrosis and 

mineralization (I), a layer of granulomatous infiltrate (II) and tertiary lymphoid tissue 

(3rd LT, III). (A) Well-structured granuloma with the 3 distinct layers (I-III) as 

mentioned above in the submucosa (SM). The layer of granulomatous infiltrate 

extents focally (*) through the 3rd LT. (B) Epitheloid macrophages with abundant 

CD68+ cytoplasm in II, a MGC is indicated (arrow). (C) Epitheloid macrophages and 

MGCs cells are weakly MHC-II+, intensely MHC-II+ cells with dendritic morphology 

are multifocally present in II (*) and scattered in the periphery of III. (D) Few CD4+ T 

lymphocytes are present in II. There is a distinct distribution of CD4+ T lymphocytes 

in III forming interfollicular areas (*) and lymphoid follicle-like structures (LF). (E) 

Distinct distribution of B lymphocytes in III forming lymphoid follicle-like structures. 

Scattered B lymphocytes and plasma cells in II and in the periphery of III. (F) Single 

Ki-67+ proliferative cells in II and III, no increase in lymphoid follicle-like structures 

(LF). (G) Granulomatous layer is highly vascularized. There are multifocal arterioles 

and venules in III and many in the submucosa (SM) next to the granuloma. (H) Few 

weakly stained collagen fibers (light blue) in II. Granuloma is surrounded by mature 

collagen of the submucosa (SM). (I) Scattered AFB (arrow, exampl.) in a 

macrophage in a lymphoid follicle-like structure of 3rd LT.  
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 Hematoxylin and eosin staining in panel A; IHC in panel B-G, Azan stain in panel H; 

Kinyoun stain in panel I, scale bar = 200 µm in panels A-H, scale bar = 20 µm in 

panel I. 
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Figure 5.4 

Consecutive section of a stage 4 granuloma in an ILN with central necrosis and 

mineralization (I), with focal granulomatous infiltrate (II), variably thick layer of 

connective tissue (III) and tertiary lymphoid tissue (3rd LT, IV), delineated by hatched 

lines. (A) There are only fragments of zone I. The loss of necrotic tissue is a 

preparation artifact caused by extensive mineralization. A focal area of 

granulomatous infiltrate (II) is surrounded by an irregularly thick layer of connective 

tissue (III). 3rd LT (IV) is difficult to distinguish from preexisting lymphoid tissue in the 

HE stain. (B) Many CD68+ epitheloid macrophages with abundant cytoplasm are 

present in II and single slender CD68+ macrophages (arrow) in III. (C) The layer of 

connective tissue (III) consists of mature collagen fibers; it separates the 3rd LT (IV) 

from the granuloma center. (D) Few CD4+ T lymphocytes are seen in II and single in 

III. Compartments of 3rd LT are more distinct than in stage 3 granulomas with large 

CD4+ T lymphocyte-rich interfollicular areas (*) and lymphoid follicles (LF) with single 

CD4+ T lymphocytes. (E) Lymphoid follicles (LF) of 3rd LT (IV) are rich in B 

lymphocytes and germinal centers can be distinguished. All LF of the 3rd LT are 

oriented towards the granuloma center indicating the direction of antigenic influx. 

Scattered B lymphocytes and plasma cells (arrow) are seen in II and III.  (F) Ki-67+ 

labeling shows the presence of well-organized germinal centers in lymphoid follicles 

(LF) of 3rd LT (IV) with light zone (a) and dark zone (b). Single and scattered Ki-67+ 

cells are found in II and III, respectively. 
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 Hematoxylin and eosin staining in panel A; IHC in panel B, D-F, Azan stain in panel 

C, scale bar = 500 µm in panel A, scale bar = 200 µm in panels B-F. 
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Figure 5.5 

Consecutive sections of a stage 5 granuloma in an ILN with circumscribed necrosis 

and mineralization (I), minimal granulomatous infiltrate (II), surrounded by extensive 

connective tissue (III) and surrounded by tertiary lymphoid tissue (3rd LT, IV). (A) 

Stage 5 granuloma consists predominantly of connective tissue (III). (B) Increased γδ 

T lymphocytes are present in II. (C) Connective tissue is formed by mature (dark 

blue) collagen fibers. (D) Lymphoid follicle (LF) of the 3rd LT (IV) is oriented with the 

light zone (a) towards the granuloma center. (E) Vascularization is minimal in the 

granulomatous infiltrate (II) and connective tissue (III) as indicated by scattered 

endothelial cells (arrow, exampl.) and capillaries (arrowhead, exampl.), respectively. 

There are a few venules and arterioles in the 3rd LT (IV). (F) An AFB is present in an 

epitheloid macrophage (arrow) in II. 
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 Hematoxylin and eosin staining in panel A; IHC in panels B, D, E; Azan stain in 

panel C, Kinyoun stain in panel F, scale bar = 500 µm in panel A, scale bar = 200 µm 

in panels B-E, scale bar = 20 µm in panel F. 
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Figure 5.6 

Consecutive sections of a stage 6 granuloma in an ILN with extensive caseous 

necrosis and mineralization (I), a transition zone of degenerated inflammatory cells 

(II) and a zone of granulomatous infiltrate (III). (A) Extensive caseous necrosis with 

multiple areas of mineralization (*, exampl., I). A delicate irregularly thick transition 

zone of degenerated inflammatory cells (in II), surrounded by a lymphocyte-rich 

granulomatous infiltrate (III). (B) Higher magnification of necrosis as indicated by the 

black rectangle in A: dense, granular, eosinophilic material with nuclear fragments 

(a), small focal mineralization (b) and eosinophilic material interspersed with 

numerous often confluent vacuoles (c). (C) Many intensely MHC-II+ dendrites 

(arrows, exampl.) are present between inflammatory cells in the transition zone (II). 

(D) Single (arrow, exampl.) and multiple clusters of CD68+ epitheloid macrophages 

with abundant cytoplasm in II and III, respectively. (E) Single and numerous CD4+ T 

lymphocytes in II and III, respectively. (F) Many occasionally clustered extracellular 

AFB inside the vacuolated center of the necrosis (I). (G) Few extracellular AFB (↙) 

between cellular debris in the transition zone (II). 
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 Hematoxylin and eosin staining in panel A and B, IHC in panels C-E, Kinyoun stain 

in panel F and G,  scale bar = 500 µm in panel A; scale bar = 200 µm in panels B, D-

E; scale bar = 100 µm in panel C, scale bar = 20 µm in panels F and G. 
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Figure 5.7 Scheme of granuloma development during infection of goats with MAH 
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5.5 Discussion 

Granulomas with a wide variety of morphological characteristics were observed in 

goats after oral inoculation with MAH (Schinköthe et. al, submitted). In the current 

study, granulomas were classified based on extent of necrosis, mineralization, 

inflammatory cell infiltrate, vascularization and fibrosis as well as overall organization 

and cellular composition of the inflammatory infiltrate. Classification of granulomas is 

important, because it generates information about the pathogenesis of infection and 

the host response at a local level. Stages of granulomas can frequently be found in 

an infected individual, even within the same organ, and may reflect differences in 

microenvironment or age of the lesion (PALMER et al. 2007; LENAERTS et al. 

2015).  

Staging has been used in experimental mouse models (RHOADES et al. 1997), 

guinea pig models (TURNER et al. 2003) and more extensively in natural and 

experimental bovine TB (WANGOO et al. 2005; PALMER et al. 2007; ARANDAY-

CORTES et al. 2013; MENIN et al. 2013). It is the basis for the comparison of host-

pathogen interactions in different species and different mycobacterial strains 

(WANGOO et al. 2005) and for testing the protective effect of vaccine candidates 

(LIEBANA et al. 2007; MENIN et al. 2013). Unfortunately, assessment of granuloma 

stages varies between studies most likely due to differences in species examined, 

experimental design and histologic and immunologic methods applied. The findings 

in the goats infected with MAH were most closely reflected in the staging used for 

cattle infected with Mycobacterium bovis by Wangoo et al. (WANGOO et al. 2005). 

The additional granuloma stages seen in this investigation were added to the end of 

the scheme by Wangoo et al. as the granulomas with extensive necrosis and limited 

organization (stage 6 granulomas) and the granulomas with fibrosis as main 

characteristic (stage 5 granulomas)  

In the following the characteristics of the granulomas seen in goats infected with 

MAH will be highlighted and compared with the findings especially in granulomas 

seen in cattle and humans (CASSIDY et al. 2001; ULRICHS et al. 2004; ULRICHS et 

al. 2005; WANGOO et al. 2005; ULRICHS u. KAUFMANN 2006; PALMER et al. 
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2007; ARANDAY-CORTES et al. 2013). The functional implications of the 

morphological findings will be discussed. 

Stage 1 granulomas formed predominantly by epitheloid macrophages and 

containing very low numbers of AFB were seen as initial stages of infection under our 

experimental conditions in goats predominantly in ILN at 2-3 mpi, but also at 13 mpi. 

This indicates that continuous dissemination occurs that may originate from lesions in 

oGALT or ILN. Comparable lesions have been recognized usually after 3 mpi in 

experimental bovine TB studies (WANGOO et al. 2005; PALMER et al. 2007; 

ARANDAY-CORTES et al. 2013). In the first two month post inoculation, studies in 

guinea pigs and cattle reported pseudo-eosinophilic and degenerated neutrophils, 

macrophages and MGCs as additional morphological features and many intra- and 

extracellular AFB (CASSIDY et al. 2001; TURNER et al. 2003; PALMER et al. 2007). 

A consecutive study in cattle was able to demonstrate moderate to numerous AFB in 

stage 1 granulomas in bovine lung and lymph nodes between 15-60 dpi, while few to 

no AFB were seen from 90 dpi on (PALMER et al. 2007). The latter type of 

granulomas were named satellite granulomas (PALMER et al. 2007). They resemble 

most closely the type 1 granulomas seen in the goats infected with MAH. The 

difference in the number of AFB is most likely due to the increased activation of 

macrophages after the onset of adaptive immunity (PALMER et al. 2007). As 

reported in bovine TB (PALMER et al. 2007), few T lymphocytes, including CD4+, 

CD8+, γδ and CD25+ cells in decreasing number, were present between the 

epitheloid macrophages. Since stage 1 granulomas were frequently present in the 

paracortex, it remains unresolved if these cells represent pre-existing lymphoid tissue 

or a reactive infiltrate. A prominent boundary zone with abundant CD8+ T 

lymphocytes and CD25+ cells as described in bovine TB (LIEBANA et al. 2007) was 

not observed.  

The cellular composition of stage 2 granulomas was highly similar to that of stage 1 

granulomas, but in addition small areas of necrosis were seen. The extent of 

necrosis was very limited in our material compared to that described in respiratory 

infection of cattle with M. bovis (WANGOO et al. 2005; ARANDAY-CORTES et al. 

2013). The rare AFB detected were associated with the areas of necrosis and cellular 
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debris. These foci of necrosis are most likely the starting points of the more extensive 

necrosis found in stage 3, 4, 5 and 6 granulomas. The infiltrate of dendritic cells 

indicates antigen presentation and initiation of an adaptive immune response. There 

was no fibrous capsule as reported in some other studies (PALMER et al. 2007; 

ARANDAY-CORTES et al. 2013).  

There were several granuloma stages (3, 4 and 6) with more extensive necrosis; it 

remains unclear, if there is a progression of stage 6 granulomas to stage 3 or 4 

granulomas or if stage 6 granulomas represent a “dead end” development due to a 

dysbalanced immune response. Stage 6 granulomas were only seen in lymph nodes 

from severely sick goats at 2-3 mpi. Comparable lesions were not reported in other 

studies, but they have some features of transmissive granulomas described as 

consequence of a Th1/Th2 dysbalance (EHLERS u. SCHAIBLE 2012). Stage 6 

granulomas were characterized by extensive caseous necrosis of variable 

appearance: homogeneous eosinophilic material, nuclear remnants and multiple 

confluent vacuoles. Vacuoles were also reported in a mouse study and were 

associated with cholesterol byproducts that accumulated inside the necrosis 

(RHOADES et al. 1997). Mycobacteria can shift their metabolism towards processing 

cholesterol under nutrient stress (EHLERS u. SCHAIBLE 2012) as might have 

happened, since many AFB were present in the necrosis. The necrosis was 

surrounded by a wide zone of cellular debris and degenerate inflammatory cells 

indicating rapid expansion of the lesion. The granulomatous infiltrate that followed 

consisted predominantly of CD4+ T lymphocytes and small groups of epitheloid 

macrophages. Experimental infection with M. avium species in mice demonstrated 

that a protective immune response is primarily driven by CD4+ T lymphocytes, while 

CD8+ and γδ T lymphocytes did not significantly influence the host pathogen 

interaction (APPELBERG et al. 1994; PETROFSKY u. BERMUDEZ 2005). In the 

case of goats infected with MAH, the large number of CD4+ T lymphocytes can be 

interpreted as excessive immune response. Besides other cytokines, CD4+ T 

lymphocytes may secrete IFN-γ, which activates macrophages to secrete TNF-α 

(DORHOI u. KAUFMANN 2014). Excessive IFN-γ and TNF-α secretion results in a 

hyper-inflammatory milieu that leads to tissue damage. This was seen as wide zone 
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of cell degeneration. Mycobacteria released from degenerated cells may infect 

recruited macrophages thus establishing new foci of infection and maintaining 

granuloma growth similar to that described in the zebrafish model (RAMAKRISHNAN 

2012). The overwhelming pro-inflammatory immune response might also be the 

cause why structured tuberculous granulomas did not develop and extensive fibrosis 

was missing. This would have required a balanced immune response as seen in 

latent tuberculosis (FLYNN et al. 2011). 

In goats with stage 6 granulomas, comparable lesions were seen in oGALT. The 

excessive immune response with abundant numbers of CD4+ T lymphocytes had 

most likely caused extensive loss of mucosa including necrotic tissue. Thus there 

was little necrosis, but predominantly an infiltrate of CD4+ T lymphocytes and small 

groups of epitheloid macrophages as described in the periphery of stage 6 

granulomas. The loss of mucosal barrier resulted in an influx of neutrophils. These 

lesions in oGALT were not included in the granuloma stages, because they were 

rather diffuse. There is, however, some resemblance to cavitating lesions described 

in the lung (BASARABA 2008). 

Stage 3, 4 and 5 granulomas are highly organized structures observed only in 

clinically healthy goats at 13 mpi. Others reported lesions similar to stage 3 

granulomas in experimental bovine TB as early as 42 dpi (CASSIDY et al. 2001). 

Stage 3 granulomas were seen most frequently, both in oGALT and ILN. Since there 

was a central necrosis, the surrounding zones of predominantly epitheloid 

macrophages and of lymphocytes were easy to recognize. Comparable granulomas 

are also frequent in late stages of human pulmonary TB and in bovine and guinea pig 

TB (TURNER et al. 2003; ULRICHS et al. 2004; WANGOO et al. 2005; LIEBANA et 

al. 2007; PALMER et al. 2007; ARANDAY-CORTES et al. 2013).  

A distinct feature of stage 3, 4, and 5 granulomas was the zone of lymphocytes in the 

periphery that became progressively organized. Follicle-like B lymphocyte clusters 

and T lymphocyte-rich areas were seen in stage 3 granulomas. Follicles with 

germinal centers organized as light and dark zones and distinct interfollicular areas 

with descending numbers of CD4+, CD8+, γδ T lymphocytes and dendritic cells were 

present in stage 4 and 5 granulomas. This compartmentalization fulfills the definition 
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of ectopic lymphoid tissue that develops in association with chronic infectious 

diseases and cancer (ULRICHS et al. 2004; PITZALIS et al. 2014). Ectopic lymphoid 

tissue also named 3rd LT is a hallmark of human pulmonary TB granulomas 

(ULRICHS et al. 2004; PITZALIS et al. 2014). Aggregates of B lymphocytes and 

compartmentalization of different leukocyte subtypes were reported in cattle and 

goats with experimental and natural mycobacterial infections (WANGOO et al. 2005; 

SANCHEZ et al. 2011; ARANDAY-CORTES et al. 2013), but rarely interpreted as 3rd 

LT. However, the potential control of mycobacterial infection by a local and 

coordinated immune response was discussed (ARANDAY-CORTES et al. 2013). A 

differentiation from pre-existing lymphoid tissue in lymph nodes is possible by the 

distinct orientation of the 3rd LT toward the granuloma center. 

It has been suggested that 3rd LT is essential for the containment of mycobacteria 

within the granuloma (ULRICHS et al. 2004; ULRICHS u. KAUFMANN 2006). In this 

context the relevance of cytolytic killing of infected macrophages by CD8+ T 

lymphocytes and their role for the development of necrosis was questioned, since 

they were primarily found in the interfollicular areas of the 3rd LT in human pulmonary 

TB granulomas and not close to the necrosis (ULRICHS et al. 2004; ULRICHS u. 

KAUFMANN 2006). This is further confirmed by the findings in the goats infected with 

MAH and in guinea pigs with experimental TB (TURNER et al. 2003). As reported for 

3rd LT in human pulmonary TB, macrophages in the lymphoid follicles of the goats 

contained mycobacteria (ULRICHS et al. 2004; ULRICHS u. KAUFMANN 2006). The 

presence of mycobacteria in the lymphoid follicles may indicate a direct initiation of B 

lymphocyte responses. Recent reports suggested that B lymphocytes can present 

peptide antigens via MHC-II molecules, prime T lymphocytes to secret a variety of 

cytokines and chemokines, and thus modulate the granulomatous inflammation, 

cytokine production and influence the control of TB infection (FLYNN et al. 2011; 

CHAN et al. 2014; HOFF et al. 2015). On the other hand, the dendritic cells seen 

around the necrosis, in the layer of granulomatous infiltrate and in the interfollicular 

areas of 3rd LT of the goats infected with MAH, might have migrated from the center 

of the granuloma to the 3rd LT to activate T lymphocytes. The minimal numbers of 
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intra- and extracellular AFB in granulomas with 3rd LT indicate that the immune 

response was effective in limiting proliferation of mycobacteria. 

A zone of connective tissue between the granulomatous infiltrate and the 3rd LT was 

a distinct characteristic of stage 4 and 5 granulomas, but not seen in stage 3 

granulomas of the goats infected with MAH. This agrees with observations in human 

TB (ULRICHS et al. 2004), but not in bovine TB where complete fibrous capsules are 

already seen in stage 3 granulomas (WANGOO et al. 2005; ARANDAY-CORTES et 

al. 2013). In stage 4 granulomas, there was extensive multicentric necrosis and 

moderate fibrosis which most likely progressed to the small circumscribed, heavily 

mineralized necrosis and extensive fibrosis of stage 5 granulomas. The progress of 

mineralization and fibrosis has been considered as favorable for the host and as 

healing process (BASARABA 2008).  

To gain knowledge about the origin of the inflammatory cells the vascularization and 

the cellular proliferation in the different compartments of the granulomas were 

investigated. Only few proliferating cells were seen in the granulomas except for 3rd 

LT indicating limited local expansion of inflammatory cell populations. Differences 

were seen in the vascularization between granuloma stages due to differences in the 

vascularization of the different zones. The zone of granulomatous infiltrate was highly 

vascularized, the zone of connective tissue almost devoid of blood vessels and the 

3rd LT vascularized similar to regular lymphoid tissue. Since the layer of 

granulomatous infiltrate was most extensive in stage 3 granulomas, they were better 

vascularized than stage 4 and 5 granulomas. Stage 3 granulomas resembled in this 

respect tuberculomas in human pulmonary TB (ULRICHS et al. 2005). The authors 

concluded that vascularization promotes efficient cross talk between host and M. 

tuberculosis due to the supply with oxygen and nutrients which renders highly 

vascularized granulomas as non-progressive TB lesions. On the other hand, the high 

vascularization of type 3 granulomas may allow a continuous influx of inflammatory 

cells including macrophages that may become infected by mycobacteria.  
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5.6 Conclusion  

After oral inoculation of goats with MAH, a wide variety of granulomas developed. 

The lesions observed in the severely sick goats at 2-3 mpi are representative of an 

exuberant immune response causing marked tissue damage. The lesions observed 

in the surviving goats at 13 mpi reflect the heterogeneity of lesions seen in goats and 

cattle with MTC TB, and humans with pulmonary TB (VAN RHIJN et al. 2008; 

LENAERTS et al. 2015). Especially the regularly observed 3rd LT may be an 

important morphological characteristic to assess the control of mycobacterial 

infections by the host (ULRICHS et al. 2004; ULRICHS et al. 2005; ARANDAY-

CORTES et al. 2013). Thus, the experimental infection of goats with MAH has certain 

advantages: (1) in comparison to cattle, goats are much smaller in size facilitating 

housing, feeding and handling (DE VAL PEREZ et al. 2011; GONZALEZ-

JUARRERO et al. 2013), (2) infection with MAH as BSL 2 pathogen is easier to 

perform than infection with members of MTC which are all classified as BSL 3 

pathogens (CHOSEWOOD u. WILSON 2011). 
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6 Discussion 

The oral infection of goats with MAH resulted in infections of all inoculated 

individuals, different clinical courses of disease and distinct lesions. MAH has been 

recognized as subspecies of M. avium since 2002 (MIJS et al. 2002). Infections by 

members of M. avium are widely known in livestock species, in particular due to 

Johne´s disease in ruminants and tuberculosis in birds (BIET u. BOSCHIROLI 2014). 

With the exception of granulomatous lesions of the digestive tract in slaughtered pigs 

(HIBIYA et al. 2008; AGDESTEIN et al. 2012), relatively little is known about MAH 

infections in other animal species and is primarily based on case reports (HAIST et 

al. 2008; KRIZ et al. 2010). The current literature does not report about natural or 

experimental infections of goats with MAH (BIET u. BOSCHIROLI 2014). However, 

due to the abundance of MAH in the environment (FALKINHAM 2009), it seems 

plausible that goats are exposed to this opportunistic pathogen. 

In the following: (1) the course of infection, experimental parameters, e.g. 

characteristics of the strain of MAH used for inoculation that may have resulted in 

severe disease and features of the subclinical infection that may prevent the 

recognition will be discussed and (2) the morphological features of the most 

prominent lesions induced by MAH, granulomas, will be highlighted.  

 

6.1 Different courses of disease and lesions in goats after oral inoculation with 

MAH 

The establishment of infection in all MAH inoculated goats demonstrates that goats 

are susceptible for MAH although no natural infections have been described so far. 

This adds goats to the increasing list of animal species where MAH infections have 

been diagnosed (GLAWISCHNIG et al. 2006; HAIST et al. 2008; KRIZ et al. 2010; 

AGDESTEIN et al. 2012; KLANG et al. 2014; ARRAZURIA et al. 2015).  

One possibility for the severe course of infection observed would be that the strain of 

MAH chosen for inoculation was different from circulating strains. Therefore, the MAH 

strain 09MA1289 used for inoculation was characterized in detail. It was a porcine 

isolate which derived from a slaughtered pig with mycobacteriosis from southern 

Germany. The MIRU-VNTR method revealed a genotype profile designated as 
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22221129 which corresponds to INMV46 (genotypes of MAC members) unique for 

Germany until now, but detected before also as porcine MAH isolate described 

elsewhere (RADOMSKI et al. 2010). To investigate whether the MAH strain harbors 

special virulence features, the presence of different potential virulence markers was 

tested, including ISMpa1 and selected genes (JOHANSEN et al. 2009) involved in 

the synthesis of GPLs in the cell wall of M. avium (ECKSTEIN et al. 2003; 

KRZYWINSKA u. SCHOREY 2003). ISMpa1and the presence of all selected GPLs 

synthesis genes distinguishes this MAH strain from those commonly isolated in 

Norway (JOHANSEN et al. 2009), but is common in MAH strains from Germany (P. 

Möbius, pers. comm.).  

For mycobacteria different virulence associated factors are considered to be involved 

in the formation of granulomas. For M. tuberculosis, T7SS that secrete proteins 

across the cell wall are described (ABDALLAH et al. 2007; STOOP et al. 2012). M. 

tuberculosis exhibits 5 different T7SS known as ESX 1-5. ESX-1 was studied in detail 

and obtained importance when Mycobacterium bovis BCG was analyzed and it 

became clear that the loss of RD1, that encodes ESX-1, was associated with lower 

virulence of BCG (ABDALLAH et al. 2007). The genes for ESAT-6 and CFP-10 are 

located in RD1. Both proteins are fundamental for the virulence of M. tuberculosis 

and the formation of granulomas (STOOP et al. 2012). M. avium species lack the 

ESX-1 system (STOOP et al. 2012), nevertheless, multiple granulomas were seen in 

this study. This indicates that other factors may drive the process of granuloma 

formation independent of the ESX-1 system as recently suggested (STOOP et al. 

2012). A possible candidate to address this question could be GPLs that are rich in 

the cell wall of M. avium but not in M. tuberculosis (IGNATOV et al. 2012). They are 

considered to be highly immunogenic components, capable to regulate the 

production of pro- and anti-inflammatory cytokines and are essential in the 

establishment of biofilms (JOHANSEN et al. 2009; MUKHERJEE u. CHATTERJI 

2012; ROSE u. BERMUDEZ 2014). Even though, the expression of surface GPLs 

was not examined in this study, the used MAH strain harbored all genes that encode 

for the selected GPLs and thus if GPLs are present they might had a role in 

granuloma formation. Although no further data concerning host-pathogen interaction 
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are available, there is no indication for an increased pathogenicity of this particular 

strain.  

Another possibility is that the total inoculation dose (2.13 x 1010 cfu/MAH) was 

relatively high in comparison with experimental oral MAP infections (HINES II et al. 

2007; KRÜGER et al. 2015). The international guidelines for long-term caprine MAP 

challenge models recommend the use of 2 consecutive daily doses of 109 organisms 

for a successful establishment of infection (HINES II et al. 2007). Thus, size of a 

single MAH inoculum was within the aforementioned recommendation, however the 

10 times administration resulted in a total dose 5-times as high as recommended and 

might have been responsible for the progression towards severe disease in part of 

the animals. 

After inoculation two different courses of disease were seen. One group developed 

severe fatal disease between 2-3 mpi which resulted in unexpected death or even 

required euthanasia of goats according to the animal welfare law. All other goats had 

a mild transient clinical phase at the same time but remained afterwards healthy with 

hidden, persisting lesions detected at necropsy 13 mpi. Inter-individual differences in 

the host immune responses are most likely crucial for the course of disease. 

Comparable observations were made after infection of goats with MAP in previous 

trials. Some animals progressed to severe diffuse multibacillary disease while others 

had mild focal paucibacillary lesions (KÖHLER et al. 2015; KRÜGER et al. 2015).   

The majority of lesions in the intestine were found in areas with oGALT, 

predominantly in the IPP, with extensive ulcerated mucosal surfaces and underlying 

granulomatous infiltration. Ulcerative intestinal lesions that are macroscopically 

evident are rare in goat kids, however, they shared some features with clostridial 

infections (UZAL u. SONGER 2008). Therefore MAH as cause should be considered 

when searching for the etiologic agent.  

The obvious distribution of lesions almost restricted to oGALT highlights this special 

compartment of the intestine as the most likely entry of MAH into the host. This 

finding is not astonishing since the follicle-associated epithelium (FAE) overlying 

Peyer´s patches is known as port of entry for the closely related MAP (MOMOTANI et 

al. 1988; SIGURDARDÓTTIR et al. 2001). M cells are part of the FAE and are 
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specialized in transcytosis of particulate material from the ingesta as well as 

antigens, viruses and bacteria (JUNG et al. 2010). In particular, MAP exploits β1 

integrins for entrance by binding via fibronectin which is highly expressed on M cells 

(SECOTT et al. 2004; JUNG et al. 2010). However, it should be noted that in a 

mouse study invasion of MAH via enterocytes has been found (SANGARI et al. 

2001).  

In the 9 goats which developed severe disease between 2-3 mpi, different types of 

lesions were found in the intestines. One of them had an extensive granulomatous 

infiltrate rich in epitheloid cells with many mycobacteria concomitant with small areas 

of merely superficial ulceration. The infiltrate was similar to multibacillary lesions seen 

in MAP infections of ruminants (CLARKE 1997). Equal lesions were also found in 

draining ILN. This might indicate a pathogen-favoring environment which allows 

uncontrolled replication of mycobacteria in their target cells. 

In 8 of the 9 goats, severely ulcerated intestinal lesions with a lymphocytic dominated 

granulomatous infiltrate and scarcely detectable mycobacteria were found. This 

extensive tissue damage with massive mucosal ulcerations may have limited 

proliferation of MAH as a consequence of an intense local immune response, 

however, with detrimental outcome for the host. Severe lesions were also seen in 

draining ILN where extensive multifocal to confluent necrosis and mineralization 

occurred. Extensive caseous necrosis with circumscribed islands of mineralization 

surrounded by a lymphocytic dominated granulomatous infiltrate similar as described 

for intestinal lesion was seen, however, with fewer neutrophils. Variable amounts of 

mycobacterial material in necrotic areas and single numbers of intracellular 

mycobacteria were found by IHC. Since ulcerations cannot occur in ILN, low numbers 

of neutrophils might be result of a lack of additionally pro-inflammatory stimuli 

induced by gram negative bacteria from the intestinal microflora.  

The distribution of lesions and type of inflammatory infiltrate found in 8 of 9 goats 

closely resemble those described in bovine tuberculosis when calves were orally 

inoculated with Mycobacterium bovis (DOBBERSTEIN u. WILMES 1937; NIEBERLE 

1937). In particular the authors reported intestinal lesions restricted to Peyer´s 

patches in jejunum and ileum similar as seen in this study. These lesions developed 
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as classical tubercles, rich in epitheloid cells and MGCs, but M. bovis could also 

induce a priori a caseous necrosis of lymphoid tissue which then resulted in ulcerous 

eruption (JOEST et al. 1967). Because of the macroscopic resemblance of lesions, 

MAH should be considered as differential diagnosis in field cases of intestinal TB in 

ruminants (DOBBERSTEIN u. WILMES 1937; NIEBERLE 1937; PESCIAROLI et al. 

2014). Finally, it is worth mentioning that in human intestinal TB, ulcerations and 

granulomas are commonly seen within the ileocecal region, a site where oGALT is 

frequently present (DEBI et al. 2014). This highlights, that species-overlapping and 

caused by different mycobacteria similar pathologic lesions may occur. 

Bacterial cultivation of MAH revealed a moderate to high bacterial load in tissues of 

the digestive tract as well as peripheral organs which indicates a systemic spread 

probably due to the blood and lymphatic vessel system. This confirms the histologic 

findings of small granulomatous lesions and few granulomas in peripheral organs like 

hepatic, retropharyngeal and mediastinal LN. In addition, until 2-3 mpi all inoculated 

goats shed large amounts of MAH via feces contaminating the environment. 

Especially children could come in close contact with infected animals in zoos and pet 

farms (STIRLING et al. 2008). Therefore, a health risk for children, older people and 

immunocompromised patients is conceivable (HAIST et al. 2008; KRIZ et al. 2010).  

Granulomatous lesions of the digestive tract as consequence of clinically silent 

infections with MAH are frequently detected in slaughtered pigs (HIBIYA et al. 2008; 

AGDESTEIN et al. 2012; AGDESTEIN et al. 2014). Similar to this, surviving goats 

had persisting lesions at the same sites as the goats with severe disease. Multiple 

small granulomas were seen in oGALT, predominantly in IPP, and extensive 

granulomas that sometimes completely replaced the whole ILN. Histologic 

examination revealed granulomas with different morphologies ranging from small 

accumulation of epitheloid macrophages to large granulomas with extensive necrosis 

and mineralization or thick fibrotic capsules. Morphologically different granulomas are 

a common finding in experimental TB in cattle and classification according to cellular 

composition and the presence or absence of necrosis, mineralization and fibrosis into 

distinct granuloma stages was performed (WANGOO et al. 2005). The scheme from 

Wangoo was the basis for staging of granulomas in this thesis. It was modified to 
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accommodate all histologic granuloma characteristics seen in this study. The 

presence of granulomas in longer surviving goats can be interpreted as the ability of 

the host`s immune system to limit the inflammation after entry by forming 

granulomas. This results in limited intestinal lesions and favors the survival of the 

host. However, low amounts of MAH were detectable in few sites of oGALT and ILN 

by IHC and bacterial cultivation.  

Even though natural infections of goats with MAH are not reported, undetected 

infections might be of relevance during slaughter process of goats. Contamination of 

meat products during the slaughter process of goats as described for pigs is 

conceivable (AGDESTEIN et al. 2014). This assumption is further supported by 

recent studies which revealed the presence of MAH by PCR in retail meat from cattle 

and pigs (KLANICOVA et al. 2011; KLANICOVA-ZALEWSKA u. SLANA 2014).  

 

6.2 Characterization of morphologic different granuloma stages  

Oral infection of goats with MAH resulted in different disease outcomes with the 

generation of morphologic and functional different granulomas. To investigate the 

cellular composition of granulomas different types of macrophages, T lymphocytes, B 

lymphocytes, plasma cells, proliferative and endothelial cells were 

immunohistochemically labeled. A consequence of this approach was an expansion 

of the granuloma scheme from manuscript 1 involving a unique granuloma stage 

seen in ILN at 2-3 mpi. 

Histologic differentiation of granuloma morphologies has been performed in mice 

(RHOADES et al. 1997), guinea pigs (TURNER et al. 2003) and more frequently in 

bovine granulomas of experimental and natural TB (WANGOO et al. 2005; PALMER 

et al. 2007; ARANDAY-CORTES et al. 2013; MENIN et al. 2013). The benefit of this 

approach is comparability between granulomas and detection of deviations in their 

cellular composition induced e.g. by different mycobacterial species (WANGOO et al. 

2005). Furthermore, it provides information about the pathogenesis at the local tissue 

levels, valuable for testing efficacy of new vaccines and diagnostic methods 

(LIEBANA et al. 2007; MENIN et al. 2013). In this study granulomas with different 
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morphologies were seen in both goat groups and were further analyzed in frozen 

tissues from oGALT and ILN.  

In brief six stages were finally differentiated: 1-initial small epitheloid macrophage 

clusters, 2-solid epitheloid macrophage clusters with minimal necrotic areas, 3-

structured granulomas with monocentric necrosis and mineralization, 4-extensive 

multicentric granulomas with necrosis and mineralization surrounded by fibrotic 

capsules of varying thickness, 5-fibrotic organization of granulomas with minor 

necrosis and mineralization and 6-extensive caseous necrosis without signs of 

fibrotic organization. 

Many stage 1 granulomas were seen at 2-3 mpi in ILN, whereas few could be 

observed in oGALT and ILN at 13 mpi. They were composed of small clusters of 

epitheloid macrophages with abundant CD68+ cytoplasm and small numbers of 

interspersed PMN and CD4+ T lymphocytes. Similar findings are reported in 

experimental bovine TB (WANGOO et al. 2005; PALMER et al. 2007; ARANDAY-

CORTES et al. 2013). In this study, stage 1 granulomas at both time points contained 

scattered AFB. Differences in numbers of AFB in stage 1 granulomas were 

dependent on the time point of necropsies in experimental bovine TB studies. 

Moderate to numerous AFB were detected between 15-60 dpi in experimentally 

infected cattle, while at 90 dpi few to none AFB were found (PALMER et al. 2007). 

This obvious difference was explained by alternative signaling and activation of 

macrophages after the onset of adaptive immunity (PALMER et al. 2007).  

Stage 2 granulomas were similarly composed as stage 1, however larger in size and 

characterized by minimal areas of predominantly necrotic epitheloid macrophages. 

MGCs were first seen at 13 mpi, whereas bovine TB studies reported that MGCs may 

have been present as early as 28 dpi (WANGOO et al. 2005; PALMER et al. 2007). 

Scattered MAH were detected intracellularly and in necrotic areas and the presence 

of DCs indicated antigen presentation with triggering of the adaptive immunity. The 

development of mild fibrotic capsules could not be observed, in contrast to findings in 

other studies (PALMER et al. 2007; ARANDAY-CORTES et al. 2013).  

The areas of minimal necrosis are presumably the origin of more extensive necrosis 

seen in stage 3, 4 and 6 granulomas. It remains unclear if stage 6 granulomas 
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progressed to stage 3 and 4, or if stage 6 granulomas are a unique structure 

developed due to an exaggerated immune response. Stage 6 granulomas varied in 

size and were found only in ILN of severely sick goats necropsied between 2-3 mpi. 

They were composed of extensive caseous necrosis with multiple often confluent 

vacuoles and cellular debris. Vacuoles were also reported in a mouse study of 

experimental TB and were associated with cholesterol byproducts inside the necrosis 

(RHOADES et al. 1997). Under nutrient deficiency mycobacteria can shift their 

metabolism towards utilization of cholesterol (EHLERS u. SCHAIBLE 2012) which 

might have happened here since many AFB were found inside the necrosis. This 

type of granuloma shares some features with transmissive granulomas that are 

characterized by growth of mycobacteria, immunopathology and Th1/Th2 dysbalance 

(EHLERS u. SCHAIBLE 2012), however neutrophil dominance was not seen at this 

stage. A variable zone of cellular debris and degenerated inflammatory cells limiting 

the necrosis suggests a dynamic expansion of lesions. The zone of degeneration 

was flanked by a granulomatous infiltrate with small clusters of epitheloid 

macrophages and dominated by CD4+ T lymphocytes. Experimental mouse studies 

revealed a primarily CD4+ T lymphocyte driven immune response, while CD8+ and γδ 

T lymphocytes were not involved in host pathogen interaction (APPELBERG et al. 

1994; PETROFSKY u. BERMUDEZ 2005). Excessive numbers of CD4+ T 

lymphocytes might have secreted abundant IFN-γ, resulting in activation of 

macrophages. Activated macrophages secrete TNF-α (DORHOI u. KAUFMANN 

2014). Overproduction of TNF-α and IFN- γ results in a hyper-inflammatory milieu 

that may lead to necrosis of epitheloid macrophages and inflammatory cells as seen 

in the zone of degeneration. Furthermore, mycobacteria were liberated in this 

process and may infect newly recruited macrophages. This might lead to new foci of 

infections and maintainance of granuloma growth similar as proposed in the 

zebrafish model (RAMAKRISHNAN 2012). The exaggerated pro-inflammatory 

immune response might also have been responsible for the lack of structured 

granulomas and fibrotic capsules, since this would have required a balanced immune 

response as seen in latent TB (FLYNN et al. 2011). 
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The characterization of ulcerative intestinal lesions revealed a CD4+ T lymphocyte 

dominated granulomatous inflammation in oGALT. The diffuse CD4+ T lymphocyte 

infiltrate with small epitheloid macrophage clusters was similar as in the periphery of 

stage 6 granulomas. This excessive pro-inflammatory immune response in the 

oGALT might have caused the loss of mucosa and most likely necrotic tissue. This 

triggered the influx of neutrophils, which might be further enhanced by invasion of 

intestinal bacteria. The diffuse character of this type of lesions was the reason why it 

was not considered as granuloma. It can be assumed that the shedding of MAH via 

feces is a result of this lesion and therefore transmission into the environment 

occurred similar as in open cavitary lesions in human pulmonary TB (BASARABA 

2008). 

Stage 3, 4 and 5 granulomas were uniquely seen in ILN of healthy goats at 13 mpi. It 

has been reported that granulomas with characteristics of stage 3 granulomas 

developed as early as 42 dpi in a bovine model of experimental TB infection 

(CASSIDY et al. 2001). Stage 3 granulomas were frequently found in oGALT and ILN 

and were composed of a central necrosis with mineralization surrounded by a zone 

of epitheloid macrophages followed by a zone of lymphocytes. Comparable 

observations were made in late stage granulomas of human pulmonary TB, and in 

bovine and guinea pig TB (TURNER et al. 2003; ULRICHS et al. 2004; WANGOO et 

al. 2005; LIEBANA et al. 2007; PALMER et al. 2007; ARANDAY-CORTES et al. 

2013). 

A hallmark of stage 3, 4 and 5 granulomas was the spatial organization of different T 

and B lymphocyte populations, which progressed with granuloma development. At 

stage 3, the zone of lymphocytes differentiated into follicle-like B lymphocyte clusters 

and T cell-rich zones. At stage 4 and 5, active germinal centers with light and dark 

zones of proliferating cells, surrounded by IFA with DC, many CD4+ T lymphocytes 

and decreasing numbers of CD8+, γδ T lymphocytes were found. This spatial 

organization of cells fulfills the definition of ectopic lymphoid structures also termed 

3rd LT which are seen in chronic infectious diseases and cancer (ULRICHS et al. 

2004; PITZALIS et al. 2014). Ectopic lymphoid tissue was recognized in late 

granuloma stages of human pulmonary TB (ULRICHS et al. 2004; ULRICHS u. 
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KAUFMANN 2006). Accumulations of B lymphocytes and arrangement of certain T 

lymphocyte populations were reported in experimental and natural infection of cattle 

and goats with M. bovis respectively M. caprae (WANGOO et al. 2005; SANCHEZ et 

al. 2011; ARANDAY-CORTES et al. 2013). They were rarely interpreted as 3rd LT, 

although one study discussed this feature in the context of possible mycobacterial 

control due to the local coordinated immune response (ARANDAY-CORTES et al. 

2013). The differentiation from pre-existing lymphoid tissue was possible by the 

distinct orientation of germinal centers in lymphoid follicles towards the granuloma 

center. The relevance of 3rd LT became clear when proliferating B cell clusters 

associated with CD68+ antigen presenting cells (APC) harboring mycobacteria were 

detected while the central necrosis of granulomas was devoid of them (ULRICHS et 

al. 2004; ULRICHS u. KAUFMANN 2006). The authors concluded that mycobacterial 

containment is not achieved at the granuloma center, but rather in the 3rd LT where 

an intensive crosstalk between lymphocytes and mycobacteria containing APC takes 

places resulting in protective immunity. They further questioned the relevance of 

cytolytic killing of infected macrophages by CD8+ T lymphocytes and their role for the 

development of necrosis since they were primarily found in the outer 3rd LT zone 

(ULRICHS et al. 2004; ULRICHS u. KAUFMANN 2006). This finding is further 

supported in the guinea pig model of TB (TURNER et al. 2003) and by MAH infection 

of goats in this study. 

As aforementioned, lymphoid follicles with mycobacteria, might indicate an induction 

of humoral immune responses. The role of B lymphocytes in the immune response 

against mycobacteria is poorly investigated. However, recent findings suggested that 

B lymphocytes can present peptide antigens via MHC-II to prime T lymphocytes, 

secrete a variety of cytokines and chemokines and thus might modulate the 

granulomatous inflammation and influence the control of TB infection (FLYNN et al. 

2011; CHAN et al. 2014; HOFF et al. 2015). Besides possible antigen presentation in 

lymphoid follicles other compartments might be of relevance. The presence of DCs in 

IFA, in the granulomatous layer and near necrosis may also have contributed to a 

successful immune response since these highly mobile antigen presenting cells 
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might have migrated from the granuloma center to the 3rd LT where they activated T 

lymphocytes.  

The zone of connective tissue separated granulomatous infiltrate from 3rd LT and was 

a trait of stage 4 and 5 granulomas, but not of stage 3 granulomas. Similar findings 

have been reported in late stage granulomas of human pulmonary TB (ULRICHS et 

al. 2004). This is different from the complete fibrous capsules which surround bovine 

stage 3 granulomas (WANGOO et al. 2005; ARANDAY-CORTES et al. 2013). It is 

very likely that the extensive necrosis with mineralization and moderate fibrosis of 

stage 4, progressed to fibrotic organization which encircled mineralized foci of stage 

5 granulomas. It has been stated that the progress of granulomas towards 

mineralization of necrosis together with fibrosis can be viewed as healing process 

beneficial for the host (BASARABA 2008). 

Labeling with the proliferation marker Ki-67 revealed foci of proliferative cells within 

germinal centers of 3rd LT. Some proliferative cells were found inside the granulomas 

which indicate limited local expansion of inflammatory cells. When comparing the 

vascularization of different granuloma zones, it seems plausible that the highly 

vascularized granulomatous zone of stage 3 granulomas promotes influx of 

inflammatory cells. The vascularization of stage 3 granulomas was similar to 

tuberculomas described in human pulmonary TB (ULRICHS et al. 2005). Ulrichs and 

colleagues concluded that highly vascularized tuberculomas allowed oxygen and 

nutrient supply necessary for a productive crosstalk between the host and M. 

tuberculosis (ULRICHS et al. 2005). The 3rd LT was similarly vascularized as regular 

lymphoid tissue. Reduced vascularization was seen in granulomatous infiltrates and 

was almost absent in zones of connective tissue in stage 4 and 5. In granulomas of 

guinea pig models of TB similar findings were reported with fibrotic organization 

resulting in compression of vessels near the necrotic granuloma core (ORME u. 

BASARABA 2014). The consequence of this process was low oxygen supply and 

hypoxia within tissue (VIA et al. 2008; ORME u. BASARABA 2014). A hypoxia 

marker was not included in the assessment of granulomas in this study, however, it 

seems very likely that hypoxia also occurs in these structures. In summary, low 

numbers of AFB and well advanced mineralization and fibrosis with reduced 
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vascularization, has been associated with sterilized and healed granulomas 

(BASARABA 2008).  

 

6.3 Outlook and possible directions of further research 

The experimental oral infection of goats with MAH may be a valuable model for 

comparative TB research in several aspects: 

The different courses of diseases allow the examination of certain TB entities, e.g. 

granulomatous lesions seen in intestinal TB or granulomas seen in latent TB.  

Especially, granulomas seen in the surviving goats resemble the heterogeneity of 

lesions reported in cattle and goats after infection with MTC members, as well as 

lesions in humans with pulmonary TB (VAN RHIJN et al. 2008; LENAERTS et al. 

2015). The development of 3rd LT with well-organized granulomas has been reported 

in few studies only (ULRICHS et al. 2004; ULRICHS et al. 2005; ARANDAY-

CORTES et al. 2013). Therefore, the presence of 3rd LT is a major advantage of this 

model to evaluate the relevance of this feature in the control of mycobacteria by the 

host immune response. Drug efficacy testing is another aspect for experimental TB 

models. The plethora of morphologically different granuloma stages could be of great 

interest for drug testing. Certain features like necrosis, mineralization, extensive 

fibrosis and vascularization of granulomas directly influence the pharmacodynamics 

and pharmacokinetics of administered drugs and might be evaluable by 

histopathology and modern live imaging in this goat model (BASARABA 2008; 

BARRY et al. 2009). 

The relative small size of goats allows much lower housing and feeding costs when 

compared with cattle (GONZALEZ-JUARRERO et al. 2013). In comparison to other 

livestock species, the goat model allows the utilization of modern live imaging 

systems, e.g. magnetic resonance imaging, computed tomography or positron 

emission tomography (DE VAL et al. 2011; LENAERTS et al. 2015). This feature 

could be of special value to monitor granuloma development in experimentally 

infected goats. The lack of a wide array of immunologic tools is usually considered as 

a constraint of large animal models (YOUNG 2009). However, the recent 

development of novel in-situ hybridization (ISH) methods might overcome this 
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obstacle as indicated recently by cytokine gene expression analysis in bovine 

pulmonary TB granulomas (PALMER et al. 2015). 

Finally, another benefit of the experimental design was the classification of MAH as 

BSL 2 pathogen allowing an easier experimental performance than BSL 3 condition 

would have required. Since all MTC members are BSL 3 pathogens, special 

requirements for housing, occupational safety and tissue processing have to be 

considered (CHOSEWOOD u. WILSON 2011).  

In conclusion, the obvious similarities of granulomas with those seen in bovine and 

human TB and the association of ectopic lymphoid tissue with organized granulomas 

highlights this model as appropriate for comparative TB and NTM research and the 

goat in particular as model species. 
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7 Summary 

 

Jan Schinköthe: 

Experimental oral infection of goats with Mycobacterium avium subsp. 

hominissuis: Pathomorphological characterization of lesions in different 

courses of disease with special focus on cellular composition of granulomas  

 

Goats were experimentally infected with Mycobacterium avium subsp. hominissuis 

(MAH) to determine the specificity of diagnostic antigens for Mycobacterium avium 

subsp. paratuberculosis. For this, each of 21 goats was inoculated orally 10-times, 

every 2-4 days with MAH receiving a total dose of 2.13 x 1010 cfu MAH. An 

unexpected onset of clinical signs progressing to severe disease was observed in 50 

% of the goats at 2-3 mpi. The remaining goats had mild transient clinical signs and 

were healthy 13 mpi at the end of the trial. The first objective of this study was to 

characterize lesions in severely sick goats and in surviving goats at 13 mpi and to 

examine lesions for presence of MAH. 

At necropsy, goats were examined for macroscopic lesions. Representative samples 

of lesions, intestinal tissues, lymphoid organs and large parenchyma were fixed in 

NBF and snap frozen. Histologic lesions were evaluated in HE stained FFPE 

sections. Detection of MAH in sampled tissues was performed by IHC and by 

bacterial cultivation.  

Goats necropsied at 2-3 mpi had severe intestinal ulcerations with underlying 

granulomatous infiltrates in oGALT and large granulomas in ILN with variable 

quantities of MAH detected in tissue sections. Large amounts of MAH were cultivated 

from intestinal and ILN lesions and peripheral organs, indicating extra-intestinal 

spread of MAH. At 13 mpi, multiple small granulomas in oGALT and large 

granulomas in ILN were seen at necropsy. MAH was detected by IHC in few 

granulomas (3/9 goats) and cultured in low quantities in 6/9 goats at intestinal sites 

and ILN only. All goats excreted moderate to high amounts of MAH via feces until 2 

mpi. Environmental contamination due to fecal shedding and low amounts of 
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mycobacteria in granulomas of otherwise healthy goats may represent a potential 

risk for human health. 

Since large numbers of morphologically heterogeneous granulomas were found in 

goats at 2-3 mpi and 13 mpi, the second objective was to characterize their cellular 

composition and to compare them with granulomas seen in human and bovine 

tuberculosis. In consecutive frozen sections, CD4+, CD8+, γδ T lymphocytes, B 

lymphocytes, plasma cells, CD68+, CD25+, MHC-II+, proliferative and endothelial cells 

were labeled by IHC. Furthermore, collagen and AFB were stained by Azan, 

respectively, Kinyoun method. 

Granulomas with extensive necrosis, little mineralization and variable numbers of 

AFB surrounded by many CD4+ T cells, but only few epitheloid macrophages were 

observed in severely sick goats at 2-3 mpi. They were interpreted as exuberant 

immune reaction. Organized granulomas with very few AFB were seen in clinically 

healthy goats at 13 mpi. The necrotic cores were surrounded by a zone of 

granulomatous infiltrate with many epitheloid macrophages and few lymphocytes. 

This zone was initially wide and highly vascularized and became progressively 

smaller. It was enclosed by an increasing layer of connective tissue. All organized 

granulomas were surrounded by compartimentalized tertiary lymphoid tissue. The 

granulomas in experimental infection of goats with MAH reflect the heterogeneity of 

lesions seen in mycobacterial infections of humans and ruminants. 

In conclusion, the experimental infection of goats with MAH resulted in different 

courses of disease, morphologically different granulomas with striking similarities to 

those seen in bovine and human TB, and the development of ectopic lymphoid tissue 

in organized granulomas. These features highlight this model as appropriate for 

comparative TB and NTM research and the goat in particular as model species. 
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8 Zusammenfassung 

 

Jan Schinköthe: 

Experimentelle orale Infektion von Ziegen mit Mycobacterium avium subsp. 

hominissuis: Pathomorphologische Charakterisierung der Läsionen bei 

verschiedenen Krankheitsverläufen unter besonderer Berücksichtigung der 

zellulären Zusammensetzung der Granulome 

 

Ziegen wurden experimentell mit Mycobacterium avium subsp. hominissuis (MAH) 

infiziert, um die Spezifität von diagnostischen Antigenen gegen Mycobacterium 

avium subsp. paratuberculosis zu testen. Hierfür wurde eine Gruppe von 21 Ziegen 

10-mal, alle 2-4 Tage mit einer Gesamtdosis von 2,13 x 1010 KBE MAH oral 

inokuliert. Unerwartet traten bei 50% der Ziegen 2-3 Monate nach Erstinfektion (Mpi) 

schwere klinische Symptome auf und mehrere Tiere verendeten spontan oder 

mussten aus ethischen Gründen getötet werden. Die überlebenden Ziegen zeigten 

milde transiente klinische Symptome und waren bei der Sektion 13 Mpi klinisch 

gesund. Das erste Ziel dieser Studie war, die Läsionen sowohl bei den hochgradig 

Erkrankten als auch bei den überlebenden Ziegen zu charakterisieren und auf das 

Vorhandensein von MAH zu untersuchen. 

Bei der Sektion wurden die makroskopischen Läsionen dokumentiert und 

repräsentative Proben von den Läsionen, intestinalen Geweben sowie lymphatischen 

und peripheren Organen entnommen und in Formalin fixiert bzw. kryokonserviert. Die 

histopathologische Analyse der Läsionen fand an HE-gefärbten Paraffinschnitten 

statt. Der Nachweis von MAH wurde mit Immunhistochemie (IHC) am Schnitt und mit 

bakterieller Kultivierung durchgeführt. 

Ziegen zum Zeitpunkt 2-3 Mpi wiesen hochgradige intestinale Ulzerationen mit 

zugrunde liegenden granulomatösen Infiltraten in organisiertem Darm-assoziierten 

lymphatischen Gewebe (oGALT) und große Granulome in intestinalen Lymphknoten 

(ILN) auf. MAH konnte mit IHC in variabler Zahl intra- und extrazellulär nachgewiesen 

werden. Eine hohe Erregerlast wurde in intestinalen und ILN Läsionen sowie in 

peripheren Organen durch bakterielle Kultur festgestellt. Dies deutet auf eine 
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extraintestinale Verbreitung von MAH hin. 13 Mpi wurden bei allen untersuchten 

Ziegen mehrere kleine Granulome in oGALT und/oder große Granulome in ILN bei 

der Sektion gefunden. MAH ließ sich nur in wenigen Granulomen (3/9 Ziegen) durch 

IHC nachweisen bzw. aus 6/9 Ziegen in geringen Mengen kultivieren. Alle infizierten 

Ziegen schieden bis 2 Mpi moderate bis hohe Mengen an MAH über den Kot aus. 

Die dabei eintretende Umgebungskontamination sowie das Vorhandensein von 

Mykobakterien in Granulomen von gesunden Ziegen könnte ein mögliches Risiko für 

die menschliche Gesundheit darstellen. 

Da in den Ziegen 2-3 und 13 Mpi eine große Anzahl morphologisch heterogener 

Granulome gefunden wurde, war das zweite Ziel dieser Studie herauszufinden, wie 

die zelluläre Zusammensetzung der Granulome ist und diese mit denen bei der 

Tuberkulose der Rindes und des Menschen zu vergleichen. Dafür wurden in 

Konsekutivschnitten CD4+, CD8+, γδ-T-Lymphozyten, B-Lymphozyten, Plasmazellen, 

CD68+, CD25+, MHC-II+, proliferative Zellen und Endothelzellen mittels IHC markiert. 

Kollagen und säurefeste Bakterien (AFB) wurden mit Azan- bzw. Kinyounfärbung 

dargestellt.  

Granulome mit extensiven verkäsenden Nekrosen, die minimale Mineralisierungen 

und viele AFB enthielten, waren umgeben von vielen CD4+ T Lymphozyten mit 

wenigen epitheloiden Makrophagen und waren nur in ILN 2-3 Mpi vorhanden. Diese 

Befunde wurden als überschießende Immunantwort interpretiert. Organisierte 

Granulome mit sehr wenigen AFB wurden in klinisch gesunden Ziegen 13 Mpi 

gefunden. Die nekrotischen Zentren dieser Granulome waren umgeben von einer 

Zone aus granulomatösem Infiltrat mit vielen epitheloiden Makrophagen und wenigen 

Lymphozyten. Diese Zone war zu Beginn breit und gut vaskularisiert. Sie wurde 

fortschreitend schmaler und stattdessen entwickelte sich eine immer breiter 

werdende Schicht aus Bindegewebe. Alle organisierten Granulome waren zusätzlich 

von organisiertem tertiärem lymphatischem Gewebe umgeben. Die Heterogenität der 

Granulome bei MAH infizierten Ziegen zeigte eine große Ähnlichkeit mit Granulomen 

der Tuberkulose des Rindes und des Menschen. 

Die verschiedenen Krankheitsverläufe mit Latenzphase, das Auftreten von 

morphologisch heterogenen Granulomen und die Entwicklung von tertiärem 
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lymphatischem Gewebe in organisierten Granulomen machen die experimentelle 

Infektion der Ziege mit MAH zu einem für die vergleichende Forschung an 

Infektionen mit tuberkulösen und nicht tuberkulösen Mykobakterien hervorragend 

geeigneten Modell. 
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10 Annex 

 

Neutral buffered Formalin according to Lillie (4%) 

Mix 900 ml of distilled water with 100 ml 37% formalin (Merck KGaA, Darmstadt, 

Germany), 4,0 g NaH2PO4 x H2O24(VWR International GmbH, Darmstadt, Germany) 

and 16,4 g Na2HPO4 x 12H2O (VWR International GmbH, Darmstadt, Germany). 

 

Coating of slides 

 

For FFPE sections: 

Gelatin: 

Disolve 0.45 g of gelatin (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 100 

ml distilled water at 80°C, cool down and add five granules of thymol (Thüringer 

Universitätsapotheke, Jena, Germany). 

 

Chrome alum solution: 

Disolve 160 mg of chrome alum (CrK(SO4)2 x 12 H20, VEB Laborchemie, Apolda, 

GDR) in 4.0 ml of distilled water. 

 

Working solution: 

Mix 100 ml disolved gelatin and 3.85 ml of chrome alum solution. 

 

For frozen sections: 

Disolve 0.625g gelatin in 250 ml of distilled water at 80 °C and let cool down. 

Add 0.063 g chrome alum and one to five granules of thymol. 

 

Histochemical staining 

 

Hemalum-eosin staining 

Mayer´s hemalum: 
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Disolve 1.0 g of hematoxylin (Riedel-de Haen AG, Seelze-Hannover, Germany) in 

1000 mlof distilled water, add 0.2 g sodium jodate (NAJO3), (Merck KGaA, 

Darmstadt, Germany) and 50 g potassium alum (VEB Laborchemie, Apolda, GDR) 

and disolve by shaking. Add 50 g of cloral hydrate (C2H3Cl3O2), (Carl Roth GmbH & 

Co. KG, Karlsruhe, Germany) and 1.0 g of crystalized citric acid (VWR International 

GmbH, Darmstadt, Germany) and filtrate. 

 

1 % eosin solution:  

Disolve 1.0 g of Eosin (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) in 50% 

distilled ethanol (mix absolute ethanol 1:2 with aqua bidest). Finally, add one drop of 

glacial acetic acid (Merck KGaA, Darmstadt, Germany) immediately before use of 

solution and filtrate. 

 

Carbolic xylene: 

Disolve 10 g of phenol (Merck KGaA, Darmstadt, Germany) in 100ml of xylene (Dr. 

K. Hollborn & Söhne GmbH & Co. KG, Leipzig, Germany). 

 

Azan stain  

Azocarmine B solution: 

Add 0.5 g of azocarmine B (unknown, GDR)to 100ml of distilled water, briefly cook 

and filtrate. 

 

Aniline alcohol: 

Dilute 0.1 ml of aniline (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 100ml 

of 96% ethanol. 

1% Acetic alcohol: 

Dilute 1.0 ml glacial acetic acid in 100 ml of 96% ethanol. 
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Aniline blue/ orange G solution: 

stock solution: Mix 0.5 g of aniline blue (Cheampol, Prag, Czechoslovakia), 2.0 g 

Orange G (Feinchemie KG, Sebnitz, GDR), 100ml of distilled water and 8ml of 1% 

acetic alcohol, heat, cool down and filtrate. 

 

Working solution: dilute stock solution 1:2 with distilled water. 

 

Immunohistochemistry 

 

PBS buffer: 

Stock solution (pH 6.8): 

Disolve 40 g NaCl (Merck KGaA, Darmstadt, Germany) and 10 g of NaH2PO4 x 2H2O 

(VWR International GmbH, Darmstadt, Germany)in 1000 ml of distilled water. Adjust 

the solution with NaOH to pH 6.8. 

Working solution (pH 7.1):  

Mix 200 ml of stock solution with 800 ml of distilled water. 

 

Tris-PBS-buffer: 

Stock solution (pH 7.6): 

Disolvein 60.57 g of Tris (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)in 700 ml 

of distilled water and adjust solution with 25 % hydrochloric acid (HCl) to pH 7.6 and 

fill up with distilled water to 1000ml. 

Working solution (pH 7.3): 

Mix 100 ml of stock solution with 900 ml of PBS working solution (pH 7.1). 

  

 

Acetate buffer (0.1M, pH 5.2) 

0.1 N glacial acetic acid: 

Dilute 2.87 ml glacial acetic acid in 500ml distilled water. 

0.1 M sodium acetate: 
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Dilute 8.166 g sodium acetate (Merck KGaA, Darmstadt, Germany) in 100 ml of 

distilled water. 

Buffer solution:  

Mix 210 ml of 0.1N glacial acetic acid with 790 ml of sodium acetate, adjust to pH 

5.2. 

 

Dulbecco´s PBS (DPBS)-buffer  

Stock solution: 

Disolve 40 g NaCl, 1.0 g KCl (Carl Roth GmbH & Co. KG, Karlsruhe, Germany), 1.0 g 

KH2PO4 (Merck KGaA, Darmstadt, Germany) and 14.39 g of NaH2PO4 x 12 H20 in 

1000 ml of distilled water. 

Working solution (pH7.4): 

Dilute 200 ml of DPBS stock solution in 800 ml of distilled water. 

 

12,5% BSA in DPBS (BSA/DPBS) 

Disolve 12.5 g BSA in DPBS working solution. 

 

0.06& phenylhydrazine solution 

Dilute 30 µl phenylhydrazine (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 

50 ml of PBS working solution. 

 

AEC-solution 

Disolve 8.0 mg of AEC (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 1.0 

ml N,N-Dimethylformamid (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Add 

1.0 ml solved AEC to 14 ml of acetate buffer and add 150 µl of 3% H2O2, filtrate and 

use immediately. 

3,3′-diaminobenzidine-tetrahydrochloride-dihydrate (DAB) solution 

Disolve 24 mg of DAB (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 40 ml 

of PBS working solution. Add 400 µl of 3% H2O2, filtrate and use immediately. 
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0.01% osmic acid solution 

Dilute1ml of 1% osmiumtetraoxide (OsO4, Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany) in 100 ml of distilled water. 

 

2% methyl-green solution 

Disolve 2.0 g methyl green (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in 

100 ml of distilled water and filtrate twice, can be used repeatedly. 
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