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WHO, Global Tuberculosis Report, 2017

Tuberculosis is a global health crisis



Tuberculosis is the most common cause of 

morbidity and mortality in HIV+ individuals

WHO, Global Tuberculosis Report, 2017



• First TB vaccine

• A live attenuated strain of Mycobacterium bovis that 

was cultured every 14 days for 230 passages (nearly 

9 years!)

• First human test was in a neonate who lived in a 

house with a TB patient

• Vaccinated 20,000 neonates between 1921 and 

1924

• Protects newborns from life threatening 

extrapulmonary TB (miliary TB) and TB meningitis

BCG:  Bacille Calmette Guerin



Neonates are still being vaccinated with 

BCG in high burden TB settings

WHO, Global Tuberculosis Report, 2017



• Limited and variable effect on reducing pulmonary 

TB in adults 

• BCG is a live vaccine and can cause a systemic 

infection in immunocompromised individuals

• HIV+ infants are at an increased risk of developing 

disseminated BCG, although they should still be 

vaccinated (WHO, 2018)

Why is BCG insufficient as a vaccine?



Voss et. al., F1000 Research, 2018



What are some animal 

models used to test TB 

vaccines?



Advantages:

1. Genetically defined

2. Rapid evaluation of interventions

3. Small size and low cost

4. Availability of immunological tools

Disadvantages:

1. TB granulomas and disease are different than humans

2. No disseminated disease

Mice

Wikimedia.org



Advantages:

1. Susceptible to TB

2. Granulomas are more ’human-like’

3. Bigger than mice

4. Can still be used for vaccine efficacy and drug development

Disadvantages:

1. Lack of good immune reagents

2. No latent TB

3. More expensive than mice

Guinea Pig

Wikimedia.org



Advantages:

1. Very susceptible to TB

2. Form ‘human-like’ necrotic granulomas

3. Can develop latent TB, depending on infecting strain

4. Can still be used for vaccine efficacy and drug development

5. Model for TB Meningitis

Disadvantages:

1. Lack of good immune reagents

2. More expensive than other small models

Rabbit

Image By Larry D. Moore

https://commons.wikimedia.org



Advantages:

1. Susceptible to TB

2. Form a spectrum of granulomas similar to humans

3. Can still be used to test interventions

4. Longitudinal tracking

5. Immune reagents are available

6. *Gold standard*

Disadvantages:

1. VERY expensive

2. Genetically outbred

Nonhuman primates (NHPs)

Wikimedia.org



Is TB disease in NHPs 

similar to humans?



Humans and NHPs develop similar 

granulomas

Cynomolgus macaque

nonnecroticCaseous/necrotic

mineralized

Lawn & Zumla, Lancet, 2011; Ulrichs et. al., J Path, 2006; Lin et. al., I and I, 2009
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Ways to measure TB disease in 

NHPs

• Clinical markers: ESR, BAL culture, Gastric 

aspirates, Cough

• Serial PET/CT imaging

• Measuring bacterial growth at necropsy



University of Pittsburgh  

Regional Biocontainment Laboratory 

BSL-3 PET/CT Imaging Suite 

• Siemens MicroPET Focus 220 
• Neurologica CereTom CT scanner  
• Integrated animal handling system 

• eVent Inspiration LS critical care ventilator (not shown) 
• Spectra AG5 vital signs monitor (not shown) 

• Bear Hugger warming device (not shown) 

•  Isoflurane anesthesia machine (not shown) 



18F-Fluorodeoxyglucose (FDG) PET/CT 

analyses to track lesions



Study individual 

granulomas

Pre-necropsy PET/CT 
provides map of lesions 

(lesion size and SUV) 

Image-guided necropsy 
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Adapted from:  

Scanga & Flynn. In: 

Tuberculosis.  ed. S.H.E. 

Kaufmann.  Cold Springs 

Harb. Perspect. Med. 2014.  



Spectrum of TB progression in NHPs by PET/CT
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Bacterial Colony Forming Units (CFUs) 

decline as adaptive immunity develops

Lin et. al., Nat Med, 2014

Pre-necropsy PET/CT 
provides map of lesions 

(lesion size and SUV) 

Image-guided necropsy 
yields individual lesions 

Immunology 

CFU 

Histopathology 

Gene 
expression 

[Rx] and/or 
imaging mass 

spectrometry 

Adapted from:  

Scanga & Flynn. In: 

Tuberculosis.  ed. S.H.E. 

Kaufmann.  Cold Springs 

Harb. Perspect. Med. 2014.  



TB disease is not the 

same in all NHP 

populations



FDG avidity increases during infection and is 

different across NHP populations

Maiello et. al., I and I, 2018
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Bacterial CFU at necropsy is higher in different 

NHP populations

Each symbol = one animal
Maiello et. al., Infect and Imm, 2017

Chinese 

cynomolgus 

macaques 

Mauritian 

cynomolgus 

macaques 
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macaques 



TB vaccines can be 

tested in NHPs



J Clinical Investigation, 2012



Nature Medicine, 2018



But, we really need a 

TB vaccine for HIV+ 

individuals!



NHP co-infection models :

1. Mtb infection first; SIV infection second
• Cynomolgus macaque – Latent Mtb Erdman followed by SIVmac239 

(Diedrich et. Al., PLoS ONE, 2010)

• Rhesus macaque – Latent Mtb CDC1551 followed by SIVmac239 

(Foreman et. al., PNAS, 2016)

2.  SIV infection first; Mtb infection second



Hypothesis: SIV infection disrupts the 

development of immune responses to an Mtb

infection, which leads to rapid TB progression

• Serial PET/CT imaging

• Defining T cell populations

• Characterize T cell function 

in PBMC and granulomas

Infect with ~5 

CFU Mtb
x 8

Infect with SIV, 

wait 6 months

Infect with ~5 

CFU Mtb
x 7



Mtb infection 

ONLY

SIV (6 months) 

followed by Mtb



Mtb infection 

ONLY

SIV (6 months) 

followed by Mtb



Longitudinal PET/CT scanning does not 

differentiate between groups

Mtb only SIV/Mtb



Granuloma counts reveal rapid 

dissemination in SIV/Mtb animals

Mtb only SIV/Mtb



Granuloma counts reveal rapid 

dissemination in SIV/Mtb animals
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Balance between too much and too 

little of an immune response!



Conventional T cell responses to Mtb

SIV infection is known to lead to hyperactivation



Central memory CD4 and CD8 T cells have higher 

PD-1 expression in co-infected animals 
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• TB disease can be modeled in macaques infected 

with a low dose of M. tuberculosis

• Macaques develop a spectrum of TB disease that is 

similar to what is observed in humans

• SIV co-infection exacerbates TB disease

• Future studies in SIV+ and SIV-naïve macaques can 

be used as a platform for testing TB vaccines

Final Thoughts
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