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PET imaging of mycobacterial infection:
transforming the pipeline for tuberculosis

drug development
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Improved PET/CT radiopharmaceuticals can better visualize and monitor tuberculosis and enable
real-time pharmacological drug profiling in vivo. PET/CT imaging can therefore be used to study in
animal models the changes in tissue pathology in tuberculosis infection, such as mycobacterial
latency, tuberculoma formation, lung cavitation or calcification, and extrapulmonary disease. This
Perspective aims to critically evaluate the current and future contribution and role of PET imaging in

anti-tuberculosis drug development.

Mycobacteria are pathogens within the order of Actinobacteria; char-
acterized as Gram-positive, aerobic, non-spore-forming bacilli. In addition
to atypical, non-tuberculous mycobacteria, the two most recognized species
of mycobacteria are Mycobacterium leprae, the causative pathogen for
leprosy'”, and Mycobacterium tuberculosis (MTb), the cause of tuberculosis
(TB)’. Due to limited evidence in the literature supporting the usefulness of
preclinical imaging in the development of novel therapies for leprosy, it will
not be discussed further in this context. This may be due to the lack of
systemic manifestations, at least on the preclinical level.

Yet, TB is a lethal disease that has afflicted humanity for millennia, with
DNA evidence tracing it back over 8000 years'. In 1882, Dr. Robert Koch
identified the MTb bacillus, paving the way for treatments (antibiotics) and
preventative measures such as the bacilli Calmette-Guerin vaccine’. Despite
advances, MTb remains a global health threat, ranked as the second leading
cause of death by infectious disease in 2022, after COVID-19. According to
the WHO, 10.6 million people developed active TB, and 1.3 million died.
MTDb’s ability to cause latent infections in up to 1.7 billion individuals, which
can reactivate, ensures a continuous reservoir of infection, making it highly
transmissible within populations’. Once someone is latently infected, the
chance of developing active TB is approximately 5% within the first two
years®. Figure 1 illustrates the current disease profile and its complications
with available therapeutic strategies. The treatment of MTb is intricate and
prolonged, making the search for novel treatment regimens a high
priority’”. According to the U.S. Centers for Disease Control and Preven-
tion (CDC) current clinical TB diagnosis involves a combination of medical
history, physical examination, TB tests (i.e., skin tests and blood tests), chest
X-rays, and bacteriologic examinations (including sputum smear micro-
scopy, culture tests, and nucleic acid amplification tests). Follow-up care
includes directly observed therapy to ensure medication adherence and
regular monitoring through repeat imaging and lab tests to track treatment

response and detect complications (CDC-Tuberculosis). To enhance the
clinical translation success rate of new anti-TB therapies, the use of non-
invasive nuclear imaging technologies such as Positron Emission Tomo-
graphy (PET) is becoming increasingly crucial. When combined with
Computed Tomography (CT), PET/CT enables the simultaneous visuali-
zation of both biochemical and anatomical information. These non-invasive
techniques enable the longitudinal monitoring of TB disease processes in
living subjects, providing valuable insights into the effectiveness of
treatments'’.

By using 2-deoxy-2-["*F]fluoro-D-glucose (['*F]FDG) in clinical TB
research, researchers can explore the benefits of PET in monitoring
mycobacterial activity in response to anti-MTb therapies. [*F][FDG-PET
imaging detects metabolic activity in TB lesions, providing insights into
disease progression and treatment efficacy. Visualizing MTb with new PET/
CT imaging strategies is challenging due to the need for specificity, opti-
mized pharmacokinetics, and minimal off-target effects. We herein high-
light the growing importance of PET imaging in TB and describe the main
challenges in developing new radiopharmaceuticals to monitor MTb-
targeted therapies — which is crucial for evaluating new treatment regimens.
We also compare TB animal models and several existing but underutilized
PET tracers that could benefit clinicians, especially tracers that may offer
more precise imaging of TB lesions, enhancing diagnosis and monitoring of
treatments.

The quest to conquer problems with TB diagnosis and
treatment

MTb treatment is complicated due to multiple factors; treatment failure not
only affects the host, but also contributes to the development and trans-
mission of multidrug-resistant (MDR) and extensively drug-resistant
(XDR)-TB, often causing larger cohort outbreaks of difficult-to-treat
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Fig. 1 | Interplay of complications during anti-mycobacterial therapy'"". Figure created using a licensed version of Biorender.com.

cases'. Aside from the socio-economic aspects burdening low-to-middle-
income countries with the highest TB-related morbidity and mortality
(Global Tuberculosis Report 2024), we herein focus on the pathogen-, host-,
and treatment-related challenges. Concerning TB infections, MTb con-
tributes unique pathogen-related challenges that complicate successful
treatment. A heterogeneous TB infection often includes MTb bacteria at
different physiological stages (replicating, dormant, reactivated), each with
varying drug susceptibilities'>"*. MTb bacilli can be found extracellularly
and within immune cells - some reside in inaccessible lesions and drug-
resistant niches, particularly in necrotic granulomas and cavities with poor
drug penetration. Additionally, MTb can spread via the hematological and
lymphatic systems, leading to extrapulmonary TB (EPTB). Additionally,
MTDb can develop drug resistance mechanisms through genetic alterations
(Fig. 1) - changes leading to inhibited cell wall penetration of current anti-
TB drugs, the activation of efflux pumps expelling these drugs, and target site
modifications or mutations producing new enzymes capable of drug
degradation'"".

Host-related challenges significantly contribute to suboptimal treat-
ment outcomes. HIV/AIDS co-infection poses the most pronounced
challenge to anti-TB therapy success. A usual complication is the burden of
undergoing both TB- and HIV therapy (so-called “pill burden”), often
leading to non-adherence by patients'. In immune-suppressed HIV
patients, the risk of developing active TB is twenty-to-thirty times higher
compared to those without comorbidities'”. HIV infection also increases the
risk of reactivation of latent TB and rapid disease progression after infection.
TB infection is reported as the single-largest cause of death among patients
with AIDS""". Other comorbidities weakening the immune system include
alcohol use disorders, diabetes, smoking, and malnutrition (6.3 TB
determinants).

Currently, TB is treated with a rather generic, 6-month multidrug
regimen, causing treatment-specific challenges. Patient adherence remains
a major concern due to the prolonged duration, requiring strict compliance

to prevent relapse and drug resistance. Additionally, drug-related toxicities
such as hepatotoxicity (isoniazid, rifampicin, pyrazinamide), gastro-
intestinal side effects, and optic neuropathy (ethambutol) can lead to
treatment interruptions. Drug-drug interactions, particularly with rifam-
picin’s strong induction of hepatic enzymes, complicate co-treatment in
patients with HIV or other comorbidities. These challenges highlight the
need for shorter, less toxic, and more effective TB treatment regimens™"".
However, the onset of MDR-TB and XDR-TB further complicates treat-
ment, requiring longer (more toxic) regimens. The lack of innovative
antibiotic regimens hinders treatment of such MDR- and XDR-strains' """,
Therefore, developing new antibiotics, diagnostic biomarkers (including
radiopharmaceuticals), and therapeutic strategies is crucial to address these
challenges™. More focused therapies must simplify regimens to improve
compliance — early diagnosis and detection of resistant strains may opti-
mize treatments”. Nonetheless, recent reviews highlight progress on
existing agents at revised dosages and introducing new agents like beda-
quiline, pretomanid, and delamanid (Fig. 2)***.

The current one-size-fits-all approach is inadequate for managing TB
effectively. To address the TB burden, we developed a task list {Box 1} which
may significantly improve TB control and treatment efforts. For instance,
vaccine development could be a powerful tool to stop the spread of MTb,
especially in vulnerable HIV-positive populations or areas with poor socio-
economic status™. It may offer a long-term, sustainable solution toward
eradicating MTb and is the only effective weapon against the emergence and
spread of MDR-TB and XDR-TB strains. However, while immunization has
been key in reducing TB risk, its efficacy against adult pulmonary TB varies
widely (0-80%)”". Challenges in developing new vaccines include an
incomplete understanding of MTb’s pathogenicity, lack of correlates of
protection, and absence of appropriate animal models for evaluation”.

Diagnostic challenges also remain. For example, molecular tests (e.g.,
Xpert MTB/RIF, Xpert Ultra, whole genome sequencing, line probe assays
like GenoType, MTBDRplus, and other nucleic acid amplification tests),
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Fig. 2 | Available antibiotics for targeted MTb treatment and their mechanism of action. The figure includes standard therapy agents (red font color) and investigational
drugs (blue font color) in advanced trials’’. Figure created using a licensed version of Biorender.com.

Box 1 | How to make inroads to curb the burden of TB

1. Identification and development of biomarkers: Biomarkers are
needed to distinguish between patients with latent and active TB, and to
evaluate treatment efficacy early on. This foundational step supports all
subsequent efforts in TB management.

2. Better identify LTBI patient subpopulations: Using biomarkers and
diagnostic tests, LTBI patients at higher risk of developing active TB can
be identified, ensuring that they receive preventative treatment, while
excluding low-risk individuals.

3. Increase awareness of accurate and timely diagnosis: Focusing on
potent diagnostic methods helps to better identify and manage latent
TB populations is essential for effective treatment and prevention
strategies.

4. Prioritize research for shorter, innovative treatment regimens or
vaccines against TB: Developing shorter, more effective treatments
can improve patient compliance and outcomes. The implementation of

though useful, are still expensive and limited in certain TB samples. Culture-
based methods take too long (2-8 weeks), complicating timely diagnosis and
treatment. Recent reviews also highlight improvements made in point-of-
care tests™>.

PET/CT imaging provides a uniform multi-species
platform for preclinical anti-TB drug and vaccine
development

The MTb antibiotic development pipeline relies on a robust foundation of
preclinical animal models. Most animal models mimic only certain aspects of
human TB disease, except for non-human primates, which closely resemble
human TB. When studying TB in smaller animal models, a combination of
models is often needed to fully characterize new therapies and vaccines
because of the variation in which TB presents itself in different hosts, often
mimicking only certain aspects of human TB disease. While preclinical
evaluations can identify promising candidates, they cannot definitively pre-
dict clinical efficacy’. A preclinical efficacy study of a novel therapeutic
should demonstrate either the potential to shorten current therapy regimens
or increase efficacy against resistant MTb strains™***"”. The more current
focus within preclinical efficacy studies is evaluating the novel therapy’s
efficacy against both active and non-active MTD, its activity against resistant
strains of MTD, the possibility of development of resistance against the novel

improved diagnostics and biomarkers can expedite preclinical and
clinical research that assesses drug or anti-TB vaccine efficacy.

5. Identify gaps in healthcare systems: Enhancing point-of-care tests,
molecular diagnostics, and treatment capacity is vital for proactive TB
surveillance and monitoring, ensuring that healthcare systems can
effectively manage TB cases.

6. Develop and secure access to innovative therapeutics worldwide:
Ensuring global access to treatments is crucial for effective TB
management, particularly for latent TB infections (LTBI).

7. Address socio-economic pressures: Controlling treatment facility
networks is essential to ensure a consistent supply of TB antibiotics/
vaccines, addressing socio-economic barriers that hinder effective TB
treatment and management.

therapy, and pharmacokinetic (PK) and pharmacodynamic (PD) relation-
ships that can affect therapeutic efficacy. Additionally, effectiveness against
unique MTb lesion microenvironments, such as necrosis, cavities, and
granulomas, is an auxiliary objective. For a drug to be effective, it must first
reach its target, and all of these microenvironments affect the efficiency of this
process. It is now accepted that the actual drug concentration in tissues of
interest is directly correlated with therapeutic outcomes™. Hence, PK/PD-
based dose selection of specific compartments of interest has become non-
negotiable in the development of novel anti-MTb agents. Specifically in this
area (Fig. 3), microPET/CT and PET/CT have unchallenged power.

While pharmacokinetics in blood can be assessed using conventional
non-radioactive methods such as mass spectrometry or high-performance
liquid chromatography (HPLC), these approaches are limited to measuring
drug concentrations in blood or tissue homogenates at discrete time points.
In contrast, microPET/CT and PET/CT offer the unique advantage of
providing real-time, whole-body biodistribution and tissue penetration
data in a non-invasive manner. This is particularly critical for TB drug
development, where penetration into granulomas, lung lesions, and other
infection sites cannot be accurately inferred from blood sampling alone.
PET imaging enables dynamic tracking of drug distribution in living sub-
jects, revealing spatial and temporal PK profiles that are otherwise inac-
cessible with traditional bioanalytical methods.
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Fig. 3 | Implementation of PET/CT in the MTb
drug development pipeline. * a radiolabeled (e.g.,
Fluorine-18 or Carbon-11) biosimilar version of the
anti-TB drug will enable PET/CT imaging (non-
invasive, longitudinal, quantitative investigations)
for in vivo characterization. Figure created using a
licensed version of Biorender.com.

Lead ¢
Compound
Discovery

Target

Identification

Identify
molecular Screen
targets libraries

Discovery

R N $
& & o & &
@ PN IS Lo
S $8s s 8 8 &8
§& LS F LR
o @ & @ $ AN
2
S e °f Fod
L o8 & RESES
> 9 O Lo 58
<< OSSN G OLS
rE L& &8 TP
NS 5 ¥
IR A
Regulatory
approval
Early clinical Late clinical
development development Dat".’ fqr
submission
package
PK and Ph I
Uptake biodistribution. Safetaysg He Large scale
& MIC in healthy efficacy
assays Drug efficacy volunteers .
Comparitive
> Phase lla: studies with
Toxicity & safety Preliminary existing
efficacy therapies

Development

SPECT/CT is not commonly used in the drug development process for
novel tuberculosis (TB) drugs due to its limited sensitivity and spatial
resolution compared to other imaging modalities, such as PET/CT. While
SPECT/CT can provide functional imaging, its lower resolution makes it less
suitable for detecting early disease progression or subtle treatment effects.
Additionally, the long half-life of most SPECT tracers limits their applic-
ability for dynamic studies, and the availability of TB-specific radiotracers
for SPECT is more restricted. Furthermore, radiolabelling novel antibiotics
with SPECT-compatible radionuclides without altering their pharmacoki-
netics is challenging, whereas PET radiolabelling with short-lived isotopes
like carbon-11 allows for minimal structural modification, preserving the
drug’s biological behavior. As a result, PET imaging is generally preferred for
assessing TB infection dynamics and treatment response.

PET/CT has found application in the evaluation of vaccine efficacy, in
particular in macaques™ 7, with smaller animal species remaining under-
utilized. ["*FJFDG-PET/CT was proven to be effective at assessing disease
establishment and dissemination, opening up the avenue to analyze how TB
progression is influenced by novel vaccines. This is also a useful method to
analyze the co-factors that could influence vaccine efficacy (e.g., correct
dosing schedule, comparative efficacy, presence of co-morbities, etc.).
Longitudinal assessment can provide a glimpse of the nuance of disease
establishment/progression after vaccination, as well as assist in the deter-
mination of the duration of protection® ™.

Ensuring reproducible and translatable preclinical data for TB is cru-
cial. Thus, the right combination of animal model, Mtb strain, and disease
phenotype (or expression) must be aligned to address the research question
accurately.

Lack of diversity in selecting mycobacterial strains

In the reported studies, the diversity of MTb strains is limited, with H37Rv-,
CDC1551-, and Erdman strains being commonly used™. This uniformity
has enhanced repeatability and facilitated comparisons across different
institutions; however, it also means that the genetic diversity of clinically
isolated MTD strains is underrepresented. Consequently, data from drug-
resistant Mtb strains is often missing. Because different strains can vary in
virulence, immune evasion, and treatment response, validation without
strain diversity may hinder the clinical translation of new MTb therapies™.
To improve clinical translation, future studies should incorporate a range of
MTDb strains, including drug-resistant and geographically diverse clinical
isolates, to assess treatment efficacy across different bacterial phenotypes.
Additionally, using genetically diverse strains in animal models and patient-

derived isolates in ex vivo studies can provide a more comprehensive eva-
luation of novel therapies.

Pulmonary TB is preferably established through aerosol infection,
which closely mimics the natural respiratory route of human MTb trans-
mission and provides acute infection in animal models. Other TB dis-
semination routes include (a) intrabronchial deposition, which best ensures
correct pathogen dosing, (b) intraventricular injection relevant to illicit TB
meningitis in animals, (c) intranasal droplet installation, and (d) intrave-
nous MTb injection to directly introduce the pathogen systemically. More
technically, aerosol-routed infection, for example, can be administered at
ultra-low levels (1-3 CFUs; months-long incubation) or more conventional
doses of 100-1000 CFUs, which may be given as a single dose or as repeated
low doses. Aerosol infection or intrabronchial deposition is often used for
imaging of acute pulmonary TB or conducting vaccine studies, while
intrabronchial deposition is also chosen for evaluating granuloma devel-
opment or disseminated TB disease™.

For TB investigations, each animal model is different

Currently, mice are the most used preclinical species due to their cost-
effectiveness and low compound dosage requirements. However, mice in
general do not fully mimic human TB, lacking the three-dimensional
structure and heterogeneity of human pulmonary TB lesions, next to the
general differences already known between mouse and human regarding
the anatomy and immune system. Mice in general are also relatively
resistant to infection and show lower bacterial burdens, which can be
detrimental to evaluating treatment duration or susceptibility to resis-
tance in these animals’™*'. However, specific sub-species of mice, for
example, C3HeB/Fe] “Kramnik” mice, do develop TB granulomas in the
lungs similar to humans. Rabbits and guinea pigs in general are more
susceptible and manifest MTb infection that recapitulates the human
pathology better, i.e., developing lung tissue necrosis and cavitation,
which supports more in-depth drug characterization, and due to their
small size, they can still be compatible with high-resolution microPET/
CT imaging equipment. Non-human primates closely mimic the full
spectrum of human MTb pathology*** but are limited by availability,
cost, and ethical concerns****. Macaques are crucial for advanced eva-
luations of drug PK/PD and should preferably be used alongside smaller
models for early-stage studies®. A summary of the key features for
relevant animal models used in TB research and development is pro-
vided in Fig. 4; however, more comprehensive reviews have been pub-
lished on this topic™***.
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Several animal models of TB are suitable for PET/CT imaging
The introduction of microPET/CT in the preclinical development of
MTb antibiotics promotes a more ethical and efficient research
approach. This technology complies with the 3Rs (Replacement,
Reduction, and Refinement) for ethical research®. Reduction is
achieved through longitudinal imaging, allowing the same animal
subjects to be studied over time, thus minimizing the animal number
per study. Refinement is enhanced by PET/CT’s non-invasive nature,
reducing the need for terminal procedures or repeated invasive sam-
pling. This improves animal welfare, addressing pain and distress,
especially in larger species like primates.

Macaques are the most commonly used animal models in TB-imaging
studies due to their ability to monitor granuloma dynamics, immune system
effects, and the progression from latent to active MTb*"*. Non-invasive
imaging techniques like PET/CT are particularly powerful for these studies.
PET/CT image-guided drug PK/PD data acquired from larger animal
models are more translatable to humans. Conversely, C3HeB/Fe] “Kram-
nik” mice and rabbits are used for their cost-effectiveness and better ethical
compliance, but at the cost of clinical relevance®. Most TB studies evaluate
immune responses, vaccine efficacy, and the pharmacokinetics or efficacy of
novel antibiotics. Primarily, [**F]FDG-PET is used, with a few studies using
[**F]JFMISO-PET to evaluate tissue hypoxia. The high reliance on [“F]JFDG
suggests a focus on inflammation in MTb pathology, potentially neglecting
lesion-specific processes like hypoxia and necrosis that can’t be visualized
with an ["®F]FDG scan or PET/CT scan, since these tissues do not present
with high metabolic activity.

We believe that using various radiopharmaceuticals during their pre-
clinical PET/CT evaluations can accelerate the development of novel MTb
therapies by eliminating non-compliant candidates early. The combination
of high-throughput screening in TB-mice aligned with advanced PET/CT
evaluations in primates is underutilized (perhaps underreported). Enhan-
cing the bench-to-bedside translation success requires leveraging multiple
animal models, each contributing unique strengths and weaknesses. Fur-
thermore, advancing to high-throughput PET/CT studies is crucial for the
scalable test of MTD antibiotics. Alas, longitudinal imaging capabilities are
underutilized in PET/CT studies; simply presenting static images at a single

time point risks neglecting or misrepresenting longitudinal treatment effects
in the same animal cohort.

The PET/CT imaging toolbox of TB goes beyond
['*FIFDG

The ideal radiopharmaceutical supporting (pre-)clinical research of novel
MTb therapy should demonstrate well-validated biological behavior in
healthy subjects and in the disease process, most notably also in com-
plicated disease. As such, ["*F]FDG is highly metabolically active in the
inflammatory process caused by TB infiltration®. This technique has
been widely applied in non-human primate TB-models monitoring
granuloma formation and selective granuloma dynamics™"*, tracking
disease spread” ™, and guiding accurate tissue sampling during
necropsy”**. Disease severity and progression are monitored by quan-
titative measurements like total ["*F]JFDG-avidity, granuloma counts, or
lymph node involvement to stage the disease™**”. [**F][FDG has been
useful for evaluating treatment efficacy for novel MTb-directed
antibiotics™**%, vaccines’ ™" and host-directed therapies®*”’, aided in
biomarker development””?, and in evaluating the risk of TB-
reactivation’*”. Clinically, ["*F]JFDG-PET is valuable in the diagnosis
and management of TB by detecting active disease and monitoring
treatment response””". In more resource-limited settings with TB being
most prevalent, PET imaging is often not readily accessible; however,
despite this drawback, clinicians must be especially aware of its unique
benefits and limitations. Therefore, we provide a fact sheet on [*F]FDG-
PET/CT of clinical TB-imaging Table S1.

Aside from the plethora of [*F]JFDG-PET investigations in TB, alter-
native metabolic PET tracers have been reported, mostly being studied side-
by-side with [*FIFDG-PET/CT (Table 1). Note that non-metabolic radio-
pharmaceuticals and targets are discussed elsewhere in this manuscript.

A benefit for TB diagnosis (higher accuracy and anatomical localiza-
tion of suspicious lesions), and detection of EPTB was reported, especially
utilizing [*Ga]Ga-citrate-, ["*F]JFMISO-, ["'C]choline- or ["*F]FLT-PET. In
a few clinical trials using receptor-specific imaging, patients with infectious
(TB) diseases were enrolled as a control group to ascertain the specificity of
new radiotracers for oncology. The researchers reported, for example, that
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[®Ga]Ga-PSMA-11-PET was unable to differentiate TB from pulmonary
metastases; however, performing [*Ga]Ga-alfatide II-PET/CT imaging in
TB patients had much higher specificity than [**F]JFDG when distinguishing
TB from Non-Small Cell Lung Cancer. Although PET investigations will
most possibly not become part of the routine work-up for all patients
diagnosed with TB, due to accessibility and resource limitations, the
development of novel imaging strategies for TB pathophysiology is a lively
area of research. The main aim is overcoming the ["*F]JFDG-PET/CT lim-
itations toward TB, which provides a very inflammation-centric focus on
the disease. Researchers require‘ more specific and sensitive tools for disease
evaluation, most prominently during clinical trials of anti-MTb therapy and
vaccines, but also during preclinical evaluations. Thus, researchers are
aiming to develop pathogen-specific tracers that show uptake levels pro-
portional to the bacterial burden. Such tracers could be valuable for patient
stratification, monitoring response to treatment in complicated cases, and
accelerating the development of novel therapeutics. Patient stratification is
crucial because TB presents a spectrum of disease phenotypes, and grouping
patients with different phenotypes in clinical trials may produce incon-
sistent results regarding treatment efficacy. A non-exhaustive list of new
tracers, including their potential as drug efficacy PET-biomarkers is sum-
marized in Table 2.

Interestingly, unlike PET imaging for cancer, TB imaging literature/
has primarily focused on small-sized radiolabeled molecules. Larger
molecules, such as radiolabeled antibodies and their fragments, func-
tional proteins, aptamers, or bio-nanoparticles, have not been explored
for PET/CT imaging of TB. Additionally, despite radiolabeled blood
elements being the gold standard for imaging peripheral infections,
studies visualizing EPTB foci by way of trafficking Zirconium-89-labeled
leukocytes have not been reported either. This gap highlights a sig-
nificant opportunity for advancing TB imaging techniques and
improving treatment monitoring capabilities.

The potential of PET/CT imaging during the develop-
ment of a new TB therapy agent

We herein emphasized the importance of incorporating PET/CT techni-
ques in developing new anti-MTb drugs. Investigational drugs have been
radiolabeled for real-time in vivo PET imaging, e.g., [**F]Linezolid, [**Br]
Bedaquiline, and ["'C]Rifampin**"**. To further illustrate the importance of
incorporating nuclear imaging technologies, we propose recent develop-
ments of Pretomanid for combination therapies targeting drug-resistant
strains of MTb - as an example. Pretomanid inhibits mycolic acid bio-
synthesis and shows uptake under anaerobic and hypoxic conditions®’. It is
unclear if Pretomanid can serve as a key drug in anti-MTb regimens or
merely as an add-on to prevent resistance. However, it has proven effective
in reducing treatment duration and preventing bedaquiline-resistant MTb
strains. Although no serious toxicity has been reported, Pretomanid’s safety

profile needs further investigation®. For Pretomanid, fluorine-18 was the
radioisotope of choice as F-atoms form part of the molecule (compare Fig.
5A, B). It is crucial that the radio-analog is chemically (as) identical (as
possible) to the non-radioactive antibiotic and behaves similarly. However,
for accurate imaging results, sufficient proteolytic stability of the radi-
olabeled antibiotic in vivo is also desired. In developing Pretomanid, PET/
CT was used to define compartment-specific pharmacokinetic data
accurately” (Fig. 5C-E). Traditional dosing regimens often rely on plasma
concentrations, overlooking the importance of antibiotic distribution in
critical compartments like the brain, or even in the infected tissue micro-
environment. This can lead to sub-therapeutic levels of antibiotics in the
tissues where the pathogen resides, which may result in pathogen survival
and development of antibiotic resistance. Hence, radiolabelling new anti-
biotics like Pretomanid allows for three-dimensional and precise visuali-
zation of antibiotic exposure at infected tissue sites with PET/CT, and
provides segmented (or dynamic) whole-body drug concentration profiles
at multiple timepoints in an individual subject.

Co-imaging using ["*F]FDG (Fig. 6A) highlighted metabolic TB lesion
activity (circled) and activated immune cells non-invasively, which can be
correlated to decreasing inflammation and bacterial burden as a response to
therapy”. In this study, the lack of [*F]Pretomanid uptake is evident;
however, [*F]JFDG clearly highlights the inflammation associated with
MTb manifestation, indicating differential penetration of glucose versus an
antibiotic such as Pretomanid, hinting at underlying molecular mechanisms
that exclude antibiotic penetration of the lesion, which is still permissive to
food sources like glucose. This setting is suitable for follow-up therapeutic
efficacy over time in a quantitative manner. In addition, cerebral ["**I]iodo-
DPA-713-PET/CT images were reconstructed for representative (TB-
infected) mice from different treatment regimens and untreated mice (Fig.
6B). ["*I]Todo-DPA-713 is a radiotracer used to detect and visualize
macrophage-associated inflammation by measuring the activity of the 18-
kDa translocator protein (TSPO), which is valuable for studying chronic
inflammatory diseases. The reduction in MTb burden after therapy corre-
lated with the decrease in in vivo PET signal intensity representing activated
microglia and macrophages. These results showed that PET imaging allows
for precise localization of infected tissues, quantification of disease activity,
and measurement of therapeutic penetration and its efficacy, sparking
confidence about the future role of PET imaging of mycobacteria, although
only a selected few centers worldwide have the laboratory infrastructure to
perform such research due to strict radiation and bio-contaminant
regulation.

Summary and outlook

PET imaging holds great promise for transforming TB diagnosis,
treatment, and drug development, paving the way for more effective and
personalized approaches to combating this challenging disease. New

Table 1 | Readily available radiopharmaceuticals recommended for alternative metabolic PET/CT imaging of patients

presenting with confirmed TB

Tracer Cellular Function / Target Relation to TB Key Benefits (Limitations)

['"C]Choline®; Increased biosynthesis of the cell (wall) ~ Bacterial cell membrane biosynthesis Improves specificity when utilized with ['®F][FDG
envelope

"8 FJFEC® |

['"C]Thymidine®® DNA replication / elevated cell Bacterial proliferation and cellular division Improves specificity when utilized with ['*F][FDG
proliferation (TK-1 activity

BF)FLT®’ liferati K-1 activit

["®FIFMISO®e5° Tissue hypoxia

Tuberculoma hypoxia

Accurate differentiation and visualization of TB
cavities (lower sensitivity than ['®F]FDG)

[®Ga]Ga-citrate® Serum transferrin cofactor / Krebs

cycle intermediate

Bacterial iron-acquisition pathways

For better detection of EPTB (lower sensitivity than
["*FIFDG)

['"C]Methionine®' Increased protein biosynthesis

Bacterial protein biosynthesis

For better detection of TB and EPTB

['"C]Acetate® Fatty acid biosynthesis

Fatty acid biosynthesis is associated with

Improves specificity when utilized with ['®F]FDG

tuberculoma development

["®FIFDG 2-Fluoro-2['®F]-deoxyglucose, EPTB extrapulmonary tuberculosis, DNA deoxyribonucleic acid, [°FJFLT 3'-deoxy-3'-(['®F])fluoro-thymidine, [®FJFECh ["®F]fluoro-ethylcholine, [*FJFMISO ['°F]

fluoro-misonidazole, ["*FJFET ['®F]fluoro-ethyl-tyrosine.

npj Imaging | (2025)3:22


www.nature.com/npjimaging

Perspective

https://doi.org/10.1038/s44303-025-00082-2

‘|loBINOPOI-G-|ASoueiInjoulqe.e-g-g-olon|j-,g-Axoap

12 NVl ‘ploe olozusgoulwe-eled ygyd ‘sebeydoioew dpy ‘ueiold Jojeoojsuel) OdS.L ‘epiweieoe-g-suipiwnAdle-g* |JojozelAd -|Ayiewip- 2 ‘G-(AusydAxoyiew-)-g-IAuielp-N‘N €1/2-Vdd ‘esoleyai} Axosp-z-0i0n|i[dg 1-2 La-[H,,] ‘@pizespAy pioe ojunooiuosioion|ifdg 1-2
HNI[Hqg,]-2 ‘910Zepiwioniu-y10a NG ‘Usbiiue 81e|-A1aA 77/ ‘UOIIO. JO WUSIUBYOSLW /O ‘SOSBO [BOIUIIO JO SaLas SO ‘UolieBiisaaul [eojuljd Aiojeloldxe (0T ‘uewny ul-1silj H/H ‘uoliebisaaul [oluljoaid Od ‘sisonoiagny Areuowndelixs g1 43 ‘sisojnoiaqni WniiaioeqodAN gL

(ennosjes-eus}oE] J0U) ANAIISUSS juswide.us sieroeNVIA
++ oAl ulereudoidde {H|4 Aizewisop uoljelpe. pue exeidn Areuowind moj Ajqeione HI4/0d 1190 dlj0gBIBW BIA UoISSaldxa |-y ] [el81oeq jo Buibew -(0PO)lgz1 pz1/-de1]
ol109ds-e1s}oeqooAw JoN ‘Hi4 21, vVavd
++  Answisop uoneipel pue axeldn Aeuowind moj Algeone ‘g1 |\ ullusierasd ol Hi4 /Od uoI10B }e|OjUB OljeWAzZuUs Jejnaiagnl-iuy -dldg]-2 ,,,vavd[o,]
(eAnjos]es-BLB10Bq0IAW) [9pOoW SiBuluaw
++ gl eusyeidnybly H|4 Answisop uopelipe) pue axeidn Areuowind mo| Ajqeioneqd  HI4 /Od sisayjuAsolq pioe o1j0oAw Buiiqiyul cgPluewoleld[dg]
- (AyaIsuas moj yum Joygiyul swAzus) g1 Areuow|nd Jo UoleZIBNSIA 818INd0Y od (esepiweuizelAd Ag pareAiloe) aAleAusp Bnup oyoads-ql N o VZd-dl4g -6
(Aunmisues
T ajeiapow ‘Y d Mo|s) uoiss| g1 Areuow|nd JO UOIFBZI[ENSIA BAI}ISUSS PUB 8}eInd0y Od (eseyiuAs pioe Aney || 8dA1 sy00)q) Bnip-oud oyoads-q] I\ sorHNIlHg,]-2
+ (Auaiususs moj) ABojoyred Bun| paseq-nHHg 10 UONEZI[BNSIA 8}eInd0y Od sISayjuAsolq uisjoid pasealoul sainses|p o UoAwoind-enen, |
(@4 o3 pasedwoo)
++  uonewuweul pajeloosse-d] |\ Jo Buibew oi1oads aiow pue ‘OAllsuss ‘91einddy  Dd/ 103 uonodul g1 Buunp by uo passaldxe Od4SL 0} spulg Jore0.€ +2-Vd@-opol(l,,,]
uoloaul g1 Buunp [eronJo-
+ €1 Jo 190} snojewojnuelf Buiesuljap AjpAnoay Od N uo pessaidxatojdedal | J0joe} Bulyenwis-Auojod o) spulg o H71L21LE82-PNI[O, ]
BwolndJagn} ul (paonpul-uiye|dsio) b uo
++ sisojdode |90 Buunp AyAnoe oyoads-//g-asedseo jo buibew! | 34 81eindoy Od passaidxs //g-osedseo 0} ol10ads ‘Jeoel} Bujureluod-unes| sor = LINDI[Hg)]
(Aunisuss syeudoidde) S||99 BWO|N2Jagn} UO passaldxs
‘p'u s|iydosinau Ag usaup axeidn ‘uonewweljul payeroosse-q| |\ o Buibew ayeinooy Od | Joydeoai apidad |Awioy Bunebielspiidad paipoy cor20,37147149-nO[ND, 4]
sewlojnoJiagny ul s|j9o
- s||90-1 pue b Ag usaup axeidn Jaoel) ‘g Jo} Ayoiioads panoadw| Od Buissaidxa- (L gyv) y-vIA- Buiebiey puebi| onswiwopidad 10, VdZ11-N0[ND,,l
[lem ||@o
‘p'u dg1d3 pue g Areuow|nd jo uofjeZ|[ENSIA 8}BINJJY SO/ Od oy} Jo Bunebie} ol10ads-eusioeq Joy apidad [eiqoioiwiuy 00 7 E%1gN-eD[ED,)
++  (13d-90a4[de,] 01 lenba Ayanisuss) uoiss| g1 Areuowind Jo uoieZIENSIA 818IN00Y Od AKemuyyed asojeyail 8y} eIA axeldn |[em ||90 oiy0ads-q N NTeEIEM|
‘p'u (ooads g 10u) uoiss| g1 Areuowind Jo UOIIEZI[ENSIA SAIHISUSS [SYe) |90 BWO|N2JagN} Ul ugjoid pajeAlloe-1se|qo.dly SHaiyu| 9506 (P0)IdV4-BO[EDg ]
++ uojjeisajiuew gy o3 enp ABojoyied anssi} JO UOIIOBIP 81eINDJY Od ABojoyied anssi} g1 N Aq pasned uoljeodl}1o]ed-040IW anssl | ssePLON|} WNIPoS[d,]
+ JUSWUOJIAUS0IDIW BWO|NJagN} 9130498u 8y} Jo Buibew ereudoiddy Od eixodAy ewojnasagn oNSLY-NO[ND, ¢l
‘pu (Auaisuss moj) g1 aAnoe yum sjuaied may e uj eixodAy jo uoieziiensip [Sfe) eixodAy ewojnasagny ENA-BD[ED]
J9)Jewolq-13d
Koeoiye Bnip qlN-IUe Se 3|0y sajou A3y snjels 196.e)} JejNn||9o / YO aweu Jageua ]

Buibew g 10} si9oe.101pEd | Jd [9A0U JO shiels Juswdojanap pue (aAlSneYXa-uou) MaIAIBAQ | g dlqeL

22

npj Imaging | (2025)3


www.nature.com/npjimaging

https://doi.org/10.1038/s44303-025-00082-2

Perspective

C) Mouse PK/PD

(¢]
. K/T}NOZ

O

A) Pretomanid

”"F /@/\O
F
F0

B) [*8F]Pretomanid

Fig. 5 | An example of the pharmacokinetic evaluation of Pretomanid using the
biosimilar radioactive derivative ['*F]Pretomanid and PET/CT imaging™>*’. The

structure of the unradioactive (A) and fluorine-18 labelled (B) compound is
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from a previous publication™. Parts of the figure were created using a licensed
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PET imaging techniques are set to revolutionize TB research, with
emerging PET radiopharmaceuticals playing a crucial role in the
development of new anti-TB drugs and vaccines. By illuminating the
complex interactions between MTb and the host immune system, PET
imaging will deepen our understanding of TB, potentially bridging the
gap to novel therapeutic strategies and improved disease management.
With PET imaging offering personalized care, it can help tailor treat-
ments to patients with complicated MTb infections. However, for this to
be realized, it is essential for PET/CT technology to become more
accessible.

Data availability

No datasets were generated or analyzed during the current study.

Abbreviations

[“FIFDG  2-deoxy-2-["*F]Fluoro-D-glucose

[“FIFDT  2-[18F]fluoro-2-deoxy trehalose

[*F]JFECh  [18F]fluoro-ethylcholine

["*F]FET [18F]fluoro-ethyl-tyrosine

["F]ELT 3'-deoxy-3'-([18F])fluoro-thymidine

[®FIMISO  [*F]Fluoro-misonidazole

2-["F]INH 2-[18F]fluoroisonicotinic acid hydrazide

3Rs Replacement, Reduction, Refinement

CT Computed Tomography

DNA Deoxyribonucleic Acid

DPA-713  N,N-diethyl-2-(4-methoxyphenyl)-5,7-dimethyl-pyr-
azolo[1,5-a]pyrimidine-3-acetamide

EPTB Extra-pulmonary tuberculosis

FIAU 2'deoxy-2'-fluoro-f-D-arabinofuranosyl-5-iodouracil

HIV Human Immunodeficiency Syndrome

LTBI Latent tuberculosis infections

MDR-TB  Multi-Drug-Resistant Tuberculosis

MIC Minimum Inhibitory Concentrations

MoA Mechanism of Action

MTb Mycobacterium tuberculosis

PABA Para-aminobenzoic acid

PET Positron Emission Tomography

PK/PD Pharmacokinetics/Pharmacodynamics

TB Tuberculosis
TSPO Translocator protein
XDR-TB  Extensively drug-resistant tuberculosis
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