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Nuclear Medicine – SBAH & NuMeRI

NuMeRI: Nuclear Medicine without Borders

Molecular Imaging for TB: Science and Practice
✓ Characterization:
✓ Pathogen specific

Heterogeneity

✓ Host-Pathogen Interaction

Dheda et al . Lancet 2016

✓ FDG: AI & prognostication

✓ Novel Therapeutics

Drug Distribution

✓ Response monitoring

The End of the Binary Era: Revisiting the Spectrum of Tuberculosis

Binary classification is insufficient to describe the myriad of TB infection outcomes.
The heterogeneous nature of bacterial dynamics and host immune responses in individual
granulomas calls for more microscopic (granuloma) and macroscopic (clinical) research
Lin & Flynn J Immunol 2018

How do we Improve Imaging of TB/Bacteria?

Ebenhan- NuMeRI

Lawal , Ankrah, Sathekge, JNM 2018

Gordon…Jain et al. Mol Bio Physiol 2019

Auletta et al. J. Clin. Med. 2019

Welling et al. Clini & Translational Imaging 2019

Ordenez et al. Sci Trans Med 2020

Signore…Sathekge, JNM 2020

Novel agents for TB imaging - NuMeRI
Mycobacteria-specific imaging
68Ga/ 64Cu-MTB-111 (cellular transport)
68Ga/ 64Cu-NP-nfR (receptor targeting)
Microenvironment: Pathogen-Host
68Ga-citrate (transferrin-dependent)
68Ga-cFLFLF (neutrophil activity)
68Ga-NII (hypoxia)
68Ga-Tilmanocept (CD206 - activated macrophages)

Ebehan, Zeevaart, Sathekge - NuMeRI

TB associated inflammation
68Ga-TBIA-101

Drug discovery-based: Antimicrobial
68Ga-(phage display)-PEP001
68Ga-(phage display)-mPEP009

What is possible?
➢Active TB lesions
➢Predict Latent → Active
➢Direct Biopsy
➢Extent of TB Infection
➢Predict Response vs. nonresponse (early)
➢Monitor Treatment Response
➢Better understanding
pathogenesis

What is not?
➢Distinguish malignant from
Benign/ other granulomatous
➢Characterize SPN
➢Characterize Pleural
involvement
➢Characterize adrenal
involvement

Neutrophil Paradox
Pre

Post

Locke L et al. Tuberculosis 2018

Neutrophil activity is a strong correlate of the
outcome of human infection with TB
Marakalala et al. Nature Med. 2016

More, Marakalala, Sathekge. NuMeRI

TB in children: FDG PET/CT

FDG PET/CT is superior to other nuclear medicine modalities such as bone
and gallium scintigraphy and is particularly useful in excluding spondylitis,
as a negative study essentially precludes active disease
Pelletier-Galarneau et al. Sem Nucl Med 2018

“Inverted Y”: physiological uptake in the thymus
Complete resolution of the hypermetabolic lesions

Malignancy vs TB

Radiomics
FDG-PET is able to distinguish
malignancy from TB

Du et al. Mol Imaging Biol 2021

malignancy from TB

Dual time point
FDG-PET is unable to distinguish
malignancy from TB

Sathekge et al. SAMJ. 2010

Biosignature of incipient TB

Dheda et al . Lancet 2016

Priftakis et al. International Journal of Infectious Diseases, 2020

Dheda K & Davids M Am J Resp & Crit Care Med 2020
Esmail et al .Philosophical Trans 2015

➢ Global eradication targets will not be attainable without treating LTBI
➢ Biomarkers to identify incipient TB has remained one of the “Holy Grails” of TB research.

PSMA Imaging for TB
Prostate-specific membrane antigen(PSMA) avidity may indicate greater likelihood of active compared with LTBI

➢ Angiogenic factors: Detection of PSMA in endothelial cells by a monoclonal antibody against CD34, a marker of
angiogenesis and microvessel
➢ TB is associated with inflammation leading to increased capillary penetration
➢ Physiological reparative reaction within neovasculature

Chi Ken Wong et al Clin Nucl Med 2020

Somatostatin Receptor Imaging for TB?

non-TB pneumonia

pulmonary TB

➢ Somatostatin analog PET radiotracers are useful in evaluating neuro-endocrine tumours

➢ Somatostatin receptors (SSTRs) are also overexpressed on activated macrophages (key cell population infected by TB, within granulomas)
➢ FDG is more sensitive than DOTANOC in detecting pulmonary TB lesions in both active and sub-clinical disease
➢ The lower amplitude of measurement using DOTANOC - reduce power to detect differences between treatment groups over time.
➢ Substantial uptake in non-TB pneumonia - reduces any value in the differential diagnosis of lung lesions
Naftalin et al. Scientific Report 2020

Role of PET/CT in Treatment of TB

➢
➢
➢
➢

Is one month ideal for TB IPET?
FDG PET: associated with long-term outcomes at 2 months
Shortcomings of PET/CT is the lack of a standard quantitative technique
Appropriate duration of treatment for MDR TB

Coleman MT et al Sci Transl Med. 2014 .

Chen RY et al Sci Transl Med. 2014 .

Bomanji J et al EJNMMI 2020

Horsburgh, Barry, Lange, NEJM 2015

Lang et al. Clin Nucl Med. 2018.

Pelletier-Galarneau et al Sem Nucl Med 2017

Via et al. Antimicrobi Agents and Chemo 2015

Deogaonkar et al PET Clin 2019

Malherbe S et al Nature Med 2019
Sathekge M et al Sem Nucl Med 2018

➢ Using ≥5 lymphnode groups involvement as the cutoff, FDG PET could discriminate responders from non-responders with a sensitivity and
specificity of 88% and 81%
➢ SUVmax of 8.15 separated responders from non-responders with high sensitivity and specificity
Sathekge M, et al. J Nucl Med. 2011

Lang D, et al. Clin Nucl Med. 2018

➢ Reference lesion SUVmax from pretherapy 18F-FDG PET/CT may have prognostic properties in complicated cases of TB, especially
regarding therapy duration and disease extent.
➢ SUVmax cutoff value of 10 differentiated the standard and the long-term therapy group
Lang D, et al. Clin Nucl Med. 2018

Heterogeneity

Coleman MT et al. Sci Transl Med. 2014 .

Lenaerts A et al. Immun Rev 2015

➢

TB lesions are very complex and dynamic, with both spatial and temporal heterogeneity occurring within the same patient.

➢

TB lesions have divergent trajectories occurring independently of other lesions in the same host

➢

Branched microevolution of TB - complex subpopulations contribute to the different lesion responses

➢

18F-FDG-PET/CT

➢

Differential response to anti-TB on18F-FDG-PET/CT may be because of TB or when TB coexists with another pathology,

Ankrah A et al. Sem Nucl Med 2018

has the advantage of following up these lesions with differential response over time and can detect at an early point in time a TB lesion that may not respond

Sathekge M et al. Sem Nucl Med 2018

Cavity and irreversible damage/lesions

Pre-Tx

Post-Tx
➢ Pulmonary TB can cause substantial chronic morbidity owing to residual post-tuberculous bronchiectasis, COPD, aspergillomas, lung
destruction
Can we guide with treatment of these post TB diseases?

PET/CT: from assessment to monitoring/prediction
Treatment
Pre treatment

Δ Quantif (%)

Quantif 1

Dimitris Visvikis WFNM 2014

-100

Post treatment

Quantif 2
Progression

+100
0

During treatment

Reproducibility
limits

Stable
Response

Range of changes

Semin Nucl Med 48:166–181

Mixed Response
Class 1: homogenous response
Class 2: dominant response
Class 3: dominant non-response
Class 4: homogeneous non response (or one progressive lesion)
➢ Impact of Mix Response on treatment outcome / prognosis
➢ Interesting path to explore resistance mechanisms through direct correlation with tissue & biomarkers

TB-HIV coinfection: Therapy Monitoring

Month 0

Gil E, et al. Emerg Infect Dis. 2021

Month 2

Sathekge M et al. Sem Nucl Med 2018

➢ FDG PET/CT imaging quantification of disease burden for an TB-HIV-positive patients : prognostic

➢ Early therapy adjustments in non-responding patients
➢ Duration of treatment and prediction of relapse

Month 6

Month 9

EOT: Residual Metabolic Activity
EOT scan
SUV = 5.08

FF-up scan
SUV = 6.39

Residual metabolic activity
Negative clinical assessment, sputum culture and smear.
Relapsed 4 months post ATT.
Malherbe et al. Nat Med. 2016

Lawal et al JNM 2019

Malherbe et al. EJNMMI Res. 2020

✓ Define EOT criteria apart from clinical symptoms and biochemical biomarkers
✓ Complete metabolic response to TB treatment is a protective biomarker against TB relapse for 6m Post Rx

✓ Cavitation and bilateral lung involvement are common features seen in patients who experience TB relapse

Molecular Imaging for TB

Pathogen-specific
18F-PABA
18F-Trehalose

Host response
18F-FDG
18F-FMISO
64Cu-cFLFLF
124/125I-iodo-DPA-713
18F-FIAU
Drug Distribution
99Tc-Ethambutol
11C-Rifampicin
Ordonez A et al. J Clin Invest. 2021

68Ga-NII
68Ga-cFLFLF

Nuclear Medicine Research Infrastructure
South African Preclinical Imaging Facility
Hosting state of the art technology ....

µSPECT/CT
Animal “Hotel”

µPET/CT

IVIS Lumina II
Optical & Nuclear
Small animal
Imaging

Tissue sampling,
autoradiography
& rapid gamma counting

Pathogen - Targets


Bacteria-specific metabolism





Bacterial cell wall components





Highly dependent on the metabolic state of the bacteria
Low metabolic state - the incorporation of the radiotracers might not be fast enough to provide
high signal to noise ratios

Dependent on the growth rate of the bacteria
Low growth rate - the incorporation of the radiotracers might not be fast enough to provide high
signal to noise ratios

Bacteria-specific proteins


Still dependant on the penetration of the bacterial cell wall or to be successfully delivery to the
sites of infection

Antibiotic or Antimicrobial peptides



Efficacy




Selection based on MIC




Susceptibility of the microorganism to the antimicrobial using the minimum inhibitory
concentration (MIC)

Ability to kill bacteria quickly at the lowest concentration possible

Challenges



Often lack accumulation, or a trapping mechanism that would allow high signal-to noise ratio
In vivo efficacy - Heterogeneous microenvironment at the site of infection

Microenvironment
➢ Often low delivery to sites
➢ poor vascularization
➢ necrotic tissue
➢ high cellular density
➢ Highly lipophilic
➢ high plasma protein binding
➢ slow clearance rate
➢ Hydrophilic radiotracers
➢ rapidly cleared by the kidneys.

Hakansson et al. Physiol Rev. 2018

Gordon…Jain et al. Mol Bio Physiol 2019

Folic acid : m-[18F]-fluoro-Para-Aminobenzoic Acid (PABA)


Target





Pathogens




Gram-positive and Gram-negative−bacteria

Advantages






Folic acid biosynthesis pathway
PABA is a substrate for folic acid synthesis in prokaryotes

Bacteria specific, targeting penicillin-resistant bacteria
Therapy monitoring
2-[18F]-fluoro-PABA poorly interacts with mammalian cells; holds potential for clinical translation

Challenges


Low sensitivity



[11C]PABA PET – availability ?

[11C]PABA PET can differentiate active bacterial infection from sterile inflammation in vivo

Ordonez at al. J Nucl Med 2017

Antimicrobial peptides: (99mTc, 111In, 68Ga, 18F) UBI 29– 41


Target





29-41

Gram-positive and Gram-negative bacteria, fungi

Advantages





68Ga-UBI

Pathogens




Bacterial membrane
Does not target mammalian cells - rendering it nontoxic to the patient

Specific targeting bacteria and fungi
Therapy monitoring

Challenges



Broad spectrum
Low T/B ratio in clinical applications

Ebenhan…….Sathekge. JNM 2014

68Ga-NOTA-UBI

(29–41)

a. True positive scan for lung infection.
b. True positive scan for soft tissue infection in
left knee joint.

c. True negative scan for suspected left hip
prosthesis infection.

a: True positive scan for TB spine infection.
b: True positive scan for infection in right thigh.
c: True negative scan for suspected prosthesis infection.
Mukherjee et al. 2019 J Pharm & Biomed Anal

Bhatt et al. 2019 Nucl Med & Biol

68Ga

UBI 29– 41 PET/CT in Tuberculosis
1.
2.
3.
4.

Inoculation
Bacterial incubation
68Ga-UBI-PET/CT
IHC & CFU counting

Ebenhan et al. 2021, prepared for submission

Antibiotics


Other antibiotics: Fluoroquinolones






Ciprofloxacin - DNA gyrase inhibitor
Commercial development of 99mTc-ciprofloxacin was suspended after an unsuccessful phase II
trial in which it failed to differentiate sterile inflammation from infection. (Britton et al. J Clin Pathol 2002)
Sitafloxacin – DNA gyrase inhibitor (Qaiser et al. J Radioanal Nucl Chem 2010)

Challenges


Excess of unlabeled antibiotic may compete with the radiolabeled antibiotic or kill the pathogen, both of
which will impair the imaging efficacy of the tracer.



Desirable pharmacologic characteristics of antibiotics may not match those for radiolabelled bacterial
imaging compounds



Bacterial resistance mechanisms to a specific antibiotic, such as efflux pumps, cell permeability changes,
decreased target affinity, or degradative metabolism can affect the radiolabeled analog and could limit its use
as a diagnostic tracer.
Ankrah et al Curr Pharm Des 2018

99mTc-Ethambutol:

TB Imaging

99mTc-Ethambutol

➢ Pathogen-specific imaging offers a more specific tool to determine the presence of MTB
➢ May offer a faster measure of bacillary clearance in response to ATT
➢ Several anti-TB agents have been labeled for pathogen-specific imaging

➢ 99mTc-Ethambutol for human PTB and EPTB has been reported – sub-optimal SNR
➢ 18F-fluoropyrazinamide shows poor localization to TB lesions due to in vivo deflourination

1. Kartamihardja et al. Ann Nucl Med. 2018
2. Diah and Kartamihardja. World J Nucl Med. 2019.
3. Zhang et al. PLoS ONE. 2017

First-in-man: 11C Rifampicin

Lower penetration of 11C-rifampin in cavitary walls, which are associated with a high
bacterial burden, compared with other types of TB lesions
Tucker et al. Sci Transl Med 2019

Bacteria carbohydrates:18F-maltohexaose, maltotrioses, maltose


Target





Pathogens




Gram-positive and Gram-negative−bacteria

Advantages





Bacterial glucose consumption
Transported into bacterial cells by the maltodextrin transporter

Specific for viable bacteria
Therapy monitoring

Challenges



Low sensitivity,
Serum instability

18F-Fluoro-D-trehalose

Deoxyfluoro-D-trehalose (FDTre) analogues as potential PET probes for imaging mycobacterial infection

Trehalose Metabolic Pathway present in TB/bacteria but absent in mammalian cells
Pena-Zalbidea S et al. Carbohydr Res. 2019

Bacteria carbohydrates: 18F-fluorodeoxysorbitol (18F-FDS)



Target





Pathogens




Gram-negative bacteria

Advantages





Bacterial glucose transporter
Metabolite used by bacteria

Specific for viable Gram negative bacteria
Therapy monitoring (after treatment with ceftriaxone, infected tissues decreased eight-fold
tracer uptake)

Challenges


Uptake in tumours

18F-fluorodeoxysorbitol

✓ Sorbitol, a sugar alcohol, is a metabolic substrate for Enterobacteriaceae (Klebsiella
pneumoniae, Escherichia coli) Gram –ve
✓ A sorbitol is selectively taken up by bacteria via surface transporters, phosphorylated, and

further metabolized
✓ Mammalian cells do not have transporters for Sorbitol
✓

18F-FDS

rapidly & selectively accumulate in Enterobacteriaceae including MDR clinical

strains, but not in gram-positive bacteria or mammalian cancer cells

Ordonez & Jain Sem Nucl Med 2018

Zhang et al. Nucl Med Biol 2016; 273–279

Nucleoside analogue:124/125I-FIAU


Target





Pathogens




Bacteria

Advantages





Folic Nucleoside analogue substrate for thymidine kinase
Phosphorylated by TKs

Specific for selected pathogens
noninvasive agent to monitor tumor-targeting bacteria

Challenges



Low sensitivity, high background activity
Tumour imaging

Nucleoside Analogs: thymidine analog FIAU
✓ Thymidine analog FIAU (1-(2'-deoxy-2'-fluoro-β -Darabinofuranosyl)-5-iodouracil)
✓ Initially developed as a noninvasive agent to monitor tumor-targeting bacteria
✓ A substrate for the native thymidine kinases (TK)

✓ Phosphorylated by TKs and subsequently trapped
✓ Bacteria that do not possess the TK enzyme (eg, Pseudomonas aeruginosa ), would not
retain FIAU

Septic arthritis (right knee) +ve

Osteomyelitis (left distal tibia) +ve

???124I-FIAU lacks specificity in patients with prosthetic joint infections, with high
background signal in uninfected muscle presumably due to host mitochondrial metabolism.
Ordonez & Jain Sem Nucl Med 2018

Diaz et al. Plos One 2007

68Ga, 111In



Target





Broad spectrum bacteria, fungi

Advantages





Bacterial iron transporters
An iron concentrating protein unique to fungi and bacteria

Pathogens




and 67Ga siderophores

Sensitivity for Aspergillus
Fluorescent siderophores and therapeutic conjugates have been described and may be translated
to optical imaging and theranostic applications

Challenges


Imaging of sterile inflammation

Invasive Pulmonary Aspergillosis
Different siderophores A fumigatus
High uptake in infected lungs vs control
Severity & Iron load dependent
68Ga-TAFC

& 68Ga-FOXE

68Ga-siderophores

68Ga

18F-FDG

Citrate for TB imaging
18F-FDG

68Ga-Citrate

68Ga-Citrate

Vorster et al. Q J Nucl Med Mol Imaging 2019
Ankrah et al, Nuklearmedizin 2019

Vorster et al. Annals Nucl Med 2014

➢ Increasing interest in 68Ga Citrate use due to widespread availability of 68Ga/68Ga generator
➢ Differentiate active TB from non-active disease (transferrin-dependent)
➢ Does not accumulate in the brain – suitable for brain tuberculoma

125I-DPA-713:

Imaging of necrotic pulmonary TB lesions

CT images

18F-FDG

PET

124I-DPA-713

PET
124I-DPA-713

➢
➢
➢
➢
Ordonez et al. AAC 2015

PET

Radiolabeled iodo-DPA-713, a synthetic ligand for the translocator protein (TSPO)
Specific imaging biomarker for microglia/macrophage-associated inflammation
Predictive of treatment efficacy and relapse in TB
Found to be superior to 18F-FDG PET as a marker for treatment response and relapse

124I-DPA-713

as an imaging biomarker for macrophage-associated inflammation

124I-DPA-713

[radioligand for translocator protein (TSPO)] clears rapidly from the lungs,
with predominantly hepatic elimination, and is safe and well tolerated in healthy adults.
Foss et al. JNM 2018

[18F]FMISO

Belton et al. Thorax 2016

Datta et al. Ann BioMed Eng. 2016

[18F]FMISO accumulated in regions of TB consolidation and around pulmonary cavities, demonstrating for the first
time severe tissue hypoxia in man potently upregulates matrix metalloproteinase-1 (MMP-1), a collagenase
central to both cavity formation and spread of infection.

First in Man: 68Ga-nitroimidazole in Extrapulmonary TB
Unpublished: Paper submitted

Microenvironment: Hypoxia
68Ga-nitroimidazole

18F-FDG

➢ Multiple enlarged lymph nodes: concordant uptake and were both 18F-FDG and 68Ga-nitroimidazole avid.
➢ However, not all FDG avid lymph nodes were positive on 68Ga-nitroimidazole
Bresser, Jeong, Vorster, Sathekge

First-in-man: 68Ga Tilmanocept
Unpublished !!!

Expressed

on macrophages and dendritic cells

FDG PET/CT

CD206

is a marker of alternatively activated
macrophages, known as M2 macrophages
Activated

macrophages may be related to prognosis
of pulmonary TB
Ga-68 Tilmanocept

CD206

may provide a potential biomarker in TB

Macrophage mannose receptor, CD206, predict prognosis in TB

Monitoring antibiotic efficacy using bacteria-specific PET agents

➢ Therapeutic efficacy and pathogen antibiotic susceptibility using a sequential imaging

➢ Many bacteria-specific tracers allow detection of as few as 6 Log10 CFU/mL, this is
indeed a promising threshold for many clinically important bacterial infections.
➢ Evaluation and validation in larger clinical trials, especially in chronic infections with a
lower bacterial burden.
➢ Potential of bacteria-specific imaging to provide valuable information that improves
diagnosis, gain a better understanding of the disease processes, optimize antibiotic
therapies, and improve patient care.

Ruiz-Bedoya et al. IJMS 2019

Clinical Trials of promising infection-specific radiopharmaceuticals should be encouraged

Optimization of Molecular Imaging for TB
Standardized protocols and models
✓Pathogen-specific tracers

Understanding Pathogenesis:
Characterization, LTBI, Heterogeneity, EPTB

✓Sensitivity for broader range of microbes rather

than species specific probes
✓Screen potential tracers in whole bacterial cell
cultures (metabolism, cell wall, enzymes)

Antimicrobial
tracers

Pathogenspecific
tracers

✓Antimicrobial tracers
✓Library of antibiotics - very high affinity to
targets (accumulation & slow clearance)

Monitoring Rx Response:

✓Radiochemistry to balance T1/2 of the

Prognostic Properties, Therapy Duration

radioisotope and the parent drug

Microenvironment
tracers

✓Microenvironment tracers
✓Heterogeneity - spatial physical, chemical &
immune responses (penetration & retention)
✓Inflammation, hypoxia, oxidative stress, and
Responder

Non-Responder

recruitment of macrophages and neutrophils

NuMeRI
Comprising two Cyclotrons, a GMP Radiopharmacy production facility, plus
state-of-the-art pre-clinical and clinical imaging modalities

