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Abstract:  30 

Multidrug-resistant (MDR) Mycobacterium tuberculosis (Mtb) poses significant challenges to 31 

global tuberculosis (TB) control efforts. Host-directed therapies (HDT) offer a novel approach 32 

for TB treatment by enhancing immune-mediated clearance of Mtb. Prior preclinical studies 33 

found that inhibition of heme oxygenase-1 (HO-1), an enzyme involved in heme metabolism, 34 

with tin-protoporphyrin IX (SnPP) significantly reduced mouse lung bacillary burden when co-35 

administered with the first-line antitubercular regimen. Here we evaluated the adjunctive HDT 36 

activity of a novel HO-1 inhibitor, stannsoporfin (SnMP), in combination with a novel MDR-TB 37 

regimen comprising a next-generation diarylquinoline, TBAJ-876 (S), pretomanid (Pa), and a 38 

new oxazolidinone, TBI-223 (O) (collectively, SPaO) in Mtb-infected BALB/c mice. After 4 39 

weeks of treatment, SPaO + SnMP 5 mg/kg reduced mean lung bacillary burden by an additional 40 

0.69 log10 (P=0.01) relative to SPaO alone. As early as 2 weeks post-treatment initiation, SnMP 41 

adjunctive therapy differentially altered the expression of pro-inflammatory cytokine genes, and 42 

CD38, a marker of M1 macrophages. Next, we evaluated the sterilizing potential of SnMP 43 

adjunctive therapy in a mouse model of microbiological relapse. After 6 weeks of treatment, 44 

SPaO + SnMP 10 mg/kg reduced lung bacterial burdens to 0.71 ± 0.23 log10 CFU, a 0.78 log-45 

fold greater decrease in lung CFU compared to SpaO alone (P=0.005). However, adjunctive 46 

SnMP did not reduce microbiological relapse rates after 5 or 6 weeks of treatment. SnMP was 47 

well tolerated and did not significantly alter gross or histological lung pathology. SnMP is a 48 

promising HDT candidate requiring further study in combination with regimens for drug-49 

resistant TB.  50 

 51 
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 54 

Introduction: 55 

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB), a deadly disease 56 

that claims millions of lives yearly. The emergence of multidrug-resistant TB (MDR TB), which 57 

is resistant to at least two of the most potent first-line drugs, rifampin, and isoniazid, is a 58 

significant challenge to global health [1], [2]. The World Health Organization estimated that in 59 

2021, there were 465,000 new cases of MDR TB worldwide, and only 60% of these cases were 60 

treated successfully [1]. MDR-TB treatment is lengthy, complex, expensive, and requires the use 61 

of second-line drugs that are less effective and more toxic, highlighting the urgent need for novel 62 

therapeutics [3], [4]. Given the global burden of MDR TB, host-directed therapies (HDT) 63 

targeted at boosting the immune system have the potential to contribute to tuberculosis control to 64 

prevent further cross-resistance with current antibiotics [5], [6].  65 

Heme oxygenase-1 (HO-1) is an enzyme involved in the degradation of heme into biliverdin, 66 

carbon monoxide (CO), and iron [7]–[10]. HO-1 is a known biomarker for active TB in humans 67 

[11]. HO-1 also plays a crucial role in the survival of Mtb inside the host by suppressing immune 68 

responses and promoting bacterial growth [12]. Several studies have shown that Mtb infection 69 

induces HO-1 expression in macrophages [8], [13], leading to the generation of CO, which has 70 

immunomodulatory properties and can suppress the production of pro-inflammatory cytokines, 71 

such as TNF-α, IL-1β, and IL-6 [14], [15]. Additionally, the production of CO can inhibit the 72 

activity of T cells and natural killer cells, which are essential components of the host immune 73 

response against Mtb [16]. HO-1 induction can drive macrophage polarization towards an anti-74 
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inflammatory, M2 phenotype, which is associated with reduced microbicidal activity [17], [18] 75 

and increased persistence of Mtb in the host [19].  76 

Several studies have highlighted the potential utility of HO-1 inhibitors as HDT for TB. Costa et 77 

al. showed previously that pharmacological inhibition of HO-1 with the metalloporphyrin tin 78 

protoporphyrin (SnPP) during the chronic phase of infection in the C57BL/6 murine model of 79 

TB reduced the lung bacillary burden alone and also augmented the activity of the standard 80 

regimen against drug-susceptible TB [20]. HO-1 inhibition promoted the differentiation of CD4
+
 81 

T cells into interferon gamma (IFNγ)-producing Th1 cells. Additionally, SnPP enhanced IFN-γ-82 

dependent, nitric oxide synthase 2 (NOS2)-induced nitric oxide production by macrophages, 83 

resulting in enhanced control of bacterial growth [21]. Another compound in this class, the HO-1 84 

inhibitor stannsoporfin (SnMP), has been in clinical development as a therapy for 85 

hyperbilirubinemia in neonates [22]. SnMP has been shown to induce the activation, 86 

proliferation, and maturation of naïve CD4
+
 and CD8

+
 T cells via interactions with CD14

+
 87 

monocytes in vitro [23]. 88 

In the current study, we compared the adjunctive bactericidal activity of SnPP and SnMP when 89 

co-administered with a novel MDR-TB regimen containing TBAJ-876 (S), pretomanid (Pa), and 90 

TBI-223 (O); (collectively, SPaO) or the first-line drug regimen rifampin (R), isoniazid (H), and 91 

pyrazinamide (Z); (collectively, RHZ) against chronic lung infection with drug-susceptible Mtb 92 

in BALB/c mice. In addition, we tested the ability of adjunctive SnMP to shorten the duration of 93 

curative treatment in a murine model of microbiological relapse.  94 

 95 

Results:  96 
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In chronically infected BALB/c mice, adjunctive therapy with SnMP increases the 97 

bactericidal activity of SPaO  98 

We investigated SnPP and SnMP as adjunctive HDT agents in BALB/c mice infected with Mtb 99 

H37Rv (Fig 1A). Each compound was given alone or co-administered with human-equivalent 100 

doses of the first-line regimen RHZ for a total of 6 weeks or the enhanced-potency MDR 101 

regimen SPaO for a total of 4 weeks. In a previous study [20], SnPP was dosed at 5 mg/kg, but, 102 

in the current study, the dose was increased to 10 mg/kg to more closely approximate the drug 103 

exposures observed with SnMP 5 mg/kg. Briefly, plasma pharmacokinetics profiles were 104 

determined for SnPP and SnMP up to 24 hours following drug administration. The last time 105 

point with detectable blood concentrations was after 8 hours. SnPP 10 mg/kg and SnMP 5 mg/kg 106 

achieved similar 24-hour drug exposures in plasma (Fig S1), supporting the selection of these 107 

doses for the primary study. Over the course of the study, vehicle-treated animals maintained a 108 

steady lung colony-forming units (CFU) plateau, while each of the other regimens reduced the 109 

mean lung CFU burden steadily over time (Fig 1B). After 2 weeks of treatment (Fig 1C, Table1), 110 

monotherapy with SnPP 10 mg/kg or SnMP 5 mg/kg reduced the mean lung bacillary burden by 111 

0.88 log10 (P = 0.0001) and 0.67 log10 CFU (P = 0.0004), respectively, relative to the vehicle 112 

control. Similarly, after 4 and 6 weeks of treatment, SnPP 10 mg/kg reduced the mean lung 113 

bacterial burden by 1.2 log10 CFU (P = 0.0001) and 1.1 log10 CFU (P = 0.0001), respectively, 114 

relative to the vehicle control (Figs 1D, 1E). Although SnMP 5 mg/kg significantly reduced the 115 

mean lung bacterial burden by 1.1 log10 CFU (P = 0.001; Fig 1D) relative to the vehicle control 116 

after 4 weeks of treatment, this bactericidal effect was not sustained at 6 weeks (0.4 log10 CFU, P 117 

= 0.09 ; Fig 1E). After 2 weeks of treatment, neither SnPP nor SnMP adjunctive therapy showed 118 

an additive effect when co-administered with SPaO (Fig 1C). However, after 4 weeks of 119 
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treatment (Fig 1D), SPaO + SnMP 5 mg/kg reduced the mean lung bacillary burden to 2.49 ± 120 

0.12 log10 CFU, representing an additional 0.69 log10 CFU reduction compared to SPaO alone (P 121 

= 0.01). Adjunctive treatment with SnMP 5 mg/kg or SnPP 10 mg/kg did not significantly 122 

enhance the bactericidal activity of RHZ at 4 weeks (P = 0.52 and P = 0.89, respectively; Fig 1D) 123 

or 6 weeks (P = 0.97 and P = 0.86, respectively; Fig 1E). 124 

 125 

HO-1 inhibition does not exacerbate lung inflammation and regulates pro-inflammatory 126 

immune responses. 127 

The chronic stages of TB disease are characterized by severe lung inflammation, which results in 128 

long-term lung dysfunction in one quarter of cases despite microbiological cure [24], [25]. After 129 

4-6 weeks of infection, the gross pulmonary pathology of Mtb-infected BALB/c mice is 130 

characterized by pronounced tubercular lesions. At the histopathological level, macrophage and 131 

lymphocyte inflammatory aggregates fill the alveolar spaces, representing cellular 132 

granulomatous lesions [26]. HO-1
–/–

 knock-out mice develop a progressive inflammatory state 133 

[13], [27], and splenocytes isolated from these mice respond to lipopolysaccharide stimulation by 134 

producing inflammatory cytokines [4], [13]. Chronic treatment with SnPP in wild-type mice can 135 

induce tubulointerstitial inflammation and fibrosis [28], while SnMP induces the expression of 136 

pro-inflammatory cytokines in human peripheral blood mononuclear cells [29]. Robust 137 

expression of pro-inflammatory cytokines can exacerbate lung inflammation, however, when 138 

controlled, it can offer antimycobacterial protection to the host [30].  139 

To determine whether HO-1 inhibition modulates TB-associated lung pathology, we first 140 

analyzed the lung weight to body weight ratio (lung/body weight) of Mtb-infected mice treated 141 

with SnPP or SnMP alone or as adjunctive HDT with RHZ or SPaO as a gross indicator of lung 142 
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inflammation. An increase in this ratio reflects an increase in lung inflammation caused by 143 

cellular infiltration and the presence of tissue lesions consistent with disease exacerbation [26], 144 

[31]. Antitubercular treatment with RHZ for 4 or 6 weeks or with SPaO for 2 or 4 weeks 145 

significantly reduced (P < 0.0001) the mean lung/body weight ratio relative to vehicle (Fig 2A-146 

C). SnMP or SnPP monotherapy for 2 or 6 weeks also significantly reduced the lung/body 147 

weight ratio relative to vehicle (Fig 2A, C), although the decrease in this ratio was not 148 

statistically significant after 4 weeks of treatment (Fig 2B). The lung/body weight ratio was 149 

significantly (P < 0.0001) correlated with the lung CFU burden in each of the treatment groups, 150 

as assessed by the Pearson correlation coefficient (r = 0.9074 after 2 weeks of treatment; r = 151 

0.8251 after 4 weeks of treatment; and r = 0.9282 after 6 weeks of treatment) (Fig S2). Grossly, 152 

after 4 weeks of treatment, the lungs of mice treated with vehicle, SnPP or SnMP contained more 153 

pronounced tubercle lesions compared to those of mice receiving the antitubercular drug 154 

regimens (Fig 2D).  155 

Given the adjunctive activity of SnMP with SPaO after 4 weeks of treatment, we next quantified 156 

the percentage of lung surface area (μm
2
) affected by inflammation at this time point using 157 

hematoxylin and eosin staining to determine if adjunctive SnMP had any impact on macrophage 158 

and lymphocytic infiltration in TB lung lesions (Fig 2E). The predominant inflammatory lesions 159 

observed were cellular granulomas containing myeloid cores and lymphocytic cuffs. As 160 

expected, the percentage of lung surface area involved by inflammation was significantly 161 

reduced by the antitubercular regimens RHZ (10.71% ± 4.9), SPaO (5.65% ± 1.9) relative to the 162 

vehicle control (29.26% ± 6.4; P = 0.011, and P = 0.003 respectively). However, there was no 163 

significant difference in percentage of lung surface area involved by inflammation between 164 

vehicle (29.26% ± 6.4) and SnMP monotherapy (29.26% ± 2.3) (P > 0.99) . Similarly, SnMP 165 
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adjunctive therapy did not significantly reduce the percentage of lung surface area inflammation 166 

relative to RHZ alone (10.71% ± 4.9 vs 5.74 + 1.2, P = 0.41) or SPaO alone (5.65% ± 1.9 vs 5.74 167 

+ 1.2, P > 0.99). 168 

In order to further investigate the adjunctive contribution of SnMP to the bactericidal activity of 169 

SPaO observed at 4 weeks of treatment (Table 1), we used RT-qPCR to evaluate the expression 170 

of genes encoding pro-inflammatory cytokines and macrophage markers in lung homogenates at 171 

week 2, at which time a significant difference in lung bacillary burden was observed between 172 

treatment groups. Interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) are 173 

important macrophage-activating cytokines [32], [33]. NOS2 expression in macrophages is 174 

upregulated in response to Mtb infection and IFN-γ activation is required for successful bacterial 175 

load reduction following pharmacological inhibition of HO-1 [21]. SnMP monotherapy was 176 

associated with reduced expression of Tnf-α (P = 0.005, Fig 3C) relative to vehicle. SPaO alone  177 

was associated with a further reduction in expression of Ifn-γ (P = 0.002, Fig 3B), and Tnf-α (P = 178 

0.001, Fig 3C); while SPaO + SnMP showed reduced expression of Nos2 (P = 0.03, Fig 3A), Ifn-179 

γ (P = 0.006, Fig 3B), and Tnf-α (P = 0.03, Fig 3C) relative to vehicle. These results are 180 

consistent with decreased cytokine production in response to reduced mean lung bacterial 181 

burdens in these groups. Nos2, Ifn-γ, and Tnf-α expression was comparable in the lungs of mice 182 

treated with SPaO or SPaO + SnMP (Fig 3A-C). Next, we looked for expression changes in the 183 

mouse macrophage markers CD38 and early growth response protein 2 (EGR2), a transcriptional 184 

regulator/M1 marker and a negative T-cell regulator/M2 marker, respectively [34], [35]. SnMP 185 

monotherapy, but not SnMP adjunctive therapy in combination with SPaO, was associated with 186 

significantly higher expression of Cd38 (P < 0.0001) compared to any other treatment group (Fig 187 

3D). In contrast, Egr2 expression (Fig 3E) did not differ significantly among groups. Overall, 188 
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these data are consistent with reduced expression of pro-inflammatory cytokine genes as a result 189 

of reduced mean lung CFU in the different treatment groups as compared to the vehicle group 190 

(Table 1). However, SnMP treatment also appeared to induce the expression of Cd38, potentially 191 

polarizing lung macrophages to an M1 phenotype, which is more effective in killing intracellular 192 

Mtb.  193 

 194 

SnMP adjunctive therapy enhances the bactericidal efficacy of SPaO after 6 weeks of 195 

treatment without altering relapse rates 196 

Next, we evaluated the adjunctive sterilizing activity of SnMP at different dosages (5 mg/kg and 197 

10 mg/kg) in combination with SPaO. We selected treatment durations expected to yield > 50% 198 

relapse rates for the backbone regimen based on the prior literature [36]. The mice were treated 199 

for a total of 5 or 6 weeks, at which time the treatment was discontinued, and microbiological 200 

relapse was assessed 3 months later (Fig 4A). Adjunctive therapy with SnMP 5 mg/kg (SnMP5) 201 

did not significantly alter lung bacillary burdens relative to the SPaO regimen at the time points 202 

assessed. However, after 6 weeks of treatment, SPaO + SnMP 10 mg/kg (SnMP10) reduced 203 

mean lung bacterial burdens to 0.71 ± 0.23 log10 CFU, representing an additional 0.78 log10 CFU 204 

reduction (P = 0.005) when compared to SPaO alone (Fig 4B, Table 1). As in the bactericidal 205 

activity study, the lung/body weight ratios of mice treated with adjunctive SnMP5 or SnMP10 206 

did not differ statistically from that of mice treated with the SPaO control regimen after 6 weeks 207 

of treatment (Fig S3A). Additionally, the lung/body weight ratios were maintained in each of the 208 

treatment groups at each relapse time point (Fig S3B). After 5 weeks of treatment, all mice 209 

experienced microbiological relapse with SPaO or SPaO + SnMP10 (Fig 4C). Similarly, the 210 
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proportion of relapsing animals was equivalent in the groups receiving SPaO and SPaO + 211 

SnMP10 (66%) (Fig 4D).  212 

 213 

Discussion:  214 

Inhibition of HO-1 has been proposed as a potential HDT strategy associated with reduced Mtb 215 

growth in vitro [37] and in vivo [20], [21]. Our study investigated the adjunctive bactericidal 216 

activity of a clinical-stage HO-1 inhibitor, SnMP, in a mouse model of chronic TB, as well as its 217 

adjunctive sterilizing activity when combined with an MDR-TB regimen in a murine model of 218 

microbiological relapse. We found that adjunctive therapy of SnMP enhanced the bactericidal 219 

activity of the SPaO regimen, but not that of the RHZ regimen, without exacerbating lung 220 

inflammation. Although adjunctive therapy with SnMP10 continued to enhance the bactericidal 221 

activity of SPaO after 6 weeks, it did not alter relapse rates compared to SPaO alone.  222 

In contrast with prior work [20], we did not detect additive bactericidal activity of SnPP with 223 

RHZ in Mtb-infected mice. These discrepant findings may be explained by methodological 224 

differences in the two studies. In the current study, the administration of R was separated from 225 

that of HZ to limit drug interactions [38], [39], whereas the three antibiotics were administered 226 

together in the study by Costa et al. Furthermore, in the study by Costa et al., C57BL/6 mice 227 

were used, while our study used BALB/c mice. Relative to BALB/c mice, C57BL/6 mice are 228 

able to more effectively limit the replication of Mtb through the development of T-cell-mediated 229 

immunity [40], [41]. Interestingly, this discrepancy was observed only when SnPP was given as 230 

adjunctive therapy, as we found that SnPP monotherapy reduced lung bacillary burden, as was 231 

reported previously [20]. These findings highlight the challenges associated with preclinical 232 

studies of HDT for TB, as the host-directed activity of these agents may be model-specific. 233 
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 234 

Our studies showed that SnMP administered alone regulated the expression of the gene encoding 235 

TNF-α in the lungs. Scharn et al. have shown previously that SnPP reduced the secretion of 236 

proinflammatory cytokines, including TNF-α, in Mtb-infected U937 cells [37], [24]. Notably, 237 

CD38 expression was upregulated in Mtb-infected mouse lungs following treatment with SnMP 238 

alone. Although CD38 is necessary for immune cell activation and is expressed by many 239 

immune cell types [42], it appears to be a specific marker for M1 macrophage phenotypes in 240 

murine models [35]. In humans and in mice, M1 macrophages play an essential role in 241 

propagating a host-protective response against Mtb (reviewed in Ahmad et al., 2022) [43], [44]. 242 

Collectively, these results highlight an immunoregulatory role for the HO-1 inhibitor SnMP 243 

during Mtb infection. Additional studies are needed to further characterize the molecular 244 

mechanisms by which SnMP promotes Mtb clearance by the host.   245 

Based on published data suggesting the SPaO regimen, at the doses of, S 12.5 mg/kg; Pa 100 246 

mg/kg; and O 100 mg/kg, is able to eradicate lung infection in Mtb-infected mice by week 6 247 

[36], the relapse time points of 5 and 6 weeks were selected to evaluate the adjunctive sterilizing 248 

activity of SnMP. In the current study, we found that, although SnMP increased the bactericidal 249 

activity of SPaO, adjunctive therapy did not reduce relapse rates compared to the background 250 

SPaO regimen. Future studies will focus on testing higher doses of SnMP and extending the 251 

duration of treatment to determine the potential of SnMP adjunctive therapy in shortening the 252 

duration of curative MDR treatment. 253 

Consistent with prior preclinical studies [20], [21], [37], we have found that HO-1 inhibition is a 254 

promising HDT strategy for TB. We show for the first time that the novel HO-1 inhibitor, SnMP, 255 

enhances the bactericidal activity of the novel MDR-TB regimen SPaO in mice and modulates 256 
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the expression of several pro-inflammatory cytokine and macrophage marker genes, which have 257 

been implicated in the control of Mtb replication in vivo, although adjunctive therapy with SnMP 258 

10 mg/kg did not reduce relapse rates relative to SPaO. SnMP was well tolerated and did not 259 

alter gross lung pathology or histological inflammation in the lungs. Overall, this study advances 260 

our understanding of HO-1 inhibitors as potential adjunctive HDT agents for TB, but further 261 

research is needed to determine the potential utility of targeting this pathway against drug-262 

susceptible and drug-resistant TB. In addition, to enhance the translational relevance of this HDT 263 

approach, future medicinal chemistry studies should focus on the development of formulations 264 

with favorable oral bioavailability and toxicity profiles. 265 

 266 

Materials and Methods:  267 

Pharmacokinetic analyses: 268 

Single-dose PK studies were conducted by BioDuro Inc. (Beijing, China). SnMP and SnPP were 269 

formulated in sodium phosphate buffer (pH 7.4 – 7.8) and administered by the intraperitoneal 270 

route to 9–11-week-old female BALB/c mice. Three mice were used per each time point with 8 271 

time points for each dose group. Blood was collected on 0.25, 0.5, 1, 2-, 4-, 8-, and 24-hours 272 

post-administration and levels of compounds in plasma were quantified by liquid 273 

chromatography-tandem mass spectrometry using AB Sciex API 4000 LC/MS/MS 274 

instrumentation. The following PK parameters were calculated from plasma drug concentrations: 275 

t1/2, tmax, Cmax, AUClast, AUCInf. All parameters were determined by noncompartmental 276 

analysis using WinNonLin software 8.0. 277 

 278 

Bacteria and growth conditions: 279 
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Wild-type Mtb H37Rv was grown in Middlebrook 7H9 broth (Difco, Sparks, MD) supplemented 280 

with 10% oleic acid-albumin-dextrose- catalase (OADC) (Difco, Sparks, MD), 0.2% glycerol, 281 

and 0.05% Tween-80 at 37°C in a roller bottle.  282 

 283 

M. tuberculosis infection of mice: 284 

Wild-type Mtb H37Rv cultures were grown to an OD600 of 0.8-1, followed by 1:200 dilution in 285 

7H9 broth (as stated above). 10 mL of the diluted bacterial culture was used as the inocolum for 286 

aerosol infection. Female BALB/c (6-8-week-old, Jackson Laboratory) were aerosol-infected 287 

with ~100 bacilli of Mtb H37Rv using the Glas-Col Inhalation Exposure System (Terre Haute, 288 

IN). Animals were equally distributed in the five chambers of the Glas-Col machine to ensure 289 

equal infection amongst all animals. The inoculating culture was plated in serial tenfold dilutions 290 

on the day of infection on Middlebrook 7H11 agar containing 10% OADC. On the day post-291 

infection, 5 mice were sacrificed, the lungs were homogenized using glass homogenizers and 292 

plated on 7H11 agar containing 10% OADC to enumerate the implanted CFU (Fig 1). 293 

 294 

Antibiotic and HDT treatment preparation: 295 

Protoporphyrin IX (SnPP) (Evotec, US) and stannsoporfin (SnMP) (Evotec, US) were prepared 296 

with sodium phosphate buffer (pH to 7.4-7.8 with HCl). Rifampin (R), isoniazid (H) and 297 

pyrazinamide (Z) (Sigma-Aldrich) were dissolved in deionized water. Pretomanid (Pa) (RTI) 298 

was dissolved in deionized water containing cyclodextrin micelle (CM-2) formulation,10% 299 

hydroxypropyl-β-cyclodextrin (HPCD) (Sigma) and 10% lecithin (ICN Pharmaceuticals Inc., 300 

Aurora, OH); TBAJ-876 (S) (Evotec, US) was prepared in 20% HPCD solution acidified with 301 

1.5% 1N HCl, pH 3; and TBI-223 (O) (Evotec, US) was prepared in 0.5% Methylcellulose. The 302 
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vehicle administered was either CM-2 formulation containing 10% HPCD (Sigma) and 10% 303 

lecithin (ICN Pharmaceuticals Inc., Aurora, OH) to mock Pa, 0.5% methylcellulose to mock O or 304 

20% HPCD solution acidified with 1.5% 1N HCl to mock S. Vehicle of drugs were made in big 305 

batches and the drugs were dissolved into their corresponding vehicles weekly. 306 

 307 

Antibiotic and HDT doses and administration: 308 

In the bactericidal activity studies, the mice received one of the following regimens beginning 28 309 

days after aerosol infection: 1) Vehicle (negative control); 2) SnPP 10 mg/kg; 3) SnMP 5 mg/kg; 310 

4) R 10 mg/kg, H 25 mg/kg,  Z 150 mg/kg (collectively, RHZ); 5) S 6.25 mg/kg, Pa 30 mg/kg 311 

and O 45 mg/kg (collectively, SPaO); 6) R 10 mg/kg, H 25 mg/kg, P 150 mg/kg, SnPP 10 312 

mg/kg; 7) R 10 mg/kg, H 25 mg/kg, P 150 mg/kg, SnMP 5 mg/kg; 8) S 6.25 mg/kg, Pa 30 313 

mg/kg, O 45 mg/kg, SnPP 10 mg/kg; 9) S 6.25 mg/kg, Pa 30 mg/kg, O 45 mg/kg, SnMP 5 mg/kg 314 

. The HO-1 inhibitors were given once daily by intraperitoneal injection (IP). PK analysis of the 315 

HO-1 inhibitors was conducted at 5 mg/kg and 10 mg/kg to test which dosages achieved similar 316 

plasma concentrations. There results also confirmed that the dosages achieved human-equivalent 317 

doses [45]. The other drugs were given orally by esophageal cannulation once daily, except for 318 

Pa and O, which were given twice daily separated by at least 4 hours. For the RHZ regimen, R 319 

was given first, and two hours later, H and Z were administered. The vehicle was administered 320 

via gavage to control mice concurrently with treatments containing active compounds to 321 

experimental mice.  322 

 323 

In the relapse model studies, the mice received one of the following regimens beginning 28 days 324 

after aerosol infection: 1) Vehicle (negative control); 2) S 6.25 mg/kg, Pa 30 mg/kg, O 45 mg/kg; 325 
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3) S 6.25 mg/kg, Pa 30 mg/kg, O 45 mg/kg, SnMP 5 mg/kg; or 4) S 6.25 mg/kg, Pa 30 mg/kg, O 326 

45 mg/kg, SnMP 10mg/kg. The discrepancies in numbers of animals between relapse groups is 327 

due to unexpected mortality from excessive gavage volume when the drugs were prepared 328 

separately at the start of therapy. Beginning in week 2, 2X concentrations of Pa and O were 329 

made and, at the time of administration, Pa and O were mixed at equal volumes to make a single 330 

gavage volume of 0.2 mL, which was tolerated well by the mice. 331 

 332 

For both studies (except for the relapse time points, for which both lobes of the lung were 333 

homogenized and plated), the right lung and 3/5 of the left lung of each mouse were 334 

homogenized using glass homogenizers, and serial tenfold dilutions of lung homogenates in PBS 335 

were plated on Middlebrook 7H11 agar containing 0.4% activated charcoal to reduce the effects 336 

of drug carryover at the indicated time points; entire lung homogenates from relapse animals 337 

were plated on charcoal-containing 7H11 agar for consistency. Plates were incubated at 37°C 338 

and CFU were counted 4 weeks later. The CFU per lung data were calculated using lung 339 

weights, which were measured at the time of organ harvest. For the animals in the relapse 340 

groups, the entire lung was used for CFU determination. Microbiological relapse was defined as 341 

the presence of 1 or more colonies in plated lung homogenates. All procedures were performed 342 

according to protocols approved by the Johns Hopkins University Institutional Animal Care and 343 

Use Committee. 344 

 345 

Measurement of lung/body weight ratio: 346 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 13, 2023. ; https://doi.org/10.1101/2023.08.09.552716doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.09.552716
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 

17 
 

Lung and body weight measurements in milligrams (mg) and grams (g), respectively, were taken 347 

at the time of harvest using weight scales. The lung/body weight ratio was calculated by dividing 348 

lung(g)/body(g) weight and then multiplying by 100.  349 

 350 

Quantitative analysis of lung histopathology 351 

At the time of harvest, the left lung medial apex to base was sectioned and fixed with 352 

4% paraformaldehyde (PFA). After a 24-hour incubation in 4% PFA, the lung section was 353 

transferred to PBS and sent in for processing. The paraffin blocks of lung samples were 354 

processed to obtain three sections per lung spaced 12 μm apart for hematoxylin and eosin 355 

staining. Each lung section was sectioned to 4 μm. Each slide was scanned by a brightfield 356 

microscope at the JHU Oncology Tissue Core Center to obtain digital 40X images. Quantitative 357 

analysis was performed by JRC and AY blinded to treatment allocation and mouse strain. For 358 

each treatment group, a total of 15 scanned slides (3 slides per mice) were reviewed. Regions of 359 

interest corresponding to the absolute areas of total lung surface area and inflammation were 360 

manually drawn and their area quantified using the open-source software QuPath 361 

(https://qupath.github.io/). Inflammation was defined as: 1. “Lymphocytic cuffs”, areas of high 362 

cell density due to the predominance of lymphocytes, which are smaller cells with scant 363 

cytoplasm; 2. Regions dense with macrophages, which have relatively large amounts of 364 

cytoplasm. The lung inflammation to whole surface area was quantified and multiplied by 100 to 365 

obtain the percentage.  366 

 367 

Cytokine or cell marker gene expression: 368 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 13, 2023. ; https://doi.org/10.1101/2023.08.09.552716doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.09.552716
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 

18 
 

A section of the left lower lobe (~ 1/5 of the left lung) was flash-frozen in liquid nitrogen at the 369 

time of harvest and later lysed in TRIzol using a hard tissue homogenizing kit (CK28-R, 370 

Percellys) with the manufacturer-recommended bead-beating protocol (Percellys Evolution; 371 

8,500 rpm, three 15-s cycles with 30-s breaks on ice after each cycle). Total RNA was extracted 372 

using the miRNeasy minikit (217004, Qiagen). RT-qPCR sequences for each primer pair were 373 

ordered from IDT and are listed in the supplementary material Table 2. Two-step RT-qPCR was 374 

performed on a StepOnePlus real-time PCR system (ThermoFisher Scientific) using the high-375 

capacity RNA-to-cDNA kit (4387406, ThermoFisher Scientific), followed by Power SYBR 376 

green PCR master mix (436877, Applied Biosystems). All samples were tested with three 377 

technical replicates. Target gene expression (cycle threshold (Ct) values) were normalized 378 

relative to the housekeeping gene β-actin. The Ct value for each gene in infected test samples 379 

was then normalized to that of uninfected samples and mRNA expression fold change was 380 

determined by the ΔΔCt method. 381 

 382 

Statistics:  383 

The differences between groups were assessed using an ordinary one-way ANOVA followed by 384 

different multiple comparison tests or Welch’s ANOVA test (depending on the spread of the 385 

data) as stated on the figure panel description. The Prism software (GraphPad, San Diego, CA, 386 

USA) version 9 was utilized for this analysis. Results were considered statistically significant 387 

when the p-value was less than 0.05. The Pearson’s correlation coefficient was calculated using 388 

the Prism software.  389 

 390 

Supplemental material: 391 
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Figure S1: Plasma pharmacokinetic parameters for SnPP and SnMP in mice.  392 

Figure S2: Lung/body weight ratio correlates with lung bacterial burden after 2, 4 and 6 weeks 393 

of treatment. 394 

Figure S3: Mouse lung/body weight ratio after 6 weeks of treatment and at the relapse time 395 

point.  396 

Table 1: Lung CFU count for time course and relapse study. 397 

Table 2: RT-qPCR sequences for each primer pair. 398 
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  562 

Figures: 563 

 564 

Figure 1: HO-1 inhibitors increase the antitubercular activity of a novel MDR regimen in a 565 

mouse model of chronic TB.  566 

A) Experimental design of mouse experiments. Each line represents a different treatment group 567 

and length of treatment. BALB/c mice were aerosol-infected with ~100 bacilli of Mtb H37Rv. 568 

Treatment was initiated 4 weeks after aerosol infection. B) CFU means ± standard deviation (SD) 569 

of lung bacillary burden after treatment initiation (week 0). Scatterplot of lung mycobacterial 570 

burden after 2 weeks C), 4 weeks D) or 6 weeks E) of treatment. Each point represents the CFU 571 
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per mouse lung from individual, the error bars represent the mean ± SD. RHZ: 572 

rifampin/isoniazid/pyrazinamide; SPaO: TBAJ-876/pretomanid/TBI-223; SnPP: tin-573 

protoporphyrin IX; SnMP: stannsoporfin; CFU: colony-forming units. For panels B-E, each 574 

experimental group consisted of four to five mice. For panels C-E, statistical analysis was 575 

performed by an ordinary one-way ANOVA followed by Dunnett’s correction to control for 576 

multiple comparisons and Bonferroni correction for treatment groups with the same antibiotic 577 

backbone. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001; ns: not significant. 578 

  579 

Figure 2: SnMP adjunctive therapy does not exacerbate gross lung inflammation. 580 

A, B, C) Scatterplot of lung/body weight ratio. D) Image of the right lung at time of harvest after 581 

4 weeks of treatment. Scale bar = 1 cm. E) Hematoxylin and eosin staining of left lung medial 582 

apex to base sections demonstrating the histopathology of different treatment groups after 4 583 

weeks of treatment. Top row are representative histopathology images of the groups. Bottom row 584 

are areas of inflammation within the images above (magnification of the black boxes above). F) 585 

Quantitative analysis of histopathology after 4 weeks of treatment for selected groups. g: grams; 586 

RHZ: rifampin/isoniazid/pyrazinamide; SPaO: TBAJ-876 (S)/pretomanid (Pa)/TBI-223 (O); 587 

SnPP: tin-protoporphyrin IX; SnMP: stannsoporfin. For panels A-C and F, each point represents 588 

data from individual mice, each experimental group consisted of four to five mice, and the bar 589 

represents the means ± SD. Statistical analysis was performed by an ordinary one-way ANOVA 590 

followed by Tukeys multiple comparison test for panels A-C and for panel F, Welch’s ANOVA 591 

test was conducted. ns: not significant; ** = P < 0.001; *** = P < 0.001; **** = P < 0.0001. 592 

 593 
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Figure 3: Genes encoding M1 macrophage markers were upregulated in the lungs after two 594 

weeks of treatment with SnMP.  595 

RT-cPCR was performed for the expression of the following genes in snap-frozen lung 596 

homogenates: A) Nos2; B) Ifn-γ; C) Tnf-α; D) Cd38; E) Egr2. The dotted line represents the 597 

uninfected normalization of mRNA expression, SPaO: TBAJ-876 (S)/Pretomanid (Pa)/TBI-223 598 

(O); SnMP: stannsoporfin. Each bar represents a treatment group consisting of three to five mice. 599 

Data represent individual data points with means ± SD of the results. Panel A was analysed by 600 

the Welch’s ANOVA test while panels B-E were tested by an ordinary one-way ANOVA 601 

followed by Tukeys multiple comparison test. ns: not significant. * = P < 0.05; ** = P < 0.001; 602 

*** = P < 0.001, **** = P < 0.0001.  603 

 604 

Figure 4: Adjunctive treatment with SnMP did not help reduce relapse rates after 6 weeks 605 

of treatment. 606 

A) Experimental design of mouse experiment. Each line represents a different treatment group 607 

and length of treatment. B) Lung bacillary burden after 6 weeks of treatment. Relapse study 608 

statistics containing the % relapsed animals, and animals above a 3 log10 CFU after completing 5 609 

C) or 6 D) weeks of treatment and a three month wait period (+ 3M). W0= Week 0, W5= Week 610 

5, W6= Week 6, SPaO: TBAJ-876(S)/Pretomanid(Pa)/TBI-223(O), Stannsoporfin: SnMP, 611 

SnMP5: SnMP 5 mg/kg, SnMP10: SnMP 10 mg/kg. Data in panel B represent four to five mice 612 

per treatment group. Statistical analysis was performed by an ordinary one-way ANOVA 613 

followed by Tukeys multiple comparison test. Data in panel C and D represent nine to twenty-614 

two mice per treatment group. * = P < 0.01, ** = P < 0.001; **** = P < 0.0001, ns: not 615 

significant.  616 
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Table 1: Lung CFU count for time course and relapse study.  

dpi = day post infection; W0 = week 0 (start of treatment); W2 = Week 2; W4 = Week 4; W5 = 

Week 5; W6 = Week 6    
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Table 2: RT-qPCR sequences for each primer pair.   
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