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Abstract:
Purpose: Despite recent advances in antimicrobial treatments, tuberculosis (TB) remains a major global health threat. Mycobacterium tuberculosis proliferates in macrophages preventing apoptosis by inducing anti-apoptotic proteins leading to necrosis of the infected cells. Necrosis then leads to increased tissue destruction, reducing the penetration of antimicrobials and immune cells to the areas where they are needed most. Pro-apoptotic drugs could be used as host-directed therapies in TB to improve antimicrobial treatments and patient outcomes. 
Procedure: We evaluated [18F]-ICMT-11, a caspase-3/7-specific positron emission tomography (PET) radiotracer, in macrophage cell cultures and in an animal model of pulmonary TB that closely resembles human disease. 
Results: Cells infected with M. tuberculosis and treated with cisplatin accumulated [18F]-ICMT-11 at significantly higher levels compared to controls, which correlated with levels of caspase-3/7 activity. Infected mice treated with cisplatin with increased caspase-3/7 activity also had a higher [18F]-ICMT-11 PET signal compared to untreated infected animals. 
Conclusions: [18F]-ICMT-11 PET could be used as a noninvasive approach to measure intralesional pro-apoptotic responses in situ in pulmonary TB models and support the development of pro-apoptotic host-directed therapies for TB. 
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Introduction
Tuberculosis (TB) remains one of the top 10 causes of death overall and represents the leading cause of death from a single infectious agent. The World Health Organization estimates that 1.45 million people died due to TB in 2018 [1]. The upsurge of drug-resistance in TB has led to the urgent need of not only expanding the antimicrobial drug pipeline but also evaluating other non-antimicrobial therapeutic strategies that could reduce TB pathology and shorten treatment duration, impede disease transmission, and improve overall health in patients.
During the early phase of infection, Mycobacterium tuberculosis proliferates in macrophages, preventing apoptosis by the induction of anti-apoptotic proteins from the Bcl-2 family, leading to necrosis of the infected cells [2-3]. Necrosis increases TB-associated morbidity by causing tissue destruction, promoting fibrosis, and impairing vascular supply, thereby reducing the penetration of antimicrobials and immune cells to the areas where they are needed most [4]. The necrotic centers of granulomas also provide a breeding ground for mycobacterial replication and can transform into cavities, leading to an increased likelihood of developing drug resistance, failing treatment, and transmitting the disease. Conversely, apoptosis serves as a host-protective mechanism by eliminating infected cells without triggering an excessive inflammatory response [2, 5-6].
[bookmark: _Hlk31379458]Recently, there has been an increased interest in developing host-directed therapies (HDTs) that target the host responses to reduce local pathology and shorten TB treatments [7-9]. Pro-apoptotic treatments that modulate the immune response and reduce tissue damage could serve as HDTs in TB. Some novel drugs, like BH3 mimetics that selectively inhibit proteins of the Bcl-2 family, have shown promising results with limited side effects [10]. However, preclinical screening of HDTs in animal models of TB is a cumbersome process with readouts traditionally limited to quantification of the bacterial burden in infected tissues. This approach neither provides insights into disease heterogeneity within the same host, nor does it allow longitudinal evaluations of the same host to detect changes with treatments. We have previously used positron emission tomography (PET) imaging to evaluate the immune response in C3HeB/FeJ mice, which after aerosol infection with M. tuberculosis, develops necrotic and hypoxic granulomas closely resembling human pathology, including cavitation [11-12]. In this study, we evaluated a fluorine-18 labeled isatin-containing compound, which is a caspase-3/7-specific PET radiotracer previously validated in oncology [13-14], to detect pro-apoptotic responses in M. tuberculosis infection. We used cisplatin-induced apoptosis as a proof-of-concept that [18F]-ICMT-11 PET could be used to monitor the activation of caspase-3/7 in the mouse model of pulmonary TB.

Materials and Methods
All protocols were approved by the Johns Hopkins Biosafety, Radiation Safety, and Animal Care and Use Committees.
Radiosynthesis: [18F]-ICMT-11 was synthesized from the precursor, as previously described (Figure 1) [15]. The radiochemical purity of [18F]-ICMT-11 was >98%, with an average specific activity of 150 ± 5 GBq/μmol.
[bookmark: _Hlk31371053]In vitro assays: Primary peritoneal macrophages were isolated from C3HeB/FeJ mice (Jackson Laboratory) and seeded in a 12-well plate and cultured in RPMI-GlutaMAX (Thermo Fisher Scientific) with 10% heat-inactivated fetal bovine serum at 37°C with 5% CO2. Once the cell cultures reached 80% confluency, the cells were infected with M. tuberculosis H37Rv at a multiplicity of infection (MOI) of 1:5. After two hours, the infected cells were washed with phosphate buffer saline (PBS) and incubated for two additional hours with amikacin (20 μg/ml, Sigma) to eliminate extracellular bacteria. Twenty-four hours post-infection, some of the cells were incubated with cisplatin (200 μM, Sigma) over 12 hours. Next, 0.74 MBq of [18F]-ICMT-11 was added to each well as previously described [16]. After a 60-minute incubation period, cells were detached from the well, (0.25% trypsin; 1 mM EDTA), washed with PBS, lysed (RIPA buffer, Thermo Fisher Scientific)  and the associated radioactivity was determined using an automated γ-counter (1282 Compugamma CS Universal γ-counter; LKB Wallac). Uninfected and untreated cells were used as controls. A minimum of four replicates was used for each group, and data are presented as total radioactivity corrected for mg of protein (Bradford Assay; Sigma). To evaluate caspase-3/7 activity, macrophages were infected with M. tuberculosis and treated with cisplatin as described above. After 12 hours of incubation with cisplatin (200 μM), the cells were resuspended in cell lysis buffer to measure caspase 3/7 activity using a fluorometric assay (Caspase-3 Assay Kit, ab39383, Abcam) as previously described [17]. After incubation in the cell lysis buffer on ice for 10 minutes, the lysate was transferred into 96-well plates containing the reaction buffer (10 mM dithiothreitol) and 50 µM DEVD-AFC (AFC: 7-amino-4-trifluoromethyl coumarin) as the fluorogenic substrate and incubated at 37°C  for 1 hour. Upon cleavage by caspase-3/7, the free AFC emits a yellow-green fluorescence signal that was quantified using a fluorescence plate reader (FLUOstar OPTIMA FL microplate reader, BMG Labtech) with a 400 nm-excitation and 505 nm-emission filter.
Animal infection and treatment: Four- to six-week-old female C3HeB/FeJ mice (Jackson Laboratory) were aerosol-infected with M. tuberculosis H37Rv using the Middlebrook Inhalation Exposure System (Glas-Col) with frozen titrated bacterial stocks as previously described [12]. Mice were sacrificed to determine the pulmonary bacillary burden as colony-forming units (CFU) one day after infection and at the imaging time point, as described previously [11-12]. At least three mice were used for each group per time point. 
Imaging: After an incubation period of 12 weeks post-infection, the M. tuberculosis-infected animals were randomly assigned to a treatment group that received a single dose of cisplatin (15 mg/kg, Sigma) intraperitoneally, and a control group that was similarly treated with PBS. Six hours later, the mice received 4.83 ± 0.60 MBq of [18F]-ICMT-11 via tail vein and were imaged within a sealed biocontainment bed (Minerve), as described previously [18]. Dynamic PET was acquired from 15 to 60 minutes post-injection (nanoScan PET/CT, Mediso) and reconstructed into 5-minute frames. Next, a computed tomography (CT) was acquired for anatomical coregistration. Scatter and attenuation correction were applied to the PET data, which was visualized using VivoQuant 4.0 (Invicro). Quantification of the [18F]-ICMT-11 activity in tissues was performed by drawing volumes of interest (VOIs) on the pulmonary affected areas, based on the CT, using AMIDE 1.0.4. Data for blood activities were obtained by placing a VOI in the left ventricle of the heart. The PET data are expressed as % injected dose (ID) per volume of tissue (mL).
Measurement of caspase-3/7 activity in mouse lungs: A similar M. tuberculosis-infected cohort of mice was treated with a single dose of cisplatin  (15 mg/kg) as described above. Six hours later, the animals were sacrificed under anesthesia. Lung tissues were harvested and processed for protein isolation using RIPA buffer (Sigma). Caspase-3/7 activity was quantified using the Caspase-Glo® 3/7 assay kit (no. G8090, Promega) according to the manufacturer’s protocol. An equal amount of protein (50 μg) was incubated with the luminogenic caspase-3/7 substrate (DEVD) at a ratio of 1:1. As described above, the associated luminescence signal was quantified using a plate reader. Healthy and untreated mice were used as controls. At least three mice were used in each experimental group. 
Statistical analysis: Statistical comparisons for in vitro data and the in vivo caspase-3/7 activity data were performed using an unpaired two-tailed Student’s t test (Prism 8.3.1, GraphPad Software), while a two-tailed Mann-Whitney U test was used for the imaging data. Differences between groups were considered significant if P ≤ 0.05.

Results 
The radiosynthesis of [18F]-ICMT-11 was performed under modified conditions compared to previous literature reports [15], consisting of using a different synthetic box (an Elixys FLEX/CHEM versus a GE FASTLab), with a series of associated minor alterations (e.g. volumes used), but with minimal disturbance to the radiochemical yield or purity. The acetal-protected tosylate precursor 1 was labeled using standard SN2 radiolabeling conditions, followed by acid-mediated deprotection and semi-preparative HPLC purification, leading to a 12 ± 2 % non-decay corrected radiochemical yield (n = 7). 
[bookmark: _Hlk31373368][bookmark: _Hlk31371137]Cellular uptake of [18F]-ICMT-11 correlated well with the proportion of cisplatin-induced apoptosis (Figure 2a). Untreated infected and uninfected cells had a similarly low accumulation of [18F]-ICMT-11 (P = 0.21). Conversely, uninfected cells treated with cisplatin had a significant increase in tracer accumulation (P < 0.001). M. tuberculosis-infected cells treated with cisplatin had significantly higher uptake of [18F]-ICMT-11 compared to infected untreated cells (P = 0.001), but lower compared to the uninfected treated cells (P < 0.001). These findings correlated with the observed in vitro caspase-3/7 activity. Cisplatin treatment induced a significantly higher caspase-3/7 activity in both uninfected (P < 0.0001) and M. tuberculosis-infected cells (P = 0.028) (Figure 2b).
[bookmark: _Hlk31385726]We next evaluated the ability of [18F]-ICMT-11 PET to detect differences associated with cisplatin treatment within the affected lung areas of M. tuberculosis-infected mice.  At the time of imaging, the bacterial burden in the lungs of the infected mice was 7.68 ± 0.31 log10 CFU/mL. Uninfected mice and infected treated with cisplatin had higher caspase-3/7 activity in lung tissues compared to cisplatin-naïve animals (P < 0.05) (Figure 3a). Infection with M. tuberculosis reduced the caspase-3/7 activity in lung tissues, likely due to the mycobacterial induction of anti-apoptotic proteins [2-3]. After injection, most of the [18F]-ICMT-11 PET rapidly distributed among all tissues, including the hepatobiliary tract and lungs (Figures 3b-d). While the [18F]-ICMT-11 activity in the blood of both the cisplatin-treated and control groups was similar (Figure 4a), the activity in the affected lung areas was higher in mice that received cisplatin (Figure 4b). [18F]-ICMT-11 PET was able to detect the increased pro-apoptotic response in the affected lung areas with an area under the curve for 30 to 60 minutes (AUC30-60min) 1.4 times higher compared to the affected lung in the control animals (P < 0.001, Figure 4c).  

Discussion
The pathologic hallmark of TB is the formation of a caseating granuloma, which is composed of a core of necrotic debris surrounded by layers of heterogeneous inflammatory cells contained within a fibrotic capsule [12]. Necrotic debris provides a rich media for bacterial growth and doubles as a barrier to prevent the penetration of antimicrobials and immune cells, contributing to antimicrobial resistance and treatment failure [19]. Necrotic cell death is also pro-inflammatory, releasing numerous chemical mediators that stimulate additional inflammation [20], which could worsen TB pathology. This over-amplification of host responses causes the bulk of TB-associated morbidity and pathology in the lungs [21]. Additionally, necrosis is a prerequisite for the development of pulmonary cavities, leading to the emergence of drug-resistant TB strains, person-to-person transmission, and treatment failure [22]. Necrosis was thought to be a disordered, unregulated, and unavoidable consequence of active infection, but recent studies suggest that M. tuberculosis manipulates the host cell to induce necrosis by preventing apoptosis [23]. Therefore, modulating the immune response by promoting pro-apoptosis pathways could be used as HDTs in TB. 
[18F]-ICMT-11 is an activated caspase-3/7-specific PET radiotracer previously utilized to monitor apoptosis in tumors [24]. Caspase-3/7 was identified as the ideal target due to their role as effector caspases, given that their activation is the final step prior to cell death, regardless of the source of the initial stimuli that triggered the apoptotic response [25].  [18F]-ICMT-11 has the advantages of being a small molecule with rapid biodistribution and clearance from tissues [26], and high specificity for apoptosis since it does not accumulate in areas of necrosis [16]. The tissue biodistribution of [18F]-ICMT-11 has been previously described in both mouse models and healthy human subjects [27-29]. Prior studies have used [18F]-ICMT-11 to monitor the pro-apoptotic response in animal models treated with carboplatin and cyclophosphamide with promising results [16, 26]. These findings also reported a low background in the lungs, which would allow the detection of small changes associated with a drug-induced pro-apoptotic response in pulmonary TB. [18F]-ICMT-11 PET was safe, well-tolerated, had favorable dosimetry in healthy volunteers and was recently used to evaluate chemotherapy-induced caspase-3/7 activation in breast and lung cancer patients [14, 29]. 
[bookmark: _Hlk34237448][bookmark: _Hlk31366010]We have successfully adapted the radiosynthesis of [18F]-ICMT-11 to evaluate the pro-apoptotic response in cells and mice infected with M. tuberculosis and treated with cisplatin. The [18F]-ICMT-11 signal was significantly higher when cell death was induced with cisplatin treatment, which correlated with increased caspase-3/7 activity. Both cells and animals infected with M. tuberculosis had a lower caspase-3/7 activity and corresponding 18F-ICMT-11 signal compared to uninfected controls. This is likely due to the known induction of anti-apoptotic proteins by mycobacteria [2-3]. However, 18F-ICMT-11 was able to quantify the increase in the pro-apoptotic response induced by cisplatin in both M. tuberculosis-infected cells and mice.  In this study, we used cisplatin chemotherapy as a proof-of-concept to observe if [18F]-ICMT-11 PET could monitor the activation of caspase-3/7 in animal models of pulmonary TB. DNA damage induced by cisplatin is known to induce apoptosis in most tissues, leading to significant side effects, including myelosuppression, nephrotoxicity, and peripheral neuropathy [30]. Therefore, cisplatin is not going to be evaluated as a HDT in TB. The use of [18F]-ICMT-11 PET in conjunction with anatomical imaging (e.g., CT, MRI) will allow spatial monitoring of the pro-apoptotic response in affected areas. Our data suggest that [18F]-ICMT-11 PET could be a valuable tool to streamline the evaluation of other possible clinically relevant and safer pro-apoptotic agents, such as the BH3 mimetics,  as HDTs in pulmonary TB. 

Conclusion
[18F]-ICMT-11 PET can be used as a noninvasive approach to monitor the intralesional pro-apoptotic response in a pulmonary TB mouse model and support the development of pro-apoptotic host-directed therapies for TB.
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Figure Legends

Figure 1.  Radiolabeling of [18F]-ICMT-11.

Figure 2. To determine the in vitro accumulation of [18F]-ICMT-11, macrophages were infected with M. tuberculosis and exposed to cisplatin. (a) The uninfected cisplatin-treated cells had a higher accumulation of [18F]-ICMT-11 over a 60-minute incubation period. M. tuberculosis-infected cells treated with cisplatin also had a higher tracer accumulation compared to untreated cells. (b) Caspase-3/7 activity was also determined in these cells by using a fluorometric assay. Data represented as mean and standard deviation.

Figure 3. (a) Caspase-3/7 activity in mouse lungs. At least two replicates for three mice per group were used. Data represented as mean and standard deviation. Maximum intensity projection (a) and coronal section (b) of the [18F]-ICMT-11 PET/CT in M. tuberculosis-infected mice 20 minutes post-injection in a representative cisplatin-treated mouse. (d) Transverse section of the CT and [18F]-ICMT-11 PET/CT from the same mouse as panels b and c. The affected lung areas are marked by dotted white lines.

Figure 4. [18F]-ICMT-11 PET in M. tuberculosis-infected mice. (a) The time-activity curve for [18F]-ICMT-11 in the blood showed no differences between cisplatin-treated and untreated mice. (b) The time-activity curve in the affected areas of the lung showed increased [18F]-ICMT-11 PET signal in the cisplatin-treated animals. (c) The area under the curve (AUC) for 30-60 minutes post-injection showed a significantly higher signal in the lungs of cisplatin-treated animals compared to untreated controls (P < 0.001). Conversely, there were no differences in the blood (P > 0.9). Data represented as median and interquartile ranges. 
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