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Evaluation of granulysin and perforin as candidate biomarkers for
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The development of improved vaccines against tuberculosis (TB) is directly
linked to the investigation of new and better correlates of protection after vaccination
against TB. Cloning and characterization of bovine homologues of the antimicrobial
protein granulysin (Bo-lysin) and perforin by our group could be used as potential
biomarkers for TB vaccination efficacy. In the present study we examined the kinetics of
granulysin, perforin, IFNγ and Fas-L responses to Mycobacterium bovis purified protein
derivative (PPD) stimulation by peripheral blood mononuclear cells from M. bovis
∆RD1-, BCG- and non-vaccinated cattle. Gene expression profiles following PPD
stimulation showed significant increases in transcripts for granulysin and IFNγ in both
CD4+ and CD8+ T cells in BCG-vaccinated as compared to non-vaccinated animals.
Perforin and IFNγ examined by flow cytometry, showed a difference of 1-2% more PPDspecific cells in BCG-vaccinated than non-vaccinated animals. In the vaccine trial,
granulysin and perforin were significantly increased in both vaccine groups as compared
to control after vaccination and challenge. IFNγ expression was increased only after
vaccination and secretion was higher in the control, as compared to both vaccine groups
demonstrating no correlation with protection upon vaccination. In summary, results
shown here provide evidence that granulysin and perforin are prospective candidates as
biomarkers of protection after vaccination against TB.
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CHAPTER 1
INTRODUCTION
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Tuberculosis: still a major public health problem

Tuberculosis (TB) remains a major public health problem due to the increasing
numbers of reported cases throughout the US and worldwide. Several factors have been
involved in the increased rates of TB worldwide including (i) HIV co-infection, (ii)
emergence of drug resistant strains including extremely drug-resistance TB (XDR-TB),
(iii) immigration from high prevalence countries (related to US) and (iv) variable efficacy
of the BCG (Bacille of Calmette-Guérin) vaccine still extensively used worldwide.
According to CDC and WHO reports, it is estimated that more than 15 million people get
infected with Mycobacterium tuberculosis, and 10% of these will develop TB, worldwide
[1]. Each year it is estimated that more than 2 million individuals die due to infection;
there were 9.2 million new cases of TB, where 0.7 million are HIV –positive cases, with
an estimate of more than 50% of HIV-infected patients also TB positive [2]. The drug
resistance factor involves both primary resistance cases in people infected with a strain
that is already resistant, and individuals that acquire resistance during therapy. Treatment
of TB cases is based on the use of a cocktail of drugs including isoniazid, rifampin,
pyrazinamide, ethambutol, rifabutin and rifapentine. Besides these drugs several other
have been introduced in the cocktail such as streptomycin, cycloserine and levofloxacin.
The treatment lasts for at least 6 months but can be longer (up to 12 months) depending
on the strain and resistance profile of the strain infecting the patient [1, 2]. Multidrug
resistance represents 0.5 million cases in 2006, besides that, XDR-TB cases represent
16,000 cases from the period of 2007-2008 and treatment can be for up to 2 years [2].
2

Another factor contributing to the increased TB rates in US is immigration of
people from countries where TB has high incidence such as India, Africa and China. In
2006, data presented by CDC comparing TB rates by race/ethnicity shows that for every
100.000 people, from a total of 35 cases, 15 are from people of Asian origin and 20 are
from people from other origins (Hispanics, white, American Indians and African
Americans) [1, 2].
BCG, a Mycobacterium bovis attenuated strain, is the only currently licensed
vaccine against TB and has been used in more than 100 million people worldwide. BCG
was implemented initially on 1921 and since then it had its success, but also a reason for
a lot of controversy in terms of continuing its use or not. The efficacy of the vaccine goes
from 0-80% in several clinical trials. Factors involved in this extreme variability include,
but are not limited to, the use of different strains worldwide, conservation and
administration of the vaccine, pre-exposure to environmental mycobacteria and loss of
BCG genes over the year due to multiple passages (genetic drift). So far, several new
vaccine candidates are in phase I and II trials, but have not progressed to the point of
offering a better response than BCG.
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Tuberculosis in bovine and humans: a zoonotic perspective

In addition to increasing rates of human TB, bovine TB can be considered an
important reemerging disease. The cattle pathogen, Mycobacterium bovis, presents
disease characteristics that parallel the human pathogen M. tuberculosis, including
disease pathogenesis and the host immune response. M. bovis is not an exclusive
pathogen of cattle but is able to infect and cause disease in all mammals. M. tuberculosis
was originally thought to be a pathogen of humans, but outbreaks in elephants in 2001
and 2003 in a Swedish zoo [3] added this species to the list of susceptible hosts. The
close interrelationships of humans with cattle in various settings world wide present a
potential risk for infection between the 2 species. Similarly to bovine, elephants in zoos
can be potential sources of tuberculosis to zoo keepers and to visitors. Bovine
tuberculosis in the US has been restricted to cases in California, Arizona, New Mexico,
Texas, Minnesota and Michigan. Cases in Minnesota and Michigan are mainly due to the
presence of whitetail deer, a natural reservoir of M. bovis [4, 5]. Sources of M. bovis in
the other states are also related to wildlife or to farmed game animals. Control of wildlife
species such as deer is done every year around farms with positive cases of bovine TB,
but the effort is contained by the number of animals that show up the year after. Also,
control of bovine TB in the mentioned states is done by quarantine and slaughtering of
the positive animals. Infections with M. bovis in humans were reported in New York,
where a total of 35 cases were due to consumption of contaminated unpasteurized cheese
from Mexico [6].
4

TB in cattle is a major livestock problem in UK, where the incidence of bovine
TB increases an average of 18% per year. As observed in the US, the increasing numbers
of bovine TB cases in UK are thought to be mainly due to a wildlife reservoir,
particularly the Eurasian badger. In New Zealand the brush tail possum is reported to be
the wildlife reservoir of M. bovis [7]. The policies involving quarantine and slaughtering,
and the hunting seasons do not control the rising cases of bovine TB. In addition to better
control measures in a variety of species, there is a major need for improved vaccines and
also better diagnostic test(s) to discriminate infected from vaccinated cattle. Bovine TB is
diagnosed based on comparing skin thickness after intradermal injection of both bovine
and avium PPD in different spots. Once increased thickness is observed in the bovine
PPD site, the animal is subjected to further testing.

Mycobacterium tuberculosis and Mycobacterium bovis

1-Taxonomy, description and growth requirements
Mycobacterium tuberculosis and M. bovis are in the family Mycobacteriaceae,
genus Mycobacterium. They are characterized as being aerobic, non-spore forming, nonmotile, rod shaped, and need a specific staining procedure to be visualized. Although they
are considered Gram positive (G+), an acid fast staining is required due to their high
content of lipids in the cell wall. Mycobacterium species present very complex growth
requirements, but can readily access ammonia, amino acids as sources of nitrogen and
carbon dioxide in the presence of salts. The growth is relatively slow, taking more than
5

20 hours for a next generation to form, and colonies are observed usually after several
days to 6 weeks of culture [8]. The most common media used to grow Mycobacterium
spp. is Middlebrook 7H11 that includes inorganic compounds with essential amino acids
and growth stimulating inorganic salts as well as vitamins. Glycerol or pyruvate is
provided as a source of carbon and energy, and sodium citrate is converted to citric acid.
Other compounds included on the 7H11 are selective agents such as Malachite green (BD
Pharmingen, CA).
Mycobacterium species can survive for weeks to several months in the
environment when protected from sunlight, but are easily killed by temperatures over
65°C/30 minutes or by UV light from the sun or by chemical compounds such as chloride
[9]. Some species like M. tuberculosis are able to survive for a long time in the
environment, and the presence of a living cell is important to allow pathogen replication.
Mycobacterium spp. is composed of several microorganisms that have different
requirements, being either obligate intracellular pathogens, opportunist or saprophytes
[8]. Example of saprophytic Mycobacterium spp. are the ones in the M.avium complex,
usually isolated from water, soil and plants [10] which represent a potential problem for
vaccination as will be discussed later.
According to Pfyffer et al. (2003) [8], close to 100 species of mycobacteria have
been described. Classification is based on groups, starting with the M. tuberculosis
complex, which includes M. tuberculosis, M. bovis, M. africanum, M. microti and M.
canettii. M. leprae, the causative agent of leprosy or Hansen’s diseases, is considered to
be in a separate group of mycobacterium due to its characteristic inability to grow in
6

vitro. Leprosy is characterized by a chronic, granulomatous and debilitating disease,
involving skin lesions and peripheral neuropathy [8]. The remaining mycobacteria of the
family Mycobacteriaceae include human and non- human pathogens such as M. avium
complex, M. marinum and M. smegmatis.

2-The Mycobacterium spp. genome and the RD1 (Region of Difference-1)

The Mycobacterium tuberculosis genome was published in 1998 based on the
H37Rv strain (a virulent lab strain). It was a very important step for the TB vaccine
development field. The genome comprises 4.4 Mb that encode around 4,000 genes, with
a high G+C content of over 65% [11]. The M. bovis genome was published in 2003
showing that it was 99.95% identical to M. tuberculosis. Comparisons between M. bovis
and M. tuberculosis showed 11 deletions in M. tuberculosis. The sequence of genes
missing in M. tuberculosis corresponds to a unique locus in M. bovis called TbD1 [12] .
Several other differences are described between the M . tuberculosis and M. bovis.
Among the genes present in M. tuberculosis are the genes that encode PE and PPE,
named after their conserved proline-glutamate (PE) or proline-proline-glutamate (PPE)
residues near the N terminus of the predicted proteins. PE and PPE maybe responsible for
host and tissue tropism difference between the 2 strains since PE was shown to bind
fibronectin [13]. PE and PPE were shown to be expanded in slow growing mycobacteria
and seem to be functionally linked to the ESAT-6 secretion system (ESX) [14].
Comparison of the BCG vaccine with virulent strains showed that BCG was lacking a
7

region called Region of Difference 1 (RD1). A comparison among all BCG strains with
the wild type M. bovis revealed that Regions of Difference encompass a total of 129 open
reading frames. However, only the RD1 region is absent in all BCG strains, being
composed of 9 genes which include 2 important secreted proteins, ESAT-6 and CFP-10
[11, 15]. These 2 antigens were shown to be potent T cell stimulators and may be linked
to spread of the organism. It was further shown that 6 different ESAT-6 proteins are
present in M. tuberculosis and missing in M. bovis, potentially impacting the antigen load
[12]. On the other hand the bovine bacillus presents 2 other serodominant proteins called
MPB70, a filtrate protein, and MPB 83, a glycosylated cell wall-associated protein [12].
Further characterization of the RD1 region and CFP-10: ESAT-6 protein-protein
interaction studies revealed that RD1 encodes a specialized secretion system in
mycobacteria, named ESX-1 (ESAT-6 secretion system). A close analysis of the genome
revealed that there are 5 clusters containing members of the CFP-10 and ESAT-6 family
of proteins, all very important T cell antigens, as well as other secreted proteins involved
on several metabolic pathways [14]. These 5 clusters also encode secretion systems
named from ESX-2 to ESX-5. The genes encoded in the RD1 region, specially the CFP10:ESAT-6 complex, are involved in a series of events as reviewed by Ganguly et al.,
(2008) [16]. These events include effects on pathogenesis and virulence such as cell lysis,
granuloma formation, cytokine suppression, phagosomal maturation arrest and interaction
with Toll-like receptors; and effects on immunomodulation such as down regulation of
macrophage cell signaling and effects in the DC-T cell interaction. An important
immunomodulatory effect of the CFP-10:ESAT-6 complex is the down regulation of
8

Reactive Oxidative Species (ROS). Modulation of the ROS response ultimately results on
inhibition of NF-kB activation [16].
The dual role of CFP-10:ESAT-6 complex on virulence and stimulation of the
immune response suggests an important source for vaccine development and new
diagnostic tests using ESAT-6. The secreted protein ESAT-6 was also evaluated as a
potential diagnostic to discriminate infected from vaccinated animals and may potentially
be used for humans [17-20].Taken together, alterations or deletions in the genome of
each strain, are important findings that will impact the understanding of evolution,
pathogenesis and immune response, development of better vaccines and diagnostic tests.
One of the strains used in our studies is based on a deletion of the RD1 region (∆RD1) on
a M. bovis strain.

Mycobacterium tuberculosis and Mycobacterium bovis pathogenesis

Both M. tuberculosis and M. bovis present similar pathology. M. tuberculosis was
recently described also as a pathogen of elephants [3, 21, 22], while M. bovis is a
pathogen for mammalian species [23]. Both species are carried in airborne particles
generated by infected persons or infected animals. Once these droplets containing the
pathogen are inhaled, they go to the alveoli and are engulfed/ phagocytized by resident
macrophages. It is now clear how many bacilli are required to lead to TB infection. In
cattle, it is suggested that less than 5 bacilli would be enough to result in infection but in
experimental models, aqueous suspensions of 10 4 cfu are used [24]. It is unknown how
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many bacilli are required to establish infection in humans. As few as 10 bacilli maybe
enough to provide infection. Facts such as droplet size and breathing frequency of the
person being infected, have to be considered [25].
Besides resident macrophages, dendritic cells lying on the trachea may also be the
first ones to come in contact with the pathogen. Initial interaction of the pathogen with
these 2 cell types is performed through several receptors. Much of the immune response
will depend on the receptors used by Mycobacterium spp. Among the receptors used, the
mannose receptors are a potential safe route to facilitate intracellular survival.
Complement receptors (CR3) are also very advantageous for Mycobacterium since it
does not induce the release of oxygen intermediates [26]. Other receptors are DC-SIGN
(dendritic cell-specific intercellular adhesion molecule-3 grabbing non-integrin),
surfactant protein A (Sr-A), Class A scavenger receptor, mannose binding lectin (MBL)
and dectin -1 [27-29]. Internalization of the pathogen is followed by phago-lysosomal
fusion, destruction of bacteria, processing and presentation of antigens to T cells.
However, this process does not always occur. Mycobacterium spp. is able to adapt the
macrophage environment by inhibiting phago-lysosomal fusion, more specifically
inhibiting trafficking events that modulate the endosomal/phagosomal maturation. A
close analysis of the mycobacterial phagosome showed that it has an elevated pH, lack of
ATPases and late endosomal and lysosomal markers such as Rb7 or LAMP1 [30, 31] and
tryptophan-aspartate containing coat protein (TACO), normally removed from the
phagosome before fusion with the lysosome [32]. The mechanism involved in the
inhibition of the phagolysomal fusion starts with the prevention of the generation of PI3P
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kinase (phosphatidylinositol 3 –phosphate) by a mycobacterial phosphatase called SapM
[33] and inhibition of recruitment of Ca++ influx by LAM (lipoarabinomannam). This
mechanism was observed when comparing killed and live mycobacteria internalized by
macrophages [34]. The potential influence on trafficking and phagolysosomal fusion
affects the presentation of antigen that would potentially activate cytotoxic T cells [35].
Infection of human macrophages by M. tuberculosis, results in the secretion of
TNFα, IL-1, IL-6, IL-8, RANTES and MCP-1, that would potentially induce the
recruitment of T cells to the site of infection and to the granuloma. IL-10 is also secreted
by infected macrophages, potentially suppressing the Th1 response needed to control the
infection [7, 36]. Another consequence of trafficking influence in the cell by
Mycobacteria, is the reduced expression of MHC-II potentially linked to stimulation via
TLR-2 [37, 38].
The interaction of mycobacteria with macrophages and dendritic cells is the
object of intense studies due to the consequences of infection in these 2 different cells.
Dendritic cells (DC) are the most potent antigen presenting cell and responsible for
initiating the immune response. DC are able to uptake mycobacteria via DC-SIGN, a
receptor used by the pathogen to evade the immune system [29, 39-41]. Following
uptake, DC of both humans and bovine mature, increase their expression of MHC-II and
co-stimulatory molecules CD80-CD86. Infected human DC secret several cytokines such
as IL-12, TNFα and IL-1, but bovine infected DC secrete mainly IL-12 [7]. Differences
exist between bovine DC and macrophages. It was demonstrated that bovine dendritic
cells are more permissive for M. bovis replication than macrophages, but as far as
11

cytokines, they release more IL-12 and induce a better immune T cell proliferation than
macrophages [36, 42]. In this work, DC and macrophages were treated with IFNγ to
evaluate a potential decrease of M. bovis viability. Only macrophages had their number
of acid fast bacilli decreased upon IFNγ treatment. Such observations result in a concern
that DC would be major reservoirs of M. bovis in vivo. By the same time, a low bacterial
turnover in DC would be reflecting in the constant availability of antigens to be presented
to T cells.

Granuloma: a hallmark of tuberculosis

After the inhalation of aerosol containing Mycobacterium tuberculosis / M. bovis,
an initial host-cell interaction of either macrophages or DC will provide the first line of
defense against infection by secreting cytokines and triggering of chemoattractant
mechanisms [43, 44].The interaction of pathogen with the different host cells will
determine the outcome of the disease by either controlling or clearing it, or resulting in
disease progression. Granuloma morphology is characterized by a central necrotic core
surrounded by concentric layers of macrophages, epithelioid cells, multinucleated giant
cells and lymphocytes [45-48].
Granuloma distribution presents variability depending on the species. In naturally
infected cattle, lesions are most frequently found in the dorso-caudal region, close to the
pleural surface. This lesion location seems to be the most distal end and the longest route
in the lungs, probably related to the size of the droplets containing the pathogen and the
12

topographical orientation that influences the air flow in lung [49]. In humans, it was
shown that lesions are more frequently found in the apical region of the lung [50].
Besides lungs, lesions are also frequently located in the lymph nodes responsible for
draining the region, such as the mediastinal lymph node. Several studies have also found
involvement of the retropharyngeal, submandibular and parotid lymph nodes as well as
tonsil and pharynx, suggesting that the pathogen may be excreted from the surface of
these tissues [49].
The center of the granuloma is characterized by an area of necrosis where
mycobacteria may still be intact and be a potential infection source for other
macrophages. The real battlefield in the granuloma happens in the surroundings where
pathogen and immune cells come together. The inner cell layer of the human granuloma
does not contain CD8+ T cells, but these cells are found on the granuloma periphery
surrounded by APC and B cells [51]. B cell aggregates were found in both humans and
mice, where B cells in different activation stages are observed [52]. Similar observations
in bovine showed that B cells were present but more restricted to outer fibrotic capsular
wall of advanced lesions [53, 54]. Granulomas in mice can be characterized by not being
organized and lacking the classical structure, observed in other species [55]. In calves,
mice, rats, guinea-pigs and hamsters, the initial lesion formation is performed by
migration of neutrophils, γδ T cells and NK cells that either kill macrophages or produce
IFNγ [56]. From these innate immunity players, γδ T cells are the ones that accumulate
in abundant numbers early in infection, in both cattle and mice [57, 58]. These events
culminate with further migration of CD4+ and CD8+ T cells. In a study where bovine
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granulomas were analyzed for the cell composition, the authors demonstrated that cell
composition is dependent on the stage of the granuloma. Lesions that are in development
have more abundant γδ T cells than advanced lesions, but as happens in humans, lymph
node granulomas of unknown duration have around 80% of CD4+ and CD8+ T cells [59].
Among the cytokines that exert important functions in granuloma formation is
TNFα. This cytokine can promote beneficial or detrimental effects on the granuloma.
Increased blood flow and coagulation upon TNFα action will ultimately result in tissue
necrosis [49]. Secretion of TNFα seems to be detrimental for the Th1 response and
favors a Th2, characterized by the presence of IL-4. This last cytokine has been involved
in the formation of so called cavitation in tuberculosis, a phenomenon that occurs mostly
in humans [60]. Cavitation was also observed in guinea-pigs, rabbits and primates but not
in cattle. It is hypothesized that cattle may develop cavitation, but it is not observed due
to the detection and culling of the animals [49]. The cavitation process is a consequence
of liquefaction via a process facilitated by metalloproteinase enzymes that act on solid
caseous material [61, 62]. Bovine granulomas are classified in four stages according to
their cellular composition and degree of necrosis [7]. Stage 1 granulomas are
characterized by not having necrosis and consisting of primarily epithelioid cells, few
giant cells and some lymphocytes. Stage 4 granulomas are the ones where extensive
necrosis is observed, large number of epithelioid cells surrounded by WC1+ T cells and B
cells [57]. In experimental infections and vaccine trials using the bovine model, animals
receive a score based on their lung radiographic evaluation, where score 0 has no lesions
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and score 5 has gross coalescent lesions [63]. More details of the immune response
against myobacterial infection are discussed in subsequent sections.

The immune response against Mycobacterium spp. infection

The initial response against TB infection is characterized by the engagement of
Mycobacterium spp.(Mtb) ligand with Toll like receptors (TLR). Mycobacterium spp. has
a broad range of ligands able to induce activation of different TLRs. Among the proteins
that are TLR-2 agonist are the secreted 19 KDa lipoprotein, lipoarabinomannan and
phosphatidyl-myo-inositol. Interaction between TLR-2 and the Mtb 19KDa lipoprotein
results in production of TNFα, IL-12 and nitric oxide production in macrophages [64].
The same 19 KDa lipoprotein either from M.tuberculosis or M. bovis BCG, was shown to
promote macrophage apoptosis. Macrophage apoptosis can be considered an evasion
mechanism as a way to promote disseminated mycobacterial infection [65]. Apoptosis of
infected macrophages can also induce CD8+ T cell stimulation via cross-priming. It was
shown that apoptotic vesicles from macrophages could be internalized by bystander DCs
and further activates CTL [66]. There are reports that apoptosis may be present in more
than 50% of macrophages in the granuloma [67]. TLR-4 deficient mice did not exhibit
any compromised responses against TB, unless a high dose of Mycobacterium was used
[68]. Besides TLR-2 and TLR-4, TLR-9 was also responsible for inducing IL-12
secretion by DCs, but the same was not observed in macrophages, where TLR-2 was the
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main inducer [69]. The lack of activity by both TLR in mice seems to be linked to
tuberculosis progression [70] .

1-γδ T cells

These cells are early participants in the immune response against Mycobacterium
infection and are recruited promptly to the infected lung. In the presence of
phosphoantigens and IL-2, these cells proliferate and respond to mycobacteria infected
cells by secreting IFNγ and being cytotoxic [71, 72]. In humans a population designated
Vγ9Vδ2 appears to be the main population involved in mycobacteria response and is
present in circulating blood. Besides the secretion of IFNγ, these cells secrete TNFα and
induce IL-15 production by DCs [65]. IL-15 can further induce proliferation of CD8+ T
cells and activate NK cells. Mouse γδ T cells also proliferate 1 week after infection with
Mycobacterium spp.
Bovine γδ T cells differ from mouse and human γδ T cells, initially related to
numbers encountered in blood. They correspond to approximately 2-7% in both humans
and mice, 10-15% in cattle, but can be up to 40% in young calves from the total PBMC
population [73]. A role for the high number of these cells in young calves is related to a
possible early mechanism to produce Th1 cytokines [74]. Bovine γδ T cells use another
nomenclature, based on the Workshop Cluster 1 (WC1), and are then classified as WC1+
γδ T cells and WC1- γδ T cells. The first population is the predominant population on
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bovine blood from young and adult ruminants, and WC1- γδ T cells are predominantly
located in spleen and mammary gland [75].
Upon infection of cattle with M. bovis by intranasal route, there is an initial
decrease in the size of the population of the WC1+ γδ T cells due to migration to the
infection sites, with a subsequent expansion in the circulation [76]. Analysis of the
bovine skin (after DTH) or granulomas identified WC1+ γδ T cells as one of the primary
cells that are present [57, 77]. The rapid migration and expansion upon infection may be
considered as a primary effort to control infection against M. bovis. Even though it has
been demonstrated that these cells can produce IFNγ and TNFα, the fast response
observed upon infection might be related to the production of chemokines and other
cytokines that promote recruitment of other T cells. Depletion of WC1+ γδ T cells had
minor effect on infection, mainly related to the anatomy of the granuloma [73], and
probably related to the lack of TNFα that was secreted by this cell type. Another study
showed that besides differences in the granuloma, there was an initial decrease of IFNγ
with a potential to compromise the Th1 bias upon infection with mycobacteria in favor of
a Th2 response [78].

2- NK cells

NK cells together with γδ T cells are important players of the innate immune
response. NK cells are large granular lymphocytes, bone marrow derived, with the ability
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to lyse tumors cells, viral and bacterial infected cells [79-81]. NK cells are characterized
by expressing activating and inhibitory receptors, where action of a single or a
combination of receptors will determine the outcome of the interaction of the NK cells
with possible targets [82]. NK cells are able to distinguish normal healthy cells from
abnormal cells by using a mechanism that is dependent on the expression of MHC-I
molecules on cell surface. Activation or deactivation is dependent on expression of
several inhibitory receptors on the surface called KIR –killer cell Immunoglobulin like
receptors [83]. NK cells are not restricted to bone marrow, but are also encountered in
other organs. The origin of NK in cattle is unknown, but in mice and humans they
originate from an hematopoietic stem cell that colonizes liver, thymus, bone marrow and
spleen [84]. Different locations of the NK cells suggest an explanation why a diversity of
markers is needed in order to get a purified population from blood [84, 85].
Besides being important in the innate immune response, the interaction of NK
cells with antigen presenting cells such as DC, provides a link between innate and
adaptive immune response [86, 87]. Bovine NK cells are present in higher number in
neonates (≥ 10%) than in adults and the number decreases with age [88], similar to what
has been observed in humans [89]. NK cells are an important source of IFNγ in the
immune response against pathogens such as M. tuberculosis [90]. Upon infection of
mice with M. tuberculosis, there was a substantial increase of NK cells in the lung in the
initial 3 weeks [91]. Recruitment to lymph nodes was shown to be dependent on
chemokine receptor CXCR3 and CD62L-dependent mechanisms following activation by
DC or adjuvant [92].
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Bovine NK cells have been the subject of many recent studies. A lot of progress
in the characterization and understanding of activator/inhibitory conditions has been
clarified in the last 5 years. Much of the progress on the phenotypic and functional
characterization of bovine NK cells was advanced by the characterization of a surrogate
marker called NKp46 [82, 93] where the use of an antibody to NKp46 provides more
than 98% pure NK cells [42]. NK cells are very important in the response of bovine
neonates against infection with M. bovis. The higher number of NK cells on animals of
young age seems to provide a mechanism by which the innate immune response is able
to compensate for the immature state of the adaptive system in these animals. It is
demonstrated that neonatal vaccination of cattle and humans enhances the protection of
the BCG vaccine as compared to adults [7]. Bovine NK cells were demonstrated to be
able to restrict the replication of M. bovis in infected bovine macrophages dependent on
activation by IL-12 and IL-15 [81]. They also enhance production of IL-12 and NO by
infected macrophages, when they were previously incubated with IL-2 [94]. The
production of IL-12 can serve to stimulate the production of more IFNγ and further
activate macrophages for the killing of intracellular pathogen.
Furthermore, it is not known if different populations of NK cells can induce
different responses according to the tissue they are homing. NK cells, as CD8+ T cells
are characterized by the production of granule proteins such as perforin and granulysin.
Production and release of granules in infected cells induce lyses or apoptosis and killing
of intracellular pathogens such as Mycobacterium sp. and viruses [79, 95-100]. It is well
described that there is a cross talk between dendritic cells (DCs) and NK cells, and
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reciprocal activation via different cytokines such as type I interferon. The cross talk is
fundamental to link innate and cell immunity.

3-CD4+ and CD8+ T cells response against Mycobacterium spp.

Requirements for T cell mediated immunity against tuberculosis are well defined.
Both CD4+ and CD8+ T cells are essential to effectively control infection with M.
tuberculosis or M. bovis shown by the lack of CD4+ T cells in HIV positive patients and
the use of knock –out mice [7, 101]. CD4+ T cells are major producers of IFNγ, able to
activate macrophages and induce mycobacterial killing intracellularly [58, 102]. Besides
the production of IFNγ, both T cell populations have been shown to have important
cytotoxic function, by releasing granzymes, perforin, granulysin, and by expressing FasL. The T cell involvement on the response against tuberculosis in cattle is characterized
by a sequential mechanism initiated by the migration of γδ T cells, followed by CD4+ T
cells and later on increased involvement of CD8+T cells [76, 103]. Both CD4+ and CD8+
T cells are activated by M. tuberculosis and M. bovis. CD4+ T cells respond to MHC-II
carrying mycobacterial antigens and CD8+ T cells respond upon engagement with MHCI. Several alternative pathway theories to explain peptide load to MHC-I have been
generated. A recent review by Vyas et al., (2008) [104], suggests that soluble antigens
may be loaded to MHC-I by a process involving leaking of phagosome vesicles.
Activation of CD8+ T cells has been described after treatment with mycobacterial soluble
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antigens such as bovine PPD [76, 105] resulting in proliferation and IFNγ production by
CD8+ T cells. In summary, interplay involving γδ+, CD4+ and CD8+ T cells is essential
for the immune response against mycobacterial infection.

Mechanism of intracellular Mycobacterium killing

1-The P2X7 purinergic receptor

Mycobacteria are particularly resistant to intracellular killing mechanisms and
only succumb in vitro to the effects of granulysin or activation of the infected cell
through the P2X7 purinergic receptor [106, 107]. Binding of ATP to P2X7 purinergic
receptor induces macrophage apoptosis and mycobacteria killing. It seems that ATP
accumulates in the extracellular inflammatory fluid in a concentration sufficient to
stimulate P2X7 receptor . Several sources of ATP are reported including release from
necrotic cells, secretory granules from CTLs and export via plasma membrane ABC
transporters . Macrophages are also able to produce ATP that can be used in an autocrine
fashion by further activating themselves and induce a microbicidal activity [108]. The
ATP release from macrophages was also shown to be a consequence of M. tuberculosis
infection [109]. Even though no exact measure of ATP in the extracellular fluid has been
done, experimental evidence of ATP function is demonstrated by using 3mM of ATP.
The concentration used on in vitro studies has to be evaluated carefully. Studies using
human macrophages exposed to degranulating T cells or lysed bystander cells failed to
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control mycobacterial growth and mice lacking P2X7 receptor (P2X7 -/-) that had the
same bacterial counts as wild type mice [110].
The signaling cascade of P2X7 purinergic receptor is not fully understood, but it
was shown that several events are induced upon activation. Upon ATP-P2X7
engagement, activation of Caspase-8 by epithelial membrane protein -2, induces
macrophage apoptosis independent of events that result in mycobacteria killing [111,
112]. This last pathway is shown to be induced by activation of Phospholipase D (PLD)
and phosphatidic acid. This results in phagosome-lysosome fusion (P-L) and /or
modulation of the phagosome pH within the cells and killing of the resident mycobacteria
[111, 113]. A more recent observation shows that autophagy together with apoptosis may
be directly linked to the ATP-mediated killing of mycobacteria [112].
Other effects were also observed after ATP treatment of macrophages. In
addition to apoptosis and mycobacteria killing, upon ATP binding, P2X7 turns into a
promiscuous channel that is involved on different functions: increase of intracellular Ca++
by allowing extracellular Ca++ influx in the cell; increased permeability to molecules with
size up to 900Da; and release of K+ and other molecules [107, 109, 114, 115]. It is not
clear if Ca++ influx is an event independent of P-L fusion and mycobacteria killing
[113], but it was shown that ATP-mediated killing of mycobacteria in M. tuberculosis
infected macrophages and BCG infected human macrophages was dependent of Ca++
influx event. The role of P2X7 was also demonstrated in bovine where alveolar
macrophages and peripheral blood-derived macrophages had increased P2X7 mRNA
expression upon infection with M. bovis and responded to ATP treatment by decreased
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viability of mycobacteria. Such characteristic was not observed when inducing
complement mediated lysis of macrophages or cross-linking CD95 (Fas-L) [107].
In addition to the above described effects of P2X7 activation, T cells seem to
respond to ATP binding on the receptor by also forming a promiscuous pore that
ultimately can induce cell death [116]. Macrophages treated with concentrations lower
than 3mM were shown to release IL-1β or result in multinucleated cells [117-119].
When added, all ATP- P2X7 binding effects seem to converge on an effort to eliminate
cells infected with microorganisms that can potentially evade the immune system, and
may act concomitant to the action of IFNγ and nitric oxide. To better understand the
effects of P2X7 activation, please refer to Illustration 1 (page 24).

2-Nitric oxide

Nitric oxide (NO) is another very important molecule in the cell mediated
response against mycobacterial infection. Nitric oxide is a product of, but not restricted
to, macrophages activated either by cytokines or bacterial products such as LPS or both.
It is derived from L-arginine and enzymatic activity of the nitric oxide synthase (NOS).
NO has several other functions, not being restricted to the killing of pathogens. It can be
produced in response to tumors, necrosis and functions in other cells as a molecule that
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Illustration 1: The P2X7 pathway. 1.ATP is released in the extracellular environment
through T cell secreted granules, or necrotic cells, or exported by plasma membrane ABC
transporters or from the own infected macrophage. 2. ATP binds to P2X7 receptor. 3. A
signaling cascade starts by inducing and influx of extracellular Ca++ and increases the
intracellular Ca++. 4. Macrophage apoptosis is induced via activation of caspase-8. 5.
Non-selective pores are created on the cell membrane and Phospholypase D (PLD)
pathway is activated. 6. PLD activation leads to phosphatidic acid increase and
phagolysosome fusion (P-L). 7. Mycobacteria are killed in response to acidification and
P-L fusion. Macrophage apoptosis and killing of intracellular mycobacteria can now be
engulfed by Dendritic cells and prime T cells via cross presentation. Adapted from
references [107, 111, 113, 120].
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stimulates cytokine production such as IL-1, IL-6, IL-10 and IL-12 [121]. NO activation
conditions changes depending on the species. In mice and humans, IFNγ associated with
a response to LPS seems to be enough to elicit an antimicrobial effect [122]. In cattle,
IFNγ alone was not able to induce or induced low levels of NO in bovine monocytederived macrophages and alveolar macrophages, but NO was observed when cells were
treated with IFNγ and exposed to LPS [123]. In humans, NO is not induced by either
IFNγ and/or LPS. On the other hand, it has been shown that IL-4 and anti-CD23 or
IFNα/β were more successful on inducing NO [124]. Please refer to illustration 2 (pg.
34) for better understanding of this mechanism.

3-Granulysin

Granulysin was initially identified in effector T cells by subtractive hybridization
[125]. Granulysin is a cationic protein with broad spectrum antimicrobial activity,
including gram negative and gram positive bacteria, protozoa, fungi, and parasites [95,
99, 106, 126, 127] One of the most important antimicrobial activities associated with
granulysin is the ability to directly kill mycobacteria in vitro [128]. Granulysin is
expressed by various human effector populations including CD4+, CD8+ WC1+γδ T cells
and NK cells [125, 129]. The molecular structure of granulysin indicates that it is a
member of the saposin-like protein family [130] and is characterized by having a five
helix bundle as demonstrated for other proteins of the same family [131]. Much of the
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lytic activities of granulysin were demonstrated based on the use of peptides derived from
the granulysin sequence [126, 127, 132]. These peptides were demonstrated to have high
cytotoxic/broad spectrum antimicrobial activity against both gram positive and gram
negative bacteria [97, 106, 133]. Homologues of granulysin have been characterized for
several species, including pigs, horses and cattle [79, 95, 134]. The gene for granulysin
has not been identified in any rodent species to date, restricting the use of gene deficient
animals for in vivo studies. The bovine homologue of granulysin, based on nucleotide and
amino acid sequences, exhibits a relatively high degree of conservation of functional
domains with the other granulysin homologues, including a predicted 5 helix bundle and
demonstrated antimicrobial activity against several types of bacteria such as E. coli and
M. bovis BCG [79].
Importantly, cytotoxic activity by T lymphocytes against M. bovis BCG infected
macrophages correlates to increased expression of granulysin in human T cells isolated
from the peripheral blood of PPD reactive subjects [135]. Successful chemotherapy in
pediatric tuberculosis patients has also been correlated with increased expression of
granulysin by peripheral blood leukocytes [97, 136]. Mycobacterium leprae (M. leprae)
specific CD4+ T cell clones express greater amounts of granulysin following in vitro
antigen exposure while greater levels of perforin are expressed by M. leprae specific
CD8+ T cell clones [137]. Expression of granulysin by CD4+ T lymphocytes in contact
with M. leprae infected macrophages in that study was associated with containment of
the leprosy lesion. The human Vγ9δ2 gamma delta T cell subset proliferates dramatically
in response to mycobacterial antigens. The proliferative capacity of this gamma delta T
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cell subset however, correlates to establishment of chronic tuberculosis infection while
expression of IFNγ and granulysin by the same cells correlate to recovery [136]. To
better understand the granulysin mechanism of release and action, please refer to
Illustration 3 (pg 35).

Other mechanisms involved in cell mediated immunity against mycobacterial
infection

1- Fas ligand ( Fas-L)

Fas-L is a type II transmembrane protein of 40 KDa that belongs to the tumor
necrosis factor superfamily (TNF). Fas-L is one of the effector mechanism involved in
target cell killing by T cells and NK cells, together with the release of cytotoxic granules
which include granulysin, perforin and granzymes [138]. Besides being encountered as a
transmembrane protein, Fas-L can also be found as a soluble factor. This soluble factor
exists as a trimer [139, 140] and can be either cleaved from a transmembrane Fas-L by
metalloproteinases or released as a soluble from T cell granules [140]. Coupling of Fas-L
–Fas triggers the so called death-inducing signaling complex (DISC) and recruitment of
the adapter molecule Fas associated protein with death domain (FADD). This will further
recruit procaspase 8 and induce apoptosis of the cell [138, 141-143]. Besides eliminating
potentially harmful cells, Fas-L is also involved on the control of other cells, such as B or
T cells. This process is important in limiting excess proliferation of these cells in the
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periphery after elimination of an antigen [138]. It was shown also that Fas-L-Fas is
involved on the negative selection that occurs in the thymus, but this process also
involves other TNF-Receptors such as TNF-R1 and TNF-R2 [144, 145].
The activation of the surface expression of Fas-L in T cells is dependent on TCR
engagement with MHC and participation of co-stimulatory molecules CD80/CD86CD28. Expression of Fas-L upon engagement of these receptors-co-receptors is
dependent on the binding of the nuclear factor of activated T cells (NFAT) to the Fas-L
gene [146]. Several other proteins have been shown to be involved on Fas-L transcription
including NFkB and proteins from the interferon transcription family such as IRF-1 and
IRF-2 [147].

2- Granzymes and Perforin

The granzyme family is composed of a series of proteins with serine protease
characteristics. Granzymes are classified in various categories by their activities, and
their presence is variable depending on the species. Granzymes A, B, H, K and M were
found in humans and granzymes A, B, C, D, E, F, G, K, L, M and N were found in mice.
Granzymes A and B are the most abundant granzymes and are by consequence the most
studied [148]. The action of granzymes was shown to be dependent of perforin, where it
creates a pore on the plasma membrane of the target cells allowing granzymes and
granulysin to enter the cells, but it is also proposed that granzymes can enter the cell via
endosomes, a charge based process, where further action of perforin allows it to be
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released into the cytoplasm [149, 150]. It is also proposed that granzyme B uses the
mannose-6 phosphate receptor as a way to enter the cell but there is extensive debate on
proving this concept [151].
Granzyme B is present in CTL and NK cell granules where it is responsible for
inducing apoptosis via proteolysis of several substrates. Granzyme B uses both caspase
activation and mitochondrial permeabilization to induce apoptosis of the cell. The
Caspase mediated pathway starts with the cleavage of pro-caspase 8 by Granzyme B after
aspartic acid residues [152]. The process that results in mitochondrial damage is
performed by granzyme B action on the Bid (BH3 Interacting Domain Death Agonist
Protein) protein with further oligomerization of Bax (Bcl-2 Associated X Protein) and
Bak (Bcl-2 Homologous Antagonist-Killer Protein) in the outer mitochondrial membrane.
This results on the release of cytochrome C and assembly of the apoptosome [153].
Granzyme B apoptosis induction seems to be preferentially done by cleaving caspases in
mice as in humans, but both caspase and Bid cleavage processes are used [154].
Granzyme A is also responsible for inducing apoptosis, but via a slower process
than Granzyme B. The process maybe related to different substrates used by granzyme A
in comparison to granzyme B. Depolarization of the mitochondrial membrane has also
been shown, which results in a rapid increase of reactive oxygen species and killing of
the cell [155]. In regard to the other granzymes of mice or humans not much is known,
but some findings have been very interesting showing target cell killing by a pathway
independent of granzyme A or B. Granzyme H has been shown to induce chromosome
condensation and nuclear fragmentation together with mitochondrial depolarization and
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production of reactive oxygen species, all independent of using caspase or Bid as
substrates [156]. The divergent pathways used by granzymes in different species cannot
be considered as independent events, but maybe better understood as a complex
mechanism of action, where different granules can exert the same function at the same
time in a redundant way to control infection and protect other cells from being infected.
The last granule protein discussed here is perforin, an essential lymphocyte
effector molecule. The lack of this molecule in both mice and humans results in drastic
consequences with severe immune deficiencies or disorders in the lymphoid and myeloid
system [157]. As mentioned before, perforin facilitates the entry of granzymes and
granulysin into the target cells by forming pores in the cell membrane [158, 159].
Perforin is around 67 KDa, and its expression is regulated by lymphocyte activation
receptors and cytokines [160]. Biosynthesis and storage of perforin have interesting
characteristics. Once synthesized, it is carried by calreticulin to lysosomes, where an
acidic pH promotes cysteine protease cleavage, when it is then further released. The
whole process of transporting perforin and safe-guarding it promotes the safety of the
cells that produce it [161]. Once released from the T/NK cell, perforin will encounter a
neutral pH that will release it from its carrier, and promote aggregation and action in the
target cell membrane by a Ca++ dependent mechanism [162, 163]. After multimerization
and pore forming, granzymes and granulysin can use these pores as a passage tunnel to
the cell cytoplasm. The granzyme A and B, as well as perforin pathways are shown on
Illustration 3 (Page 35).
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Measurement of immune correlates of protection following vaccination

The development of better vaccines against TB culminates with the development
of reliable prognostic indicators of a protective immunity following vaccination. A more
recent definition of correlates of protection is called biomarkers. Biomarkers are defined
as a set of characteristics that objectively measures and evaluates as an indicator of
normal biological processes, pathogenic processes or pharmacological responses to a
therapeutic intervention [164]. The biomarker term does not need to constitute a single
molecule but a combination of other indicators that will classify an individual of a group.
The current biomarkers used to evaluate protection upon vaccination against TB are IFNγ
secretion and leukocyte proliferation and increasing evidence demonstrates that they are
not adequate [136, 165-168]. Tests used to discriminate between BCG-vaccinated and
M. tuberculosis infected individuals also need to be developed and improved for rapid
identification of infected subjects with high specificity. The worldwide used tuberculin
skin test does not discriminate between subjects vaccinated with BCG and infected with
Mtb [169]. A new test based on the measurement of the response against 2
Mycobacterium spp. secreted proteins (ESAT-6 and CFP-10) present a potential solution
for this problem [170].
The frequent lack of association between protection from challenge and the
secretion of IFNγ or leukocyte proliferation following in vitro antigen exposure, indicates
the need to identify additional prognostic indicators. Other potential correlates under
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evaluation are related to the analysis of cytokines secreted by T cell sub-populations after
antigen specific stimulation [164]. It is clear that protection after vaccination from TB
cannot be measured by a single marker. Instead several markers added to the current
IFNγ have to be used. In our approach, we are examining the potential use of granulysin
and perforin as potential biomarkers of protection in association with IFNγ.

BCG and other vaccines against tuberculosis

BCG has a long history as a vaccine given to neonates, due to several advantages
such as protecting against milliary tuberculosis. However, BCG presents variable
efficacy, it does not provide protection against adult lung tuberculosis, and cannot be
used in immunocompromised patients [171, 172]. Efforts are in progress to develop new
vaccines against TB, based either on pre-exposure to environmental mycobacteria or a
boosting effect later in life with previous BCG vaccination. The use of DNA vaccines has
shown promising results either in bovine or mice as potent adjuvants [166, 173]
(Appendix 3). DNA vaccines elicited both cell-mediated and humoral responses to
encoded antigens and are an option as a boosting strategy such as in
immunocompromised individuals [174, 175]. Vaccination in cattle with BCG and coadministration of rFLT-3L and rGM-CSF enhanced CD4+ T cell response [176]. Some
problems exist related to DNA vaccines in large animals, such as high amounts of DNA
delivered in multiple doses [177]. Another potential strategy using BCG is based on
priming with BCG and boosting with a modified vaccinia virus that express
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mycobcaterial antigen Ag85A [178-181]. This vaccine is currently in Phase II clinical
trials in humans in Africa. Work published by our group showed enhanced protection
when a DNA vaccine based on CD80 and CD86 or ESAT-6/CFP-10 was co-administered
with BCG [166, 182].
Several mycobacterial mutants have been shown to be an option for vaccination.
Auxotroph mutants of M. bovis or M. tuberculosis constructed based on deletion of
genes that abrogate growth of the pathogen, but maintains its effect as a potent vaccine.
Auxotroph mutants of M. tuberculosis showed protection in mice and guinea-pigs upon
challenge with virulent M. tuberculosis [183, 184] or M. bovis [185]. More recently, an
autoxtrophic vaccine candidate, characterized by lacking RD1 and the panthothenate
pathway (∆RD1∆panCD), and designated mc26030, failed to protect in our bovine model.
The same strain tested in monkeys also did not elicit protection [63]. In our studies we
are using another potential vaccine candidate called M. bovis ∆RD1 (Appendix2). The
strain has the same characteristics of the gold standard BCG, and it is expected to have
same vaccine efficacy as BCG. If successful, the strain will be used for further deletions
and tested on our bovine model. Overall, vaccines that elicit similar response in bovine
neonates and primates can be considered as a potential vaccine candidate for children.
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Illustration 2: Nitric oxide production pathway. (1) Uptake of mycobacteria by
macrophages and/or Dendritic cells will result in cytokine, chemokine gene expression,
such as IL-12 and IL-18. (2) In response to IL-12 and/or IL-18, T cells and NK cells will
produce IFNγ, a potent macrophage activator (3). (4) Binding of IFNγ to the receptor
(IFNGR1/IFNGR2) results in the activation of several pathways including IFNγ and
NADPH protein complex gene expression (5) and increased expression of MHC-I, MHCII and co-stimulatory molecules (7). (6) Formation of the NADPH complex induces the
production of Nitric Oxide radical by activation of the enzyme Nitric oxide synthase and
further mycobacterial death (8-9). Adapted from references [42, 64, 94, 121, 186-193].
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Illustration 3: Cytotoxic granule release pathway. (1) Upon the encounter of a T cell
with the macrophage and formation of the immunological synapse, T cells (CD4+ or
CD8+) recognize the antigen via their MHC-II or MHC-I (depicted on this cartoon). (2)
The further activation of the T cells induces the release of cytotoxic granules on the
immunological synapse clef. (3) Perforin, a pore forming granule promotes a passage for
granzymes and granulysin to enter the cell. (4) Potential pathway involving entrance of
granzymes and granulysin into the target cell cytoplasm (in this case, a macrophage)
independent of perforin were shown for granzymes (5) and may possibly be involved on
granulysin (6). The action of granzymes will ultimately result in apoptosis induction by
cleavage o pro-caspases or damage of the mitochondrial membrane (8). Granulysin once
inside the cell will promote killing of Mycobacterium tuberculosis /M. bovis (9). The
combined action of all cytotoxic granules will result in the killing of the macrophage and
of the pathogen. Cartoon adapted from information from the following references [81, 95,
98, 106, 126, 128, 153, 157, 160, 161, 194-203].
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Animal models to study tuberculosis and to evaluate vaccines

Several animal models are used to study human tuberculosis, including mice,
guinea-pigs, rabbits, cattle and monkeys, but each model has its own limitation. Guineapigs and rabbits are good models to study TB pathogenesis, mimicking several aspects of
the pathology present in humans such as cavitation [204]. The problem with these 2
models is that they are highly susceptible to fatal disease [55, 205]. Taking in
consideration the cost of the animal model, mice are the ones most affordable and easy to
handle. Other advantages of using mice are the number of reagents available and the
genetic manipulation that can be done on this species such as gene knockout [206, 207].
The disadvantages of using mice include their natural resistance to TB, differences in
granuloma formation which is characterized by lack of organization and classical
structure [55]; different repertoire of ligands for γδ T cells, lack of group 1 CD1
molecules and lack of the gene that encodes granulysin [207]. Due to the natural
resistance of mice to TB, latency studies are difficult to perform, unless combined with
chemotherapeutic treatment [208-210]. In experimentally infected mice, the pathogen
replicates for 2-3 weeks and then persists to a constant titer (between 104 and 106 cfu) for
up to 12 months [55, 211].
Following the use of mice as a model, guinea-pig and non-human primates are the
next ones in the progression to human trials. Guinea-pigs are less expensive as compared
to non-human primates, but the lack of reagents, and special requirements regarding
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husbandry of these animals, are some of the limitations of their use. Guinea-pigs have
been extensively used to test vaccine potency and biological standardization of tuberculin
before human testing, as well as the testing of new drugs against TB [205, 210]; and are
excellent models to study pathogenesis and the TB pathology, since they have several
aspects that are similar to humans. Rabbits also follow the line of guinea-pigs, with
similar pathology to humans but they also lack immunological reagents, and require more
space and care as compared to mice and guinea-pigs [210].
Another potential model that could be used to study pathogenesis, vaccine
efficacy and reactivation, is the bovine model. As discussed earlier, cattle present several
similarities to humans in terms of the immune response, pathogenesis, and the variable
efficacy of BCG [49, 212, 213]. Other characteristics are the characterization of bovine
homologues of granulysin, present in humans and absent in mice, and perforin [79], as
well as vaccine trials of vaccine candidates that show similar results in bovine and in
non-human primates [63]. The use of the bovine model is further strengthened by results
presented in the current work, where potential new correlates of protection have been
evaluated. The primate model is the best model to be used, since it is the one that more
closely resembles what happens in human TB. The main problem with the use of nonhuman primates is the cost for both acquisition and maintenance of the animals, as well
as ethical considerations.
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The neonate immune response and the bovine neonate model

Neonates are the first target for BCG vaccination and a complete understanding of
the immune response in these animals needs to be carefully evaluated. The study of
vaccines in neonate humans becomes difficult, since there are no reliable correlates of
protection and studies that could evaluate natural exposure to mycobacteria would take
several years to be done and most important of all, is the ethical consideration. Neonatal
cattle offer several advantages such as exposure to environmental mycobacteria early in
life, immunocompetency at birth and the ability to challenge the animals [213]. Evidence
suggests that neonate cattle have higher number of NK cells and γδ T cells in the total T
cell population when compared to adult cattle [81]. Bovine TB is caused by M. bovis
which is characterized by similar pathology and immune responses when compared with
M. tuberculosis infection in humans. A study in dairy calves showed a strong cellmediated immune response upon vaccination with BCG, as generated in humans at
comparable stages of development. The same study in calves showed comparable cellmediated immune response with adults [214]. The experimental use of BCG vaccination
in cattle also showed a variable efficacy as observed in innumerable human studies
[165]. As occurs in humans, TB was demonstrated to be localized in the respiratory tract
with a very slow course of infection when cattle were aerosol-inoculated [215]. TB in
humans can be caused by both M. tuberculosis and by M. bovis (pathogen of cattle), but
as observed in humans, there is no cavitation present in bovine TB infections [212].
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Therefore, there is also a concern about vaccination strategies in cattle that can prevent
human infections in places where both species are in more close contact. It is not fully
understood if the immune response in the lungs of cattle is different than the one in
humans, since there might be differences in the specific T cell populations such as γδ T
cells [212, 213].

Hypothesis, specific aims, rationale and significance of our studies

It is our hypothesis that Granulysin expression patterns in different T cell
populations is affected by vaccination against tuberculosis (TB) and after challenge
with virulent M. bovis, and that granulysin expression will positively correlate with
protection against TB. To provide evidence and give support to our hypothesis we
divided this study in three specific aims: (1) Characterize the kinetics and specific
activation conditions of Bo-lysin (bovine granulysin) expression in activated bovine
lymphocyte populations in parallel with perforin, IFNγ and Fas-L; (2) Evaluate the
potential use of granulysin as a correlate of protection following vaccination with
Mycobacterium bovis BCG and M. bovis ∆RD1, and challenge with virulent M. bovis;
(3) Examine the expression of granulysin in parallel with IFNγ, perforin and Fas-L
at the sites of infection of M. bovis.
The significance and rationale of our studies is initially based on the importance
of TB as a public health problem, the variable protection elicited by BCG and the lack of
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vaccines that can surpass BCG’s efficacy. One important gap in the field of vaccine
development for TB is the lack of correlates of protection other than IFNγ and T cell
proliferation assays. Once better correlates of protection following vaccination for TB are
characterized, vaccine trials can be shortened, the challenge with virulent strains can be
avoided and multiple vaccines can be tested. As discussed in this manuscript, it is not
clear if cytotoxic granules such as granulysin and perforin have the potential for being
correlates of protection. Reports of granulysin gene in humans and in bovine, but the lack
of granulysin gene in rodent species, suggests the bovine model can be used to examine
this molecule as a correlate of protection and discards the possibility of granulysin gene
knock-out mice. There is limited information on granulysin kinetics and regulation in the
different T cell populations, especially in the bovine model. Activation requirements will
be important in determining its use as a correlate of protection after vaccination against
TB as compared to other important mediators of Th1 response and responsible for
mycobacteria infected cell death, such as IFNγ, perforin and Fas-L.
Nevertheless, studies looking at a vaccine response at different time points postvaccination/pre-challenge and post-challenge are difficult to be performed due to the
requirement of BSL-3 facilities and trained people to perform these studies. At the
National Animal Disease Center in Ames, IA, we have the proper facilities and trained
people to make these studies possible.
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CHAPTER 2
MATERIALS AND METHODS
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Animals, immunization and challenge procedures

All immunizations and challenge procedures were conducted at the National
Animal Disease Center, Ames, IA and were approved by the Institutional Animal Care
and Use Committee of the National Animal Disease Center. BCG- and non-vaccinated
animals were obtained as previously described [216]. The vaccine trial consisted of the
following groups: non-vaccinated (n=4), 1.8 X 105 cfu BCG-Danish vaccinated (n=4) and
1.8 X 105 cfu of M. bovis ∆RD1 vaccinated (Ravenel strain) (n=4). Vaccine groups were
vaccinated at 2 weeks of age and were challenged by aerosol inoculation as previously
described [63, 215] with 1.6 X103 cfu of M. bovis originally isolated from a white-tailed
deer in Michigan [5]. All procedures were performed in BSL-3 facilities following strict
BSL-3 safety protocols.

Isolation of Peripheral Blood Mononuclear cells (PBMC) and stimulation
conditions.

Peripheral blood mononuclear cells (PBMC) were isolated as described
previously [216] from 4 healthy bovine donors and from 4 M. bovis BCG-vaccinated
animals. The different T cell populations- CD4, CD8 and γδ T cells- were enriched using
an AutoMACS (Miltenyi Biotech, Bergisch Gladbach, Germany) cell separation system
and antibodies to bovine anti-CD4, CD8 and γδ T cells (VMRD, Pullman, WA) and
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magnetic bead-conjugated rat anti-mouse IgG1 and rat anti-mouse IgG2 as appropriate.
Monocytes were sorted by the same method using human anti-CD14 microbeads, and
were cultured for 12 h, with 1400U/ml of recombinant human GM-CSF prior to adding
the T cells. Each T cell population was analyzed for purity by flow cytometry as shown
in Figure 1. For the antigen specific stimulation, bovine macrophages were pulsed with
5µg/ml of M. bovis PPD for 8h, prior to addition of purified T cells (106 cells/ml). T cells
were exposed to PPD pulsed macrophages (1:5 ratio) for different time points (0, 4, 12,
24, 48 and 72 hours) and then were harvested for RNA extraction and cDNA synthesis.
Mitogen stimulation was performed by adding 10ng/ml of phorbol myristic acetate
(PMA; Sigma Chemical, St. Louis, MO) and 1 µg/ml of ionomycin (Sigma) to the T cells
[79]. Mitogen-stimulated T cells were harvested at the same time points as for the antigen
specific treatment. For the vaccine trial, blood samples were collected at 3, 2 and 1 week
before challenge and 2 weeks after challenge. PBMCs were purified from 50 ml of whole
blood from 12 animals (4 from each treatment group: BCG vaccinated n=4, ∆RD1 n=4
and non-vaccinated controls n=4) by Accuprep (Accurate Chemical, Westbury, NY)
density gradient. Purified PBMCs were plated at 106 cells/ml of complete RPMI 1640
supplemented with 10% FBS, 2 mM L glutamine, 1 mM sodium pyruvate, 0.1 mM
nonessential amino acids, and penicillin-streptomycin (Life Technologies, Grand Island,
NY). Cells were either non-stimulated or stimulated with 20µg/ml of bovine PPD, or
mitogen stimulated with 10ng/ml of PMA and 1 µg/ml of Ionomycin, for 5 days. Cells
for FACS analysis and for mRNA extraction were harvested on each of the time points.
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Vaccine efficacy evaluation

Vaccine efficacy was measured by using different parameters: bacterial recovery,
mean disease score and lung radiographic analysis as previously described [63]. Briefly,
following necropsy at approximately 4.5 months after challenge, gross pathology was
evaluated in the lungs and lymph nodes. For quantitative assessment of mycobacterial
burden, tracheobronchial lymph nodes were removed, weighed, and homogenized in
phenol red nutrient broth using a blender (Oster, Shelton, CT). Logarithmic dilutions
(100-10-9) of homogenates in PBS were plated in 100 µl aliquots plated on Middlebrook
7H11 selective agar plates (Becton Dickinson, San Diego, CA) and incubated for 8 weeks
at 37°C. Data are presented as mean (± standard error) cfu per gram of tissue. To provide
additional information regarding the extent of the lung lesions, we individually
radiographed each lung as described [63, 166]. Affected areas were divided by total lung
area then multiplied by 100 to determine percent affected lung. Using combined data
from each lung lobe, results for individual animals are presented as the mean (± standard
error) percentage of affected lung.

Flow cytometric analysis (FACS)

Cells were treated with brefeldin A (BD Pharmingen, San Diego, CA) during the
last 5 h of culture prior to FACS analysis. Surface labeling was performed using the
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following bovine specific antibodies: anti-CD3ε, CD4, CD8 or γδ TCR (MM1A,
CACT138A, CACT80C and GB21A, VMRD) and secondary PE –conjugated antibodies
rat anti-mouse IgG1 and rat anti-mouse IgG2a+b (BD Biosciences, , San Diego, CA).
Intracellular staining was performed by using Cytofix/cytoperm reagents (BD
Biosciences) according to manufacturers protocol and antibodies to bovine IFNγ-FITC
(Serotec, Raleigh, NC) or an antibody to human perforin, cross reactive to bovine
perforin (BD biosciences) [79]. Samples were fixed using 4% buffered paraformaldehyde
prior to collection with a FACScan flow cytometer (BD Biosciences). Analysis was
performed using CellQuest Software (BD biosciences). Flow cytometric analysis of
perforin and IFNγ was based on gating on T cell subset.

IFN-γ ELISA

ELISA for IFN-γ was measured as published before by Waters et al. (2007)[63].
Briefly, PBMC were seeded at 5 x 105 cells in a total volume of 200 µl per well and were
further stimulated with 10 µg/ml M. bovis PPD or medium alone (no stimulation) for 48 h
at 38°C in 5% CO2. Culture supernatants were harvested and stored at -80°C until thawed
for analysis by an ELISA kit (Bovigam, Prionics AG). Concentrations of IFN-γ in test
samples were determined by comparing absorbances of test samples with absorbance’s of
standards within a linear curve fit. Mean IFN-γ concentrations (ng/ml) produced in 48-hr
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cultures in response to antigen minus concentrations in non-stimulated cultures (i.e., ∆
IFN-γ) are presented.

RNA extraction and Real- time RT-PCR

RNA extraction was performed using the RNeasy extraction kit (Qiagen,
Valencia, CA) and cDNA synthesis was performed as previously described [216, 217].
Differences in gene expression were determined by using bovine specific primers and
probes for Granulysin [216], IFNγ forward 5'- CAG AAA GCG GAA GAG AAG TCA
GA -3' reverse 5'- CAG GCA GGA GGA CCA TTA CG -3' and probe TCT CTT TCG
AGG CCG GAG AGC ATC A, perforin, forward 5’-TTC GCC GCC CAG AAG AC -3’,
reverse 5’-CAC TCC ACT AAG TCC ATG CTG AA -3’, and probe 5’-ACC AGG ACA
ACT ACC G -3’labeled with FAM, Fas-L, forward 5’- CAA GGT CTT ACT CCA GGA
ACT TTA GG-3’, reverse 5’- TTC ATC ATC TTC CCC TCA TCA GT-3’, and probe
5’- ACC CCC AGG ACA TG-3’ (Applied Biosystems, Foster City, CA). Gene
expression was determined using an ABI PRISM 7000 sequence detector (Real-Time
PCR Core Facility, UTMB, Galveston, TX). Equivalent RNA template was based on the
amplification of ribosomal RNA.
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Antibody production

To generate monoclonal antibodies (mAb) to bovine granulysin, four Balb/c mice
(Jackson Laboratories, Bar Harbor, ME) were immunized with granulysin peptide
conjugated to keyhole limpet hemocyanin (KLH). Non-conjugated peptide, peptide
conjugated to KLH, and peptide conjugated to bovine serum albumin were purchased
from Sigma-Genosys. The peptide sequence of bovine granulysin
(IQHLMDKLGDQPDENTC) used to generate the mAb is conserved among the bovine
granulysin 62 and 89 variants [79]. Mice were immunized i.m. with 3 doses of 25 µg of
peptide conjugated to KLH, mixed equally with Incomplete Freund’s Adjuvant (IFA) and
with 1 dose of peptide mixed equally with IFA. Sera from immunized mice was obtained
by using the submandibular bleeding method with a lancet [218], and screened for
specificity to granulysin peptides conjugated to BSA by ELISA. Splenocytes from mice
were fused with mouse myeloma CRL 1580 (ATCC, Manassas, VA) using polyethylene
glycol and fusions selected by growth in HAT media (Sigma, St. Louis, MO). Hybridoma
populations were screened for immunoglobulin production by ELISA. Purified
immunoglobulin was analyzed for granulysin specificity by ELISA and immunoblot
using lysates from PBMC.
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Western blotting

PBMC or purified CD4+ and CD8+ T cells (2 x 106 cells) isolated from PBMC
were stimulated with 20µg/ml of bovine PPD or left unstimulated and cell pellets were
harvested at 0, 3, 5 and 10 days after stimulation. Purity of both T cell populations was
examined by flow cytometry and is shown in Figure 1. Total cell pellets were frozen at 80°C until used for Western blotting. Detection of granulysin was performed by using an
antibody to bovine granulysin (anti-granulysin) and an anti mouse- IgM-HRP conjugated
antibody. Total protein from each sample was measured by BCA protein assay kit
(Pierce, Rockford, IL) and β-actin was used as loading control by using a β-actin
antibody (Sigma-Aldrich).

Tissue analysis

Mediastinal lymph node from Control non-vaccinated (n=4), M bovis BCGvaccinated (n=4), and M bovis ∆RD1-vaccinated (n=4) animals were collected in RNAse
free conditions at necropsy, snap frozen in liquid nitrogen and stored at -80C. Collected
tissues were γ-irradiated at 3000 rads on dry ice for safety issues. Total RNA was isolated
from approximately 1 gram of tissue using Qiagen RNA extraction kit (Qiagen, Valencia,
CA). Resulting mRNA was used for cDNA synthesis and Gene expression was measured
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for bo-lysin, perforin, IFNγ and Fas-L by Quantitative Real-Time PCR. Relative
expression on each tissue was calculated using the ribosomal RNA as the internal control.

Statistics

Statistical analysis was performed using GraphPad Prism 4 ® (La Jolla, CA).
Data were analyzed by 1 way ANOVA for significant effects and significant differences
among individual treatment groups were determined using a Student’s t test. A Spearman
Correlation was used to analyze cytokine gene expression with the different pathology
parameters in the different vaccine groups. Values for p < 0.05 were considered
significant.
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CHAPTER 3
KINETICS AND SPECIFIC ACTIVATION CONDITIONS OF BOLYSIN EXPRESSION IN ACTIVATED BOVINE LYMPHOCYTE
POPULATIONS IN PARALLEL WITH PERFORIN, IFNγ AND FASL
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INTRODUCTION

The increasing rates of TB worldwide and the variable efficacy of the current
vaccine against TB demand the development of better vaccines against TB. The lack of a
vaccine that can be used in HIV infected patients also adds to the request for a better
vaccine that can be used in this increasing population. The lack of correlates of protection
better than IFNγ also demands the characterization and development of better tools to
evaluate vaccine candidates against TB [219-221]. In our first aim we are looking at the
kinetics of the cytotoxic granule proteins granulysin and perforin in parallel with the
surrogate marker IFNγ and also Fas-L. The characterization of granulysin in the bovine
species together with the important antimicrobial properties exhibited by granulysin
against M. tuberculosis and M. bovis, suggests its potential as a correlate of protection
following vaccination against these pathogens [79].
Further understanding of the kinetics of gene and protein expression of bovine
granulysin in the different T cell populations will yield important information to be
applied in the evaluation of vaccine trials in both bovine and humans.
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RESULTS

Granulysin is upregulated in CD4+ and CD8+ T cells after vaccination with BCG

Bovine granulysin was previously demonstrated by our laboratory to be expressed
in bovine CD4+T cells, CD8+Tcells and WC1+γδ T cells, including BCG-specific CD4+T
cells cultured with PPD-pulsed macrophages from vaccinated animals [216] and in
granulomas from M. bovis infected cattle [79]. Based on these observations we sought to
determine expression kinetics and antigen specificity of this anti-mycobacterial molecule
relative to other effector molecules in different T cell populations from vaccinated and
non-vaccinated animals. Upon stimulation with bovine PPD-pulsed macrophages,
granulysin expression was observed as early as 24 h post stimulation in CD4+T cells and
as early as 12 h in CD8+T cells in BCG-vaccinates (Fig. 2A-2B). Expression of
granulysin mRNA upon an antigen specific stimulation was significantly increased (> 50
fold difference) in BCG-vaccinates as compared to non-vaccinates at 48h in CD4+T cells
(P< 0.05). Similar results were found when examining CD8+T cells, where granulysin
expression was significantly greater (> 50 fold at 12h to 90 fold difference at 48h) in
BCG-vaccinates as compared to non-vaccinates (P<0.05). In comparison to granulysin
expression, perforin was expressed later (72h) in all T cell populations upon antigen
stimulation. These findings corroborate our previous findings that perforin appears to be
a late activation molecule in cattle [79], being transcribed 3-5 days after antigen
stimulation in BCG-vaccinates (Fig. 2A and Fig. 3). Granulysin transcripts were not
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significantly expressed in γδ T cells obtained from BCG-vaccinates (Fig. 2C). IFNγ was
significantly higher in BCG vaccinates as compared non-vaccinates in both CD4+ and
CD8+ T cells from 4 to 72 hours of antigen stimulation (P<0.05) (Fig. 2A-2B). Fas-L was
observed at or below baseline levels (< 1fold) in all T cell populations.
Polyclonal stimulation with PMA and Ionomycin significantly increased perforin,
IFNγ and Fas-L expression by PBMC from BCG- and non-vaccinates. As we have
previously observed in bovine CD4+ T cells [216] granulysin mRNA expression upon
polyclonal stimulation was lower than PPD-elicited responses in all tested T cell
populations evaluated (Fig. 2A-2C).

Granulysin, perforin and IFNγ proteins increase upon vaccination with BCG

To better correlate the results from our gene expression analysis with cellassociated protein expression for select markers, we used flow cytometry to measure the
percentage of cells that were either perforin and/or IFNγ positive following PPD
stimulation. Cells that were positive for perforin and/or IFNγ increased over time post
activation (Fig. 3). The majority of the antigen-specific perforin-positive cells were
detected only at 5 days following stimulation but no significant differences were
observed between BCG vaccinated and non-vaccinated animals. In contrast, IFNγpositive cells were present relatively early after stimulation (1 day of stimulation),
comprising more than 4% of the total CD8+ T cell population at 5 days. Even though we
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did not observe statistically significant differences between BCG vaccinated and nonvaccinated animals, a careful comparison between animal groups showed that there was a
difference of 1-2% at 5 days of stimulation, which corresponds to a relatively high
number of antigen specific T cells (Fig. 3A). Such differences are depicted on
representative flow plots comparing intracellular perforin and IFNγ in purified CD8+T
cells after 5 days of stimulation (Fig. 3B).
To further correlate gene expression profile of granulysin with protein, we used
an immunoblot approach to detect granulysin in PBMC lysates previously stimulated
with bovine PPD and compared that to the gene expression profile of granulysin in nonstimulated and antigen-specific stimulated PBMCs. To further examine the variability in
granulysin expression between BCG vaccinated and non-vaccinated animals we analyzed
protein expression in cell lysates from 3 BCG vaccinated and 3 untreated animals (Figure
4). Previous reports in humans evaluating granulysin expression in purified CD4+T cells
[195] or PBMCs [222] indicated that granulysin was expressed relatively late following
activation (no earlier than 5 days after IL-2 stimulation). We observed both granulysin
precursors and cleaved active proteins of 15 and 9 KDa respectively present at initial time
points in freshly harvested cells (zero hours post-stimulation) in 2 of 3 BCG vaccinated
animal. The 9 KDa molecule was detected with more intensity at 3-5 days of antigenspecific stimulation in vaccinated animals. The 15 KDa noncleaved molecule was also
detected in untreated (non-vaccinated) animals between 3 to 5 days of antigen specific
stimulation. One animal produced granulysin protein at all time points including
conditions without exogenous stimulations, similar to BCG-vaccinated animals. In this
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animal the 9KDa molecule was also produced at 3 days independent of stimulation and
disappeared thereafter with continued expression of the 15 KDa isoform. Granulysin
gene expression based on stimulated PBMC was similar among the 3 non-vaccinated
animals independent of stimulation, not exceeding 7 fold increases at 5 days. Fold
induction (mRNA) was significantly higher (P< 0.001) at 3 and 5 days of stimulation
with PPD when compared to non-stimulated controls on BCG-vaccinated animals. Even
though we observed differences in bovine granulysin gene expression, protein detected
by immunoblot in whole PBMC did not show any conclusive difference between BCG
vaccinated and non-vaccinated animals. As reported previously, NK cells constitutively
express granulysin independent of stimulation [79]. Moreover, the active 9KDa portion
was always present in BCG vaccinated animals, increasing after antigen-specific
stimulation, suggesting that the initial participation of NK cells contribute to baseline
expression of the active bo-Lysin molecule.
To elucidate a possible masking of our results by bovine NK cells, we used highly
purified T cells in our immunoblots. Before sorting pure T cells, we analyzed the number
of NK cells by a FACS surface staining with an antibody to NKp46, a surrogate marker
for NK cells [82, 93, 223]. We observed that NKp46 cells were approximately 6% (± 1)
of the total lymphocyte number (data not shown), which is in agreement with the
expected number for adult bovine reported by others [88]. As observed in Figure 4 the
15KDa isoform of the molecule was observed in both BCG vaccinated and nonvaccinated animals but the 9 KDa portion was observed mostly in BCG vaccinated
animals upon stimulation with PPD upon 5 days of stimulation. One of the BCG
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vaccinated animals had both isoforms present at all time points including in the nonstimulated treatment, suggesting possible pre-activation or sensitization with an antigen,
even though band intensity was higher upon PPD stimulation in this particular animal.
Once both CD4+ and CD8+ T cells are analyzed on each animal, no major differences in
terms of expression were observed between both populations of cells demonstrating the
potential of CD4+ T cells for being cytotoxic. One interesting observation is that in most
of the animals, in both T cell populations, increasing amounts of the 9 KDa bo-Lysin
were observed once the pro-active portion of the molecule increased which is in
accordance with previous observations [129]. In summary, even though the active 9 KDa
bo-Lysin was observed in one of the non-vaccinated animals, these results suggest that
granulysin is a molecule predominantly produced in BCG vaccinated animals but not in
untreated animals upon recall response with the specific antigen PPD.

DISCUSSION

Investigation of new and better correlates of protection after vaccination
against animal and human forms of TB is key to the development of vaccines that are
more effective than BCG. The bovine model has been shown to be useful for vaccine
protection studies against TB having comparable findings to studies conducted in nonhuman primates [63]. In this study a new candidate vaccine for TB (mc26030) evaluated
in both bovine neonates and non-human primates demonstrated that IFNγ levels post
challenge (60 days) did not correlate with a protective response.
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FIGURE 1. Isolation and purification of leukocyte populations. Bovine PBMC were
separated by accuprep gradient and monocytes and T cells were purified by AutoMACS
® using specific antibodies to bovine CD14, CD4, CD8 and γδ T cells. Figure
demonstrates light scatter properties before and after sorting, and further purity analysis
of mononuclear cell subsets.
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FIGURE 2A. Fold mRNA induction of granulysin, Perforin, IFNγ, and Fas-L measured
by semi-quantitative real time PCR in CD4+ T cells following 0, 4, 12, 24, 48 and 72 h of
stimulation with 5µg/ml of boPPD or 10ng/ml of phorbol myristic acetate and 1 µg/ml of
ionomycin, in both BCG-vaccinated (n=4) and non-vaccinated animals (n=4). Gene
expression fold induction was calculated using the 2-∆∆Ct method and non-stimulated cells
were used as calibrator. Data were tested in duplicates and are presented as the means
±S.E.M. *P< 0.05, level of statistical difference between vaccinates and non-vaccinates.
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FIGURE 2B. Fold mRNA induction of granulysin, Perforin, IFNγ, and Fas-L measured
by semi-quantitative real time PCR in CD8+ T cells following 0, 4, 12, 24, 48 and 72 h of
stimulation with 5µg/ml of boPPD or 10ng/ml of phorbol myristic acetate and 1 µg/ml of
ionomycin, in both BCG-vaccinated (n=4) and non-vaccinated animals (n=4). Gene
expression fold induction was calculated using the 2-∆∆Ct method and non-stimulated cells
were used as calibrator. Data were tested in duplicates and are presented as the means
±S.E.M. *P< 0.05, level of statistical difference between vaccinates and non-vaccinates.
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FIGURE 2C. Fold mRNA induction of granulysin, Perforin, IFNγ, and Fas-L measured
by semi-quantitative real time PCR in γδ+ T cells following 0, 4, 12, 24, 48 and 72 h of
stimulation with 5µg/ml of boPPD or 10ng/ml of phorbol myristic acetate and 1 µg/ml of
ionomycin, in both BCG-vaccinated (n=4) and non-vaccinated animals (n=4). Gene
expression fold induction was calculated using the 2-∆∆Ct method and non-stimulated cells
were used as calibrator. Data were tested in duplicates and are presented as the means
±S.E.M. **P< 0.001, level of statistical difference between vaccinates and nonvaccinates.
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FIGURE 3. Flow cytometry detection of IFNγ and Perforin by intracellular staining, in
CD4+, CD8+ and γδ+ T cells following PBMCs stimulation for 0, 1, 3 and 5 days with
20µg/ml of boPPD, in both BCG-vaccinated and non-vaccinated animals. A. Percentage
of double positive gated T cells was calculated for each treatment group by subtracting a
non-stimulated control. Data are presented as means ±S.E.M. of 2 independent
experiments. B. FACS results for perforin and IFNγ in CD8+ T cells in one animal for
each treatment group after 5 days of stimulation.
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FIGURE 4. Granulysin detection by immunoblot. PBMCs (A) or purified CD4+ and
CD8+ T cells (B) from both BCG- and non-vaccinates were stimulated with 20 µg/ml of
boPPD or left unstimulated. Cells were harvested at 0, 3, 5 and 10 days either in RNA
later for further RNA extraction and Quantitative Real-time PCR (PBMC only-right top
panel) or were frozen at -80° C for immunoblot performed with specific bovine antigranulysin antibody and an anti-mouse-IgM-HRP conjugated antibody. Fold induction
mRNA was measured by real-time PCR calculated using the 2-∆∆Ct method and nonstimulated cells were used as calibrator. Gene expression fold induction are presented as
the means ±S.E.M. of 2 repetitions where ** P< 0.001. Protein concentration was
equalized before loading into the gel and β–actin was used as loading control in the
western blots.
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Several other studies have demonstrated increased levels of this cytokine
associated with disease persistence [63, 136, 220, 224]. The use of the bovine neonate as
a model presents other advantages for use as a screening tool for vaccine efficacy
including similarities in pathology, clinical presentation, transmission and host immune
responses and effector pathways including granulysin [220, 225]. It also has been shown
that a Th1 response is considered a good correlate of protection upon vaccination in both
humans and bovine. Studies in cattle have shown that the balance of the host Th1/Th2
pathways are more similar to humans than to mice [226]. Granulysin was initially
identified in effector T cells by subtractive hybridization [125]. The mechanism of action
of granulysin is under active investigation but is thought to involve membrane disruption
based on positively charged amino acids that interact with negative charges of the
membrane of the microorganism [98, 106, 131, 202]. Granulysin is expressed in various
effector populations including CD4+, CD8+, WC1+γδ T cells and NK cells [125, 129].
The molecular structure of granulysin indicates that it is a member of the saposin-like
protein family [130] and is characterized by having a five helix bundle as demonstrated
for other proteins of the same family [131]. Much of the lytic activities of granulysin
were demonstrated based on the use of peptides derived from the granulysin sequence
[126, 127, 132]. These peptides were demonstrated to have high cytotoxic/broad
spectrum antimicrobial activity against both gram positive and gram negative bacteria
[97, 106, 133]. Homologues of granulysin have been characterized for several species,
including pigs, horses and cattle [79, 95, 134]. The gene for granulysin has not been
identified in any rodent species to date, restricting the use of knock out mice for in vivo
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studies. The bovine homologue of granulysin, based on nucleotide and amino acid
sequences, exhibits a relatively high degree of conservation of functional domains with
the other granulysin homologues, including the 5 helix bundle and antimicrobial activity
against several types of bacteria such as E.coli and M. bovis BCG [79].
The expression of granulysin by the different T cell populations and the capacity
to kill intracellular Mycobacterium, suggest that it may be a relevant biomarker for
tracking the immune response against TB both pre- and post-exposure and could be used
as a potential correlate of protection after vaccination against TB. Previous studies have
demonstrated that elevated plasma levels of granulysin and reduced IFNγ levels correlate
with curative responses against TB in human adults [227]. Similar results were observed
following chemotherapy against TB, where elevated granulysin and reduced IFNγ levels
correlate with curative responses [228].
Here we investigated the expression of granulysin in highly enriched effector T
cell populations (CD4+, CD8+ and WC1+γδ T cells) in animals that were vaccinated with
BCG or untreated. We demonstrated that granulysin is expressed early post exposure and
is upregulated upon stimulation with bovine PPD. In a previous study, granulysin
expression was not observed when pure CD4+ T cells were stimulated with PMA and
ionomycin but cytokines such as IFNγ and IL-21 and perforin levels were also elevated
[216] (Appendix 1). This result is in accordance with our observations, suggesting that
granulysin is upregulated in response to antigen-specific stimulation, and that its
expression is dependent on the presence of an antigen presenting cells or other soluble
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factors such as IL-2. Treatment with IL-2 alone was sufficient to induce granulysin
protein at 5 days of stimulation in pure human CD4+ T cells, but granulysin was not
observed with the addition of α-CD3 to the culture [195] . This same study demonstrated
that addition of IL-2 alone was able to induce granulysin dependent killing of
Cryptococcus neoformans by CD4+ T cells. To our knowledge, so far only one study has
addressed signal transduction pathways involved in transcriptional regulation of the
granulysin gene [229]. It is clear from our studies that signaling mediated via PMA and
ionomycin does not activate transcription of granulysin as observed following antigenspecific stimulation. It is established that there is extensive alternative splicing in the
granulysin gene where non-coding RNAs may function to stabilize or posttranscriptionally regulate granulysin gene expression [222].
To our knowledge, this is the first comprehensive study demonstrating and
comparing granulysin gene expression and protein synthesis in T cell populations after
BCG vaccination. We showed that both granulysin isoforms (15 KDa and 9 KDa) were
present in T cell effector populations of BCG immunized animals and were increased
upon a recall response using PPD loaded macrophages. Differences in our finding versus
those reported in human studies are related to the different stimulation conditions used by
us and the potential differences on T cell populations, mainly NK cells, that can
constitutively express granulysin [81]. The presence of NK cells in our experiments was
ruled out by sorting purified CD4+ and CD8+ T cells. When human CD4+ and CD8+ T
cells were stimulated with Listeria sp. antigens, granulysin was observed after 6 to 12
days of stimulation, but LAK cells showed it as early as 4 days after stimulation [222].
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Granulysin was detected by immunblot on purified human CD4+ T cells stimulated with
either IL-2 or anti-CD3 and IL-2 at 5 days of stimulation, increasing thereafter [195]. In
the same work, increase in granulysin by CD4+ T cells was accompanied by increased
killing of Cryptococcus neoformans that was independent of perforin. The same group
had showed years earlier that CD8+ T cell –mediated killing of the pathogen by
granulysin was independent of perforin, but dependent of IL-15 stimulation [230]. In
summary, granulysin expression seems to be variable according the cell type and
depending on the type of stimulation to which these cells are submitted.
As observed in our study there was a high variability among animals and between
the 2 treatment groups for granulysin protein isoforms, making it difficult to interpret
data and draw conclusions. The pre-exposure to M. avium constitutes a potential problem
upon vaccination with BCG or other TB vaccine candidates and also affects diagnosis
[231] and may be responsible for the antigen specific response observed in one nonvaccinated animal. One interesting observation was the strong response observed by
purified CD8+ T cells upon stimulation with a soluble antigen (M. bovis PPD). As
suggested by Harding et al., (1994) [232], and reviewed by Vyas et al. (2008) [104],
exogenous antigens may escape phagosomes and be further presented via MHC-I. Our
observation is in accordance with additional reports where CD8+ T cells proliferated and
secreted IFNγ upon stimulation with the same soluble antigen [76, 105]. Bovine purified
CD8+ T cells were shown to proliferate upon stimulation with different antigen such as
live M. bovis and M. bovis PPD. Even though response was superior to live organisms,
considerable response was observed when using M. bovis PPD [105]. In summary, our
66

results suggest that granulysin and perforin are expressed upon an antigen specific
stimulation in BCG-vaccinated animals.

67

CHAPTER 4
POTENTIAL USE OF BO-LYSIN AS A CORRELATE OF
PROTECTION FOLLOWING VACCINATION WITH M. bovis BCG
AND M. bovis ∆RD1 AND CHALLENGE WITH VIRULENT M. bovis
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INTRODUCTION

To further evaluate the potential use of granulysin and perforin, we evaluated
protection by vaccination by using a new candidate vaccine against TB called M. bovis

∆RD1, in parallel with M. bovis BCG. The sequencing of the M. tuberculosis genome
sequencing in 1998 was a very important step for vaccine development against TB [11,
233], making possible the development and testing of knock-out mutant strains of both
M. tuberculosis and M. bovis. Live knock-out mutants of M. tuberculosis and M. bovis
constitute important vaccine candidates since they still have limited replication capacity,
imunogenicity, but lack aspects of the pathology observed in the wild type. As discussed
earlier, comparison of M. tuberculosis and M. bovis genome with M. bovis BCG, showed
that this last one lacks a so called Region of Difference 1 (RD1), which encodes a
complex of 2 important proteins, ESAT-6 and CFP-10 [12]. These proteins are very
important inducers of IFNγ, and are also involved on several aspect of the pathogenesis
of Mycobacterium spp. In addition, RD1 genes that were engineered back to BCG
resulted in a strain capable of promoting disease similar to wild type M. bovis [15].
The use of auxotrophic strains lacking the RD1 region and other metabolic
pathway genes may be potential vaccine candidates and may provide important tool to
differentiate between vaccination and infection for both bovine and humans. Another
potential use for such vaccine strains is the application on wildlife reservoirs of M. bovis.
Initial testing of a ∆panCD mutant of M. tuberculosis, lacking the panthothenate
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metabolic pathway was tested in normal and SCID mice showing better efficacy than
BCG and protection against challenge [184] (Appendix 2). To further evaluate this
vaccine candidate, a deletion of the RD1 region was performed and the strain used in
vaccine trials in non-human primates and bovines, but results showed lack of protection
for the mutant in both animal models [63]. In our current work we tested a second
candidate based on a single deletion of the RD1 region on a strain of M. bovis (M. bovis
Ravanel). We compared our vaccine candidate (M. bovis ∆RD1) with the gold standard
BCG and then measured our potential correlates of protection at different time points
after vaccination/before challenge and after challenge.

RESULTS

Granulysin expression is increased after vaccination against TB and challenge with
virulent M. bovis

Here we analyzed the potential for correlation of gene expression with vaccine
efficacy parameters (gross pathology score, radiographic assessment of lesions, and M.
bovis colonization) using samples obtained from three vaccine groups, non-, BCG-, and
∆RD1-vaccinates (Fig. 5, n = 4 / vaccine treatment) in a neonatal vaccine trial. All 3
parameters were significantly lower in BCG-vaccinates as compared to non-vaccinates
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(P<0.05). There were no statistically significant differences between BCG- and ∆RD1vaccinates and between control non-vaccinated and ∆RD1-vaccinates (Fig. 5).
To examine the possible use of granulysin as a correlate of protection after
vaccination against TB, we sampled animals at different time points after
vaccination/before challenge (8, 9 and 10 weeks after vaccination) and one time point
after challenge (2 weeks after challenge) with virulent M. bovis. Based on relative fold
induction, granulysin was higher in both vaccinated groups as compared to nonvaccinates at all time points (P<0.05) before and after challenge (Fig. 6). When
granulysin expression was averaged at all time points and compared among the three
groups, the expression was elevated in BCG vaccinates as compared to controls (P=0.04)
and in ∆RD1-vaccinates as compared to controls (P=0.03). There was no difference
between the two vaccinated groups (BCG and ∆RD1). No significant differences were
observed for Fas-L. Perforin transcript levels were elevated in BCG- and ∆RD1vaccinates as compared to controls after the challenge (P<0.05). Similar results were
observed when perforin was evaluated by intracellular staining in CD4+, CD8+ and γδ+ T
cells after the challenge (Fig. 6) (P<0.01 for BCG- and ∆RD1-vaccinates as compared to
controls in CD4+ T cells; P<0.01 for BCG-vaccinates as compared to controls, and
P<0.0001 for ∆RD1-vaccinates as compared to controls in CD8+T cells; P<0.01 for
∆RD1-vaccinates as compared to controls in γδ+ T cells).
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IFNγ correlates with pathology

In parallel with granulysin and perforin, we also evaluated IFNγ, a claimed
surrogate marker of protection upon vaccination against TB. IFNγ gene expression was
greater in BCG- and ∆RD1-vaccinates as compared to controls before and after the
challenge (P<0.05) but intracellular staining showed that the percent of IFNγ+ cells in
vaccinates was equivalent or lower than the controls (Fig. 6). IFNγ measured by ELISA
showed that IFNγ responses to M. bovis PPD by ∆RD1-vaccinates was statistically higher
(P < 0.05) as compared to controls non-vaccinated prior to challenge (Fig. 8). After
challenge, IFNγ responses by the control non-vaccinated group exceeded the response of
both BCG- and ∆RD1-vaccinates at 30 days after challenge (P<0.001 for BCG- and
∆RD1-vaccinates, as compared to control) and at 60 days (P<0.05 for BCG- and ∆RD1vaccinates, as compared to control). In summary, both granulysin and perforin
expression were upregulated in BCG and ∆RD1 vaccine groups as compared to control.
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FIGURE 5. Comprehensive vaccine efficacy data. Lung gross pathology scores,
radiographic data (percent lung affected), and CFU/g of tissue from 3 animal groups:
control non-vaccinated (n=4), BCG vaccinated (n=4) and ∆RD1 (n=4) evaluated after
necropsy. Lung score, radiographic data and Lung CFUs were measured as described by
[63]. Values are presented as the means ±S.E.M.
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FIGURE 6. Fold mRNA induction of granulysin, Perforin, IFNγ, and Fas-L in 3 animal
groups: control non-vaccinated (n=4), BCG vaccinated (n=4) and ∆RD1-vaccinated
(n=4). PBMCs were stimulated for 5 days with 20µg/ml of boPPD or left unstimulated at
8, 9 and 10 weeks after vaccination and 2 weeks after challenge (14 weeks after
vaccination). Cells were harvested and mRNA was measured by Quantitative Real-Time
PCR. Gene expression fold induction was calculated using the 2-∆∆Ct method and nonstimulated cells were used as calibrator. Data are presented as the means ±S.E.M. of 2
repetitions. * P< 0.05, level of statistical difference between vaccinates and nonvaccinates.
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FIGURE 7. Flow cytometric analysis of intracellular staining of IFNγ and Perforin in
CD4+, CD8+ and γδ+ T cells following PBMCs stimulation for 5 days with 20µg/ml of
boPPD at 8, 9 and 10 weeks after vaccination and 2 weeks after challenge (14 weeks after
vaccination) Treatment groups were: control non-vaccinated (n=4), BCG-vaccinated
(n=4) and ∆RD1 -vaccinated (n=4) animals. Percentage of double positive gated T cells
was calculated for each treatment group by subtracting non-stimulated control value for
each individual animal. Data are presented as means ±S.E.M. * P<0.05, **P<0.01, ***P<
0.0001, level of statistical difference between vaccinates and non-vaccinates.
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FIGURE. 8. Interferon-γ measured by ELISA. Blood mononuclear cells were isolated
from each treatment group (n = 4, non-vaccinates; n = 4, M. bovis BCG-vaccinates; n = 4,
M. bovis ∆RD1-vaccinates) 30 days prior challenge, 30 and 60 days after challenge and
were cultured with 10 µg/ml M. bovis PPD or medium alone (no stimulation) for 48 hrs,
when supernatants were harvested and IFN-γ concentrations determined by ELISA
(Bovigam, Prionics, Ag). Values represent mean (± standard error) responses to antigen
minus the response to media alone. * P<0.05 as compared to control group nonvaccinated, ** P<0.001 as compared to control group non-vaccinated.
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DISCUSSION

Our results demonstrate the potential of granulysin and perforin as correlates of
protective immunity to TB following vaccination and challenge of cattle. Even though
our protection data did not show significant results to support ∆RD1 vaccine efficacy,
comparable results were obtained with our gene expression analysis for both BCG and
∆RD1 vaccine groups. Both granulysin and perforin were upregulated at different time
points before and after the challenge. Granulysin gene expression was significantly
increased in both BCG and ∆RD1 vaccinates, and perforin was significantly increased in
the ∆RD1 group as compared to control and BCG vaccinates after challenge. These
results suggest that the ∆RD1 vaccine is able to induce an immune response comparable
to BCG, and can be potentially used as a strain for future vaccine development, but
further studies are needed in order to confirm our results. In regards to the bacterial
burden, previous work from our group testing another vaccine candidate called mc26030,
which showed protection only on the BCG vaccinated group as compared to control nonvaccinated [63], culture results were similar between control non-vaccinated , BCG- and
mc26030 –vaccinated groups. This suggests that bacterial burden was not affected by
vaccination, but in this particular case, other vaccine efficacy parameters, such as lung
pathology, did show that BCG was protective as compared to the other 2 groups. Results
from the current study and from our previous work suggest that bacterial burden has to be
evaluated further in future vaccine trial and when developing new vaccine candidates. As
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an overall conclusion we think that both granulysin and perforin do correlate with
protection against pathology based on lung score and radiographic data.
Other studies in human TB patients evaluating plasma granulysin levels show that
it correlate positively with TB recovery while high IFNγ levels corresponded to chronic
TB [227]. In another study, there was a decrease in serum granulysin after successful
chemotherapy treatment for TB in children [228]. The use of plasma granulysin as a way
to evaluate protection may be influenced by potential degradation in the serum and by the
time it takes from collection to testing of the plasma sample. Our results suggest that
perforin should also be investigated further as a biomarker of protective immunity to
human TB. Even though expression and intracellular detection of perforin were
predominant after the challenge, they were considerable better than results observed for
IFNγ in both vaccinated groups (BCG and ∆RD1) as compared to control group after the
challenge. In addition to that, levels of IFNγ measured by ELISA were relatively higher
in the Control non-vaccinated groups as compared to both BCG- and ∆RD1 vaccinates
after the challenge, suggesting a correlation with pathology.
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CHAPTER 5
EXPRESSION OF GRANULYSIN IN PARALLEL WITH IFNγ,
PERFORIN AND FAS-L AT THE SITES OF INFECTION OF M.
bovis.
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INTRODUCTION

In order to provide additional information that could strengthen our evidence that
both granulysin and Perforin could be used as potential correlates of protection, we
sought to determine the gene expression profile on the mediastinal lymph node. Both
lymphoid tissues and lung are foci of infection of M. bovis. Previously published data
from our group showed that granulysin was successfully amplified from a bovine TB
granuloma [79]. Analysis of tissue targets can provide strong insight on details of the
type of immune response present in the tissue and to the cells involved on the process.

RESULTS

In order to establish a relationship of our PBMC data with M. bovis infection, we
extracted RNA from portions of the mediastinal lymph node, adjacent to granulomas.
Gene expression measured by quantitative real time PCR and analyzed as relative
expression, showed that both granulysin and perforin had lower relative expression in
both BCG-and ∆RD1 vaccinated groups as compared to control. IFNγ relative expression
was lower in the Control and ∆RD1 vaccinated group as compared to BCG. Once sample
concentrations are standardized, we can conclude that a lower relative expression of these
molecules is correlated to higher gene expression fold induction (Fig. 9). No major
differences were observed for Fas-L when comparing the 3 vaccine groups.
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FIGURE 9- Relative gene expression of granulysin, perforin, IFNγ and Fas-L on
Mediastinal lymph node. A total of 1g (gram) of tissue section from the lymph node
from the 3 vaccine groups (Control n=4; BCG=4; ∆RD1 n=4), were homogenized in a
microcentrifuge tube with a pestle and RNA was extracted by using manufactures
protocol (Qiagen, Valencia, CA). Results are shown as relative expression (∆Ct) based
on Ribosomal RNA.
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DISCUSSION
Tuberculosis is predominantly a pulmonary disease. Infection is established via
aerosol by a limited number of M. tuberculosis or M. bovis bacilli. The number of bacilli
sufficient to establish infection is still a matter of controversy, but in the bovine numbers
as low as 5 bacilli could be enough to result in infection [234]. Even though such a
number is not established for human infections, less than 10 bacilli maybe enough, but
could be influenced by factors such as droplet size [25]. Initial response starts with either
macrophages in the lungs or DC lying on the trachea, which will engulf the pathogen.
Further response is dependent on γδ +, CD4+ and CD8+ T cells, either migrating to the site
of infection without prior activation or following activation by DC and macrophages on
the local draining lymph node, such as the mediastinal lymph node (MLN). Effector
CD4+ T cells responses were detected in the MLN as early as 10 days post-infection in
mice [235]. In bovines that received intratonsillar inoculation of M. bovis, lesions at the
MLN were observed at 28 days post infection, but were detected as early as 15 days after
infection on the retropharyngeal lymph node [236].
In our studies we measured granulysin and perforin gene expression on MLN
collected 100 days post challenge. Even though our measures are in relative expression
and not calculated as fold induction, we observed that besides Fas-L and IFNγ, both
granulysin and perforin were lower on the vaccine groups as compared to control,
suggesting that MLN from both vaccinated groups had increased fold expression of
cytotoxic granules. This observation is in accordance to the data observed on PPD
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stimulated PBMC after challenge. As observed in our previous data, in which both gene
expression and protein were measured, we can see that gene expression does not always
indicate protein expression. However, gene expression profile can give us information
related to the immune response against M. bovis infection, and as observed by Tacker et
al. (2007) [237], it may suggest the type of response, either Th1 or Th2, predominant at
the site of infection. In summary, results examining relative gene expression on tissues
support and strengthen our evidence that both granulysin and perforin may be used as
correlates of protection following vaccination against TB, together with IFNγ.
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CHAPTER 6
SUMMARY, FINAL DISCUSSION/ CONCLUSIONS AND
FUTURE DIRECTIONS
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In our studies we have shown that (1) granulysin, perforin and IFNγ gene
expression increase upon BCG vaccination; (2) both granulysin and perforin are
upregulated after vaccination and challenge with M. bovis in both BCG and ∆RD1
vaccinated, as compared to control non-vaccinated group, (3) IFNγ correlated with
pathology instead of protection, demonstrated by comparable positive cell numbers
among 3 vaccine groups throughout the experiment, and by having secretion levels
higher in the control group after challenge; (4) a comparable overall response was
observed in both BCG and ∆RD1 vaccine groups demonstrating the potential use of the
∆RD1 strain in future vaccine trials.
Our results suggest that granulysin and perforin are potential correlates of
protection upon vaccination, and can be used on future vaccine trials, together with IFNγ.
The development of better diagnostic tools for granulysin, such as antibodies suitable for
flow cytometric analysis and Confocal Microscopy, would help on providing more
evidence in terms of the use of granulysin and perforin as correlates of protection on
future vaccine trials. Other potential molecules that could be examined further would be
FoxP3, a T regulatory cell marker. This molecule was shown to have higher expression
after BCG vaccination and challenge, when compared to a control group non-vaccinated
and a treatment group that received a M. bovis ∆RD1∆PanCD vaccine candidate [63]
(appendix 2). This vaccine conferred no protection upon challenge with virulent M.
bovis. In addition to FoxP3 we have shown that IL-5 gene expression was relatively
higher on the control as compared to the other vaccine groups. IL-5 is a Th2 cytokine
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produced by mast cells, eosinophils, γδ T cells and NK cells, with relevant functions on
the activation of eosinophils in asthma [238]. It is unclear what function IL-5 is playing,
as of lack of protection, in TB.
Results observed for the ∆RD1 vaccine candidate are promising and require
further evaluation as a potential vaccine candidate. Our results may have been masked by
the number of animals used during the experiments and we have to consider increasing
the number of animals in our next vaccine trials and evaluation of correlates of
protection. The use of ∆RD1 may represent a potential choice as a vaccine candidate for
both bovine and humans. As mentioned earlier, such vaccines can be combined with a
test that differentiates vaccinated from infected animals (i.e. DIVA), based on using the
protein complex ESAT-6 and CFP10.
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Captured from www.sciencedirect.com on 08-27-08: Endsley, J.J., Hogg, A., Shell,
L.J., McAulay, M., Coffey,T., Howard, C., Capinos Scherer, C.F., Siddiqui, N.,
Waters, W.R., Nonnecke, B., Estes, D.M , Villarreal-Ramos, B. (2007). Mycobacterium
bovis BCG vaccination induces memory CD4+ T cells characterized by effector
biomarker expression and anti-mycobacterial activity. Vaccine Dec 5;25(50):8384-94.
Elsevier Copyright License Number: 2022121003881
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panCD double deletion mutant in a neonatal calf aerosol M. bovis challenge model:
comparisons to responses elicited by M. bovis bacille Calmette Guerin. Vaccine Nov
7;25(45):7832-40. Elsevier Copyright License # 2022121003862
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DNA vaccine administered in conjunction with Mycobacterium bovis BCG confers
protection to cattle challenged with virulent Mycobacterium bovis. Vaccine Jun
11;25(24):4735-46. Elsevier Copyright License Number: 2022130214488
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