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Abstract

The lengthy treatment time for tuberculosis (TB) is a primary cause for the emergence of 

multidrug resistant tuberculosis (MDR-TB). One approach to improve TB therapy is to develop 
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an inhalational TB therapy that when administered in combination with oral TB drugs eases 

and shortens treatment. Spectinamides are new semisynthetic analogues of spectinomycin with 

excellent activity against Mycobacterium tuberculosis (Mtb), including MDR and XDR Mtb 
strains. Spectinamide-1599 was chosen as a promising candidate for development of inhalational 

therapy. Using the murine TB model and intrapulmonary aerosol delivery of spectinamide-1599, 

we characterized the pharmacokinetics and efficacy of this therapy in BALB/c and C3HeB/FeJ 

mice infected with the Mtb Erdman strain. As expected, spectinamide1599 exhibited dose-

dependent exposure in plasma, lungs, and ELF, but exposure ratios between lung and plasma were 

12–40 times higher for intrapulmonary compared to intravenous or subcutaneous administration. 

In chronically infected BALB/c mice, low doses (10 mg/kg) of spectinamide-1599 when 

administered thrice weekly for two months provide efficacy similar to that of higher doses (50–

100 mg/kg) after one month of therapy. In the C3HeB/FeJ TB model, intrapulmonary aerosol 

delivery of spectinamide-1599 (50 mg/kg) or oral pyrazinamide (150 mg/kg) had limited or no 

efficacy in monotherapy, but when both drugs were given in combination, a synergistic effect with 

superior bacterial reduction of >1.8 log10 CFU was oberved. Throughout the up to eight-week 

treatment period, intrapulmonary therapy was well-tolerated without any overt toxicity. Overall, 

these results strongly support the further development of intrapulmonary spectinamide-1599 as a 

combination partner for anti-TB therapy.

Graphical Abstract
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Despite being a treatable disease, tuberculosis (TB) causes nearly 1.5 million deaths per 

year worldwide.1 Lengthy chemotherapy regimens, lack of patient compliance, and difficult 

management of multidrug therapies are major hurdles to cure and control morbidity and 

mortality of this disease. Successful treatment is further complicated by the continuous 

emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains of 

Mycobacterium tuberculosis (Mtb) bacilli, the causative agent of TB. According to the 

World Health Organization, to control TB globally, it is essential to develop new therapies 

that are effective against MDR and XDR TB, simplify the current treatment regimens, and 

shorten the overall duration of treatment to two months.1
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The first-line regimen for drug sensitive TB (DS-TB) contains four drugs, namely 

rifampicin, isoniazid, pyrazinamide, and ethambutol.2 For MDR-XDR-TB chemotherapy, 

a range of second-line injectable drugs (amikacin, kanamycin, capreomycin, and 

streptomycin) are used that require longer periods of treatment (approximately two years) 

and have less potency and higher toxicity than the first-line drugs. Forty years passed where 

the FDA did not approve any new drugs for TB treatment, but between 2013 and 2019, 

three novel oral TB drugs (bedaquiline, delamanid, and pretomanid) entered the tool kit of 

TB therapies and are currently used for treatment of MDR-XDR-TB.2 While several new 

compounds are still being evaluated for treatment of both DS-TB and MDR-TB, the focus 

in TB drug development is shifting to the development of new routes of administration with 

increased or complementary efficacy and for shorter-course regimens that range from 6 to 12 

months in duration for multidrug TB therapies.2,3

To achieve effective concentrations of drug in the lungs, current TB chemotherapies require 

systemic administration of substantial doses of drug that often results in systemic toxicity 

and potentially serious side effects. This explains why one of the hardest challenges of TB 

chemotherapy is to reach and sustain adequate concentrations of antibiotic drugs in the lungs 

while avoiding toxicity and side effects if patients are to tolerate the long regimens of TB 

therapy. One approach to overcoming these shortcomings is to administer drugs directly into 

the lungs by developing inhalational TB therapies that are easy and painless to administer 

and facilitate targeting the lungs with high drug exposures while limiting systemic exposures 

and related side effects.

Inhalational therapy or “medicated vapors” for TB have been reported since the 19th 

century4 and in more modern times since the 1940s and 50s.5 Nebulization of liquid 

formulations of streptomycin5 and kanamycin6 as adjunct therapy to conventional TB 

therapy in patients was well-tolerated and improved therapeutic outcome.5,6 However, 

research on inhalational antibiotic therapy in TB has moved at a slow pace, and this 

therapeutic approach has not yet been incorporated as an option for treating TB disease. 

Importantly, during the last decades, inhaled drug therapy has become a standard of 

care treatment for other pulmonary diseases such as asthma, cystic fibrosis and COPD.7 

During this process, we have broadened our understanding of treatment of pulmonary 

diseases via inhalational therapy and patient–caregiver education at the same time so 

that inexpensive hand-held inhaler devices with high delivery efficiencies have become 

commercially available.7

Spectinamides are new semisynthetic analogues of spectinomycin with excellent activity 

against Mtb including MDR and XDR strains. The spectinamides have a well-defined 

mechanism of action via protein synthesis inhibition8 with potent in vitro activity against 

Mtb (MIC 0.4–0.8 μg/mL) and antibiotic-resistant Mtb strains (MIC 0.4–1.6 μg/mL).8 One 

of the lead molecules, spectinamide-1599, is a highly soluble compound with a lengthy 

postantibiotic effect and good efficacy in preclinical TB models in combination regimens 

with other anti-TB drugs.9 However, as spectinamide-1599 is not orally bioavailable, 

it has to be administered as an injectable, with the risk of patients withdrawing from 

treatment during prolonged therapy. We previously reported that in preclinical studies, 

spectinamide-1599 provides high exposure and antibacterial activity when delivered directly 
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to the lungs.8,10 Thus, we believe spectinamide-1599 has great potential to be developed 

as a new inhalational therapy for TB treatment. Furthermore, spectinamide-1599 is an 

aminocyclitol antibiotic and shares properties with other members of this family, e.g. 

spectinomycin, trospectomycin, tobramycin, and amikacin,11 some of which (tobramycin 

and amikacin) are already used as inhalational therapy.7 In this paper, we report on the 

pharmacokinetics (PK), tissue distribution, and efficacy of spectinamide-1599 in different 

mouse models of Mtb infection when administered by liquid aerosol formulation. Although 

all TB therapy is currently and will continue to be multidrug therapy, in the studies reported 

here, we tested spectinamide-1599 first as a monotherapy to determine the maximum 

exposure-killing activity for spectinamide-1599 in the lungs after up to eight weeks of 

treatment via intrapulmonary aerosol delivery. Thereafter, we demonstrated its efficacy when 

combined with oral pyrazinamide. To our knowledge, this systematic assessment of the in 
vivo pharmacology and efficacy of intrapulmonary aerosol therapy has not been performed 

for spectinamides or any other anti-TB drugs.

RESULTS

The assessments performed under this analysis comprise a variety of PK and efficacy studies 

to characterize and quantify the effect of dose, dosing regimen, and length of therapy on the 

disposition and the efficacy of spectinamide-1599 administered via intrapulmonary aerosol 

delivery.

Pharmacokinetics and Tissue Exposure after Intrapulmonary Aerosol Delivery.

The PK study program comprised single and multiple dose assessments at three different 

dose levels, 10, 50, and 150 mg/kg, given by intrapulmonary aerosol administration (IPA). 

For the multiple dose studies, dosing frequencies included once daily and every other day. 

For comparison, single and multiple doses (once daily) were also administered at the dose 

levels of 10 mg/kg by intravenous (IV) injection and 50 and 200 mg/kg by subcutaneous 

(SC) injection.

Exposure parameters for different dose levels after single and multiple dose administration 

of intrapulmonary aerosol (IPA) as well as IV and SC administration determined in 

plasma, lungs, and ELF are presented in Table 1, and the corresponding concentration–time 

profiles for multiple dosing are depicted in Figure 1. Additional exposure parameters and 

concentration–time profiles for spleen, liver and kidney are provided in Table S1 and Figure 

S1, respectively.

After single dose IPA administration, spectinamide-1599 was rapidly absorbed into the 

systemic circulation and plasma concentrations reached their maximum values within 

5 min after administration. The peak concentration (Cmax) and the area-under-the 

concentration–time curve (AUC) in plasma as measures of systemic exposure increased 

dose dependently, with slightly less than dose proportionality for AUC. When compared 

with IV administration, IPA dosing reached an absolute bioavailability in plasma of 73% 

for the lowest dose and 53% for the highest dose, while spectinamide-1599 after SC 

administration was fully bioavailable (105–108%). Beyond the differences in bioavailability, 

the profiles showed comparable behavior independent of the route of administration with 
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rapid decline in plasma concentrations at therapeutic concentrations with a half-life of 

approximately 0.37 h, and then a prolonged exposure at low concentrations levels below 1 

μg/mL with a half-life of approximately 5.5 h, a pharmacokinetic behavior similar to that of 

spectinomycin, trospectomycin, and other aminocyclitols. Exposure ratios between lung and 

plasma were substantially higher after IPA administration (range 12–29) compared to the 

corresponding ratios after IV and SC administration (range 0.33–0.50). This indicates that 

although spectinamide-1599 has substantial lung penetration after SC or IV administration, 

dose-normalized exposures (AUC) in lung substantially increased after IPA delivery and 

were 12–40 times higher after IPA relative to SC or IV administration. In epithelial lining 

fluid (ELF) obtained via bronchoalveolar lavage (BAL), exposure differences between IPA 

and SC or IV administration were also pronounced: ELF-to-plasma exposure was for IPA 

relative to SC or IV 33–136 versus 3.1–5.5, respectively, and dose-normalized exposures in 

ELF were still 3.2–18 times higher than after SC or IV administration. This indicates high 

availability of spectinamide-1599 after IPA administration in lung and ELF relative to the 

systemic circulation, i.e. a targeted delivery to the pulmonary tissues relative to the systemic 

circulation. Figures 2A and 2B summarize the exposure ratios for lung vs plasma and ELF 

vs plasma, respectively.

Plasma and tissue distribution were also assessed after two multiple dose IPA regimens, 

either once daily or once every other day administration, similar to the dosing regimens used 

in the efficacy studies. In plasma, concentration–time profiles and pharmacokinetic exposure 

parameters for both regimens were similar to the single dose administration with no 

appreciable drug accumulation during multiple dosing. In contrast, there was a substantial 

increase in lung exposure during multiple dosing. This was even more pronounced for the 

once daily dosing regimen compared to dosing every other day. The resulting exposure 

ratios of lung compared to plasma were 18–61-fold, and are summarized in Figure 2A. 

This increase in exposure in lung was only present for IPA but not SC or IV multiple dose 

administration, and was not detected for ELF. This observation suggests that IPA multiple 

dose therapy with spectinamide-1599 selectively leads to accumulation in lung tissue that 

further enhances the pulmonary targeting of the IPA compared to SC or IV administration.

The effect of IPA versus SC and IV as route of administration and single versus multiple 

dose administration did not have any appreciable effect on tissue distribution or tissue-to-

plasma ratios for the other investigated tissues, spleen, liver, and kidneys (Table S1 and 

Figure S1).

Dose Response of Treatment in Chronically Mtb Infected BALB/c Mice.

The efficacy study program consisted of dose and time response evaluations for 

spectinamide-1599 administered via IPA to BALB/c mice with a chronic infection with 

pulmonary Mtb. BALB/c mice were chosen because the course of infection and disease 

in these animals is well-predicted and a chronic pulmonary infection with Mtb develops 

into multifocal and very homogeneous type of lesions. In preclinical drug efficacy 

studies, this model allows to establish differences between group treatments with high 

statistical significance.12 In contrast to BALB/c mice, the course of pulmonary Mtb 
infection and disease in C3HeB/FeJ mice are unpredictable and animals develop also 

Gonzalez-Juarrero et al. Page 6

ACS Infect Dis. Author manuscript; available in PMC 2023 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multifocal (as in BALB/c mice) but very heterogeneous type of lesions. According to the 

classification by Irwin et al. lesions are classified as necrotic (Type I), neutrophilic (type 

II), and cellular (Type III).13 When this animal model is used to test drug efficacy, the 

differences between group treatments oftentimes reach only low statistical significance.14 

Thus, in separate studies, the C3HeB/FeJ mice were studied for dose response evaluation 

for spectinamide-1599 during chronic infection with pulmonary Mtb. Because previous 

studies with subcutaneous injection of spectinamide-1599 in the C3HeB/FeJ mice TB 

model showed low efficacy in monotherapy but substantially improved efficacy when 

partnered with pyrazinamide,9 we also evaluated intrapulmonary aerosol administration of 

spectinamide-1599 with oral administration of pyrazinamide at 150 mg/kg.

In preliminary studies, we reported that intrapulmonary aerosol delivery of 

spectinamide-1599 significantly reduced the bacterial burden of Mtb in chronically infected 

mice.8 Here, we undertook a more comprehensive assessment of intrapulmonary delivered 

spectinamide-1599 at three dose levels: the lowest dose level of 10 mg/kg that provides 

and maintains pulmonary exposure potentially sufficient for antimycobacterial activity as 

suggested in Figure 1, and the maximum expected human targeted dose for inhalation 

therapy of 50 to 100 mg/kg from a body weight extrapolation between species. It is worth 

noting, however, that lower human doses would likely be required if formal allometric 

scaling models were adopted. By changing the dose level and duration of treatment, we 

were aiming at improving the killing efficacy of spectinamide-1599 when administered as 

intrapulmonary aerosol.

We first used BALB/c mice chronically infected with Mtb. The efficacy for escalating doses 

of treatment with spectinamide-1599 and isoniazid (INH) in BALB/c infected with Mtb 
are shown in Figure 3. The drugs were delivered to chronically Mtb infected mice (n = 

5–8) via intrapulmonary aerosol three times a week for 4 weeks as previously reported.8,15 

In each study, one group of animals was treated with an IPA administered solution of 

isoniazid (INH; 25 mg/kg) and used as a positive control group for drug treatment and 

procedure. The results presented in Figure 3A demonstrate that spectinamide-1599 at 10, 

50, or 100 mg/kg administered by IPA in BALB/c mice resulted in average CFU reduction 

of 0.4 (p < 0.0001), 0.7 (p < 0.0001) and 0.9 (p < 0.0001) log10 CFU, respectively, when 

compared to untreated or saline treated animals (thereafter referred as control groups). 

A similar trend was observed in lung lesions at the microscopic level in histological 

sections stained with H&E. The lesions in control groups consisted predominantly of 

histiocytic and neutrophilic aggregates at the periphery of bronchioles and small perivascular 

aggregates of lymphocytes and plasma cells. In treated groups, lesions were primarily 

composed of perivascular mononuclear cell aggregates with lesser numbers of histiocytes 

and rare numbers of neutrophils. There were no significant differences in reduction of 

bacterial burden between of the 50 and 100 mg/kg doses. In BALB/c mice treated with 25 

mg/kg of INH, the bacterial burden reduction was of 1.1 (p < 0.0001) log10 CFU when 

compared to control groups. As expected based on our previous studies8 and the limited 

spectinamide-1599 exposures observed in the spleen (Table S1 and Figure S1), none of 

the treatments for spectinamide-1599 affected the bacterial burden in the spleen (Figure 

3B). However, receiving intrapulmonary aerosols of INH, the splenic bacterial burden was 

reduced by 2.2 or 1.4 (p < 0.0001) log10 CFU, respectively (Figure 3B). During treatments 
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the mice did not experience changes in body weights (Figure 3C) and did not show obvious 

behavioral changes. Additionally, no alveolar injury or increase in the number of alveolar 

macrophages was observed. We concluded that the intrapulmonary drug aerosols were 

well-tolerated by all groups during the 4 weeks of treatment with no apparent acute toxicity.

Effect of Length of Treatment on Efficacy in Chronically Mtb Infected BALB/c Mice.

To evaluate the effect of extending the drug treatment period on efficacy, we repeated the 

experiment with groups of mice (n = 5) treated with 10 or 50 mg/kg of spectinamide-1599 

for 4 or 8 weeks. Figure 4 shows the combined data from two independent studies with 

the same experimental design. The results in chronically infected BALB/c mice demonstrate 

that when mice were treated with 10, 50, and 200 mg/kg of spectinamide-1599 for 4 weeks 

the pulmonary bacterial load was reduced by 0.6–0.9 log 10 CFU (p < 0.0013). After 8 

weeks of treatment and when compared to their corresponding control groups, doses of 

10, 50, and 200 mg/kg again significantly reduced the bacterial burden (~1.0, 1.1, and 1.0 

log10 CFU; p < 0.0001). Furthermore, we observed that extending the period of treatment 

to 8 weeks with INH provided further reduction in bacterial load beyond that provided 

at 4 weeks treatment. Although prolonging therapy with spectinamde-1599 from 4 to 8 

weeks led to a greater reduction of the bacteria burden, the CFU difference between 4 and 

8 weeks did not achieve statistical significance. The intrapulmonary drug aerosols were 

well-tolerated by all groups during the 4 and 8 weeks of treatment and there was no apparent 

acute toxicity. We concluded that shorter treatments (1 month) of spectinamide-1599 at 50 

mg/kg provide similar efficacy compared to that of longer treatments (8 weeks) with lower 

doses of 10 mg/kg. Prolonged treatment significantly improved the statistical differences 

between controls and experimental groups.

Lung Exposure to Intrapulmonary Spectinamide-1599 during Prolonged Therapy 
Chronically Mtb Infected BALB/c Mice.

To confirm that the spectinamide-1599 exposures observed in healthy BALB/c mice during 

multiple dose therapy are also observed in the infected mice, we also measured plasma 

and lung tissue homogenate concentrations in chronically Mtb infected BALB/c mice 

treated for 4 or 8 weeks with IPA spectinamide-1599. As shown in Figure 5, plasma 

concentrations assessed 0.5 h after the last dose of a 4-week dosing series showed dose-

dependent exposures that agreed with the 95% confidence interval for the expected exposure 

based on the multiple dose pharmacokinetic assessments in healthy mice. Similarly, 

plasma concentrations determined 72 h after the last dose after 4 or 8 weeks of dosing 

declined to concentrations below 0.1 μg/mL for all dose levels, as expected based on the 

observed plasma pharmacokinetic behavior in healthy mice. In contrast, spectinamide-1599 

concentrations in lung homogenate remained at high concentrations between 27 to 70 

μg/g tissue even 72 h after the last dose of the multiple dose series, which is similar 

to the exposures observed at the last sampling time point in the pharmacokinetic studies 

in healthy mice (Figure 1). While lung concentrations increased from 10 to 50 mg/kg 

exposures, there was no further increase observed with 200 mg/kg dosing. Furthermore, 

there was no significant difference between the concentrations observed after 4 vs 8 weeks 

of therapy. These data indicate that the PK of IPA administered spectinamide-1599 is not 

impacted by chronic Mtb infection. As was seen in healthy mice, there was substantial tissue 
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accumulation and retention of spectinamide-1599 in lung tissue after prolonged IPA therapy 

in Mtb infected mice that is dose-dependent but reaches a plateau at 50 mg/kg and is fully 

achieved with 4 weeks of treatment.

Intrapulmonary Aerosol Treatment of Chronically Mtb Infected C3HeB/FeJ Mice.

Unlike BALB/c mice which exhibit homogeneous granulomatous lesions with Mtb 
infection, C3HeB/FeJ mice provide an animal TB model associated with high heterogeneity 

of lesion types that are more similar to those found in tuberculosis patients.13 The course of 

pulmonary Mtb infection and disease in C3HeB/FeJ mice is unpredictable, whereas ~30% 

of animals may succumb to infection within 4–6 weeks and develop neutrophil-rich-type 

granulomas (type II), other animals survive to a longer chronic state of infection and 

develop multifocal but very heterogeneous type of lesions classified as necrotic (Type 

I) and cellular granulomas (Type III).13 When this animal model is used to test drug 

efficacy, the differences between group treatments oftentimes reach only low statistical 

significance.14 Thus, using a similar experimental design as with BALB/c mice, we used 

C3HeB/FeJ mice to evaluate IPA treatment efficacy of spectinamide-1599. Figures 6A and 

B show representative studies on changes in pulmonary bacterial burden after monotherapy 

treatment with three doses (10, 50, and 100 mg/kg) of 1599 (Figure 6A) and efficacy of 

therapy when 1599 is administered as combination therapy with pyrazinamide (Figure 6B). 

The bacterial burden in C3HeB/FeJ mice chronically infected with Mtb ranged between 

>6.5–8 log10 CFU by 56 days postinfection when the model is reported to develop highest 

heterogenicity of lesions.13 IPA treatment for 4 weeks with spectinamide-1599 at 10, 50, or 

100 mg/kg did not provide significant CFU reduction when compared to controls groups 

(Figure 6A). Similarly, no significant histopathologic changes were observed between 

control and treated groups (data not shown). During histological assessment of tissue 

sections stained by H&E, tissues from both control and treated mice contained necrotic 

(Type I), and cellular (Type III) lesions and necrotic lesions appeared larger in control 

mice compared to treated mice (data not shown). Importantly, in Figure 6B is shown that 

while there were no statistically significant differences between animal controls and animal 

receiving monotherapy with either spectinamide-1599 at 50 mg/kg or PZA (150 mg/kg), the 

combined administration of spectinamide-1599 (50 mg/kg) via IPA with oral administration 

of PZA (150 mg/kg) synergized well and provided a significant reduction of >1.8 log10 CFU 

(p < 0.03) in lung bacterial burden. In C3HeB/FeJ mice, IPA administration of 25 mg/kg 

of INH, resulted in a bacterial burden reduction of 0.6–1.3 (p < 0.05) log10 CFU when 

compared to control groups. Also, no necrotic lesions were observed in mice treated with 25 

mg/kg of INH (data not shown). When using the C3HeB/FeJ mouse TB model, we did not 

attempt administration of therapy for 8 weeks as it was previously reported by our group13 

that in these models after 12 weeks of infection there is rapid progression in severity of TB 

disease, and mice would not tolerate drug treatment beyond 4 weeks.

DISCUSSION

Targeted delivery of antibiotics directly to the site of infection through pulmonary delivery 

is gaining increasing interest in numerous infective conditions involving the lungs.16 

Especially in situations where (i) the antibiotic has limited penetration of the lung tissues, 
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(ii) the antibiotic is not orally bioavailable and has to be administered by intravenous 

infusion or injection, (iii) the maximum tolerated systemic exposure is insufficient to 

support efficacious concentrations in the lungs, or (iv) when there is systemic toxicity of 

the drug.18–20

Spectinamide-1599 has been shown to be well-tolerated and efficacious in treating acute 

and chronic infections in mouse models of tuberculosis.8,9 While spectinamides, including 

spectinamide-1599, have limited plasma protein binding (45%), good penetration into 

lung tissue and are metabolically stable with renal excretion in unchanged form as 

the major elimination pathway,8 they are not orally bioavailable and thus, have to be 

administered parenterally.21 Therefore, pulmonary delivery directly to the primary site 

of Mtb infection emerged as a potential strategy to administer efficacious doses of 

spectinamide-1599 without the need for an invasive administration procedure.10 The 

current study investigates the disposition and distribution behavior as well as efficacy and 

tolerability of spectinamide-1599 after IPA in mouse models of chronic Mtb infection.

As a first step, we investigated the plasma and tissue pharmacokinetics of 

spectinamide-1599 after single and multiple escalating doses given by IPA relative to IV 

or SC administration. After single dose administration, spectinamide-1599 exposures in 

plasma, lung, and ELF increased dose-dependently, with a systemic bioavailability in plasma 

of approximate 60–75% relative to SC and IV administration. This comports with our 

previous observations of linear and reproducible pharmacokinetics of spectinamides in rats 

and mice, with modest interindividual coefficients of variation of <40%.8,10

The advantage of local administration of the drug to the lungs became apparent 

when lung-to-plasma exposure ratios were compared among the different routes of 

administration. While exposure ratios after IV and SC administration confirmed earlier 

reports of good tissue penetration into the lungs with exposure relative to plasma of 

approximately 33–50%,21 this ratio dramatically increased with IPA administration to 

1200–2900%. Even more importantly, during multiple dosing, lung homogenate exposures 

after IPA administration exhibited selective and substantial accumulation: While plasma 

concentrations remained nearly identical between single and multiple dose administration 

as expected based on the relative short plasma half-life at therapeutic concentrations, lung 

exposures showed substantial accumulation, which further increased the relative exposure of 

lung tissue relative to plasma. This accumulation in lung tissue was particularly pronounced 

after daily dosing, with a much lesser degree after thrice weekly dosing, and seemed to be 

specific for IPA administration whereas it was absent after IV or SC multiple dosing.

The combined phenomena, increased tissue exposure relative to plasma and drug 

accumulation during multiple dosing, led to substantially increased lung exposure to 

spectinamide-1599 after IPA compared to SC or IV administration. We confirmed that this 

high exposure and retention in the lungs is not only limited to healthy animals, but is also 

observed after 4 and 8 weeks of therapy in Mtb infected mice. This observation is not unique 

for spectinamides. A similar behavior with regard to the lack of plasma accumulation during 

multiple dosing but substantial lung exposures has for example also been described after 

pulmonary administration of tobramycin, another aminocyclitol antibiotic.22
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It has been suggested that pulmonary delivery is especially favorable for those antibiotics 

that exhibit concentration-dependent killing as the high local exposures would be favorable 

to further improve their killing efficiency.17 Examples of which include tobramycin and 

amikacin. In chemostat-based in vitro experiments, spectinamide-1599 also exhibited 

concentration-dependent mycobacterial killing,23,24 and in vivo studies in mouse models 

of chronic Mtb infection indicate the same PK/PD behavior for spectinamides in vivo.25 

ELF exposures were similar or in some cases even slightly higher than lung homogenate 

exposures, suggesting that spectinamide-1599 does not remain sequestered in substructures 

of lung tissue but is able to maintain high ELF concentrations. These concentrations were at 

least 60-fold higher than the MIC of 0.8 μg/mL for spectinamide-1599.8 As ELF is assumed 

to be constantly recycled and ELF concentrations for most systemically administered 

antibiotics are thought to be identical to free, unbound plasma concentrations,26,27 lung 

tissue may serve as a reservoir to supply and maintain the observed high ELF concentrations 

for spectinamide-1599. A high antibiotic exposure in ELF after inhaled administration 

despite low serum concentrations has also been described for inhaled amikacin.28 The 

pharmacokinetic behavior of spectinamides in general and spectinamide-1599 in particular 

are similar to other aminocyclitol antibiotics such as spectinomycin, trospectomycin, and 

classic aminoglycoside antimicrobials such as tobramycin and amikacin.29,30 As these 

compounds are highly hydrophilic, their disposition is characterized by a rapid elimination 

from plasma with short half-lives at therapeutically relevant concentrations, largely by 

renal excretion in unchanged form, followed by a prolonged terminal phase at very low 

concentrations. While the latter does not contribute substantially to the overall systemic 

exposure (<2% of AUC), it is assumed to be caused by slow redistribution of the drug from 

tissue storage sites and is a typical feature of aminoglycosides and many other amines.31

Aminoglycosides and other aminocyclitols such as streptomycin, gentamicin, tobramycin, 

amikacin, and trospectomycin are well-known to affect intracellular vesicular processes.32 

Similar to many other cationic amphiphilic drugs, they are known to associate with 

membrane phospholipids and interfere with lysosomal storage, may enrich in lysosomes, 

and may cause phospholipidosis.33–35 As the cellular components of the lungs have a high 

abundance of lysosomes relative to most other tissues,34 one explanation for the observed 

enrichment of spectinamide-1599 in lung tissue after IPA administration is the potential 

for similar mechanisms to be involved. Further studies are currently ongoing to identify 

the cellular and subcellular locations of spectinamide-1599 storage. It remains to be seen 

whether the pulmonary retention leads to higher local exposures of free, pharmacologically 

active drug, and ultimately increased local efficacy.

In addition, we investigated the efficacy and relationship between dose, dosing frequency 

and duration of therapy via intrapulmonary delivery of spectinamide-1599 in two preclinical 

murine TB models. This choice was based on the facts that the progression of human TB 

is both a complex and dynamic process resulting in a wide spectrum of disease forms. 

Pulmonary TB in humans can develop with a wide range in number of pulmonary lesions 

(1–2 or many lesions) and with multiple histologically distinct lesion types.36 Within the 

spectrum of lesion types, one particular lesion type is characterized by a rim of fibrosis and a 

central region of caseum containing a high burden of free bacilli while another type of lesion 

is characterized by cellular aggregations containing intracellular bacilli. Thus, bacilli within 
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lesions in human TB are found in different physicochemical and biological environments 

leading to multiple distinct bacterial subpopulations within different environments in the 

same patient. Despite this complex scenario, TB is a treatable disease but requires long 

regimens of multidrug therapy with variable treatment outcomes and a wide range of adverse 

effects.2 In an attempt to cover the wide spectrum of human TB forms, our preclinical 

studies in support of the development of inhaled spectinamide-1599 used the BALB/c and 

C3HeB/FeJ TB mouse models. BALB/c mice were chosen because the course of infection 

and disease develops into multifocal and very homogeneous cellular types of lesions12 and 

most bacilli are found in the intracellular compartments.13 In contrast to BALB/c mice, the 

course of pulmonary Mtb infection and disease in C3HeB/FeJ mice develops multifocal but 

very heterogeneous types of lesions including small and large necrotic lesions.13 Bacilli in 

these lesions can be found free within the caseum of necrotic lesions or intracellularly in 

cellular lesions (type III lesions as in ref 13). Of important consideration is that in this TB 

model the response in drug efficacy studies is often bimodal and referred to as responders 

and nonresponders.9

Altogether our results here are in line with the characteristics described above for the two 

TB preclinical models. In BALB/c mice there is a dose-dependent efficacy where 50 and 100 

mg/kg of spectinamide-1599 given as intrapulmonary aerosol three times a week provide 

highest efficacy, and prolonged duration of treatment up to 8 weeks resulted in significant 

improvement in reduction of bacterial burden with differences reaching high statistical 

significance. Lower concentrations (10 mg/kg) achieved similar pathogen killing as larger 

50–100 mg/kg doses if given for prolonged periods of time (8 weeks).

All doses and regimens tested during these studies were very well-tolerated by the animals. 

Moreover, a preliminary histopathological evaluation of lung sections in the treated animals 

did not show evidence for drug effects on host tissue. No evidence of inflammatory 

responses, ELF accumulation in alveoli or pathological changes were observed in animals 

treated by IPA spectinamide-1599.

Considering the results from the PK studies discussed above indicate high concentrations 

of spectinamide-1599 in ELF and lung tissue (>40–80 times the MIC) during prolonged 

therapy, accumulation of drug in the lungs appears to reach a ceiling of benefit for reduction 

of bacterial burden. If we consider that during the chronic state of infection in BALB/c 

mice most of the bacilli in the lungs remain within granulomas and within intracellular 

compartments, we can speculate that the potential storage sites in the lung tissue are likely 

located within intracellular compartments and away from bacilli, but provide a storage 

compartment to maintain effective free drug concentrations in the lung microenvironment 

for a prolonged period of time. Ongoing studies are investigating this essential question.

IPA treatment for 4 weeks with spectinamide-1599 at 10, 50, or 100 mg/kg in C3HeB/FeJ 

mice with advanced chronic Mtb infection, when animals are known to present with 

multifocal and necrotic type I lesions, did not provide statistical significance in CFU 

reduction when compared to controls groups and no histopathologic changes were observed 

between control and treated groups. However, it was previously reported9 that when 

given by the SC route, one of the most attractive properties of spectinamide-1599 is 
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its synergistic effect and capacity to partner well with the antimicrobial activity of 

other TB drugs, including in animal models with advanced and severe pathology as 

in C3HeB/FeJ mice.9 Based on these results, C3HeB/FeJ mice infected with Mtb with 

advanced pathology were used in our studies to test the synergistic effect of intrapulmonary 

aerosols of spectinamide-1599 and oral administration of pyrazinamide (PZA). As expected, 

monotherapy with intrapulmonary aerosol of spectinamide-1599 (50 mg/kg) or oral 

pyrazinamide (150 mg/kg) had limited or no efficacy in the C3HeB/FeJ mice TB model, 

but when both drugs were given in combination, a superior reduction >1.8 log10 CFU was 

observed. This result is interesting as it was reported previously in in vitro checkerboard 

assays with spectinamide-1599 and PZA revealed no synergistic effect on free Mtb.9 Thus, 

we speculate that the synergistic effect between both drugs observed in vivo during the 

chronic state of Mtb infection in C3HeB/FeJ mice may be associated with an interaction 

of both drugs at the host and not bacterial cell level, and ongoing studies are intended to 

address this question.

In summary these studies demonstrated that spectinamide-1599 administered as a liquid 

formulation via intrapulmonary aerosol is very well-tolerated and effective in the treatment 

of pulmonary tuberculosis. It is worth noting that our studies provide preliminary 

information for preclinical efficacy of the drug when administered directly to the lungs, 

and we reason that if formal allometric scaling models between the mouse and humans’ 

lungs were adopted, the actual dose in human will be lower. It is also important to mention 

that our results using direct administration of the drug into the lungs can serve only to guide 

the development of inhalational therapy for humans which will require passive inhalation 

and will likely result in substantial changes of the amount of drug needed for inhalation 

depending on the efficiency of the delivery method adopted.

Direct administration to the lungs provided a dose-dependent, rapid exposure in plasma 

and accumulation in the lungs during extended regimens. However, we encountered the 

intriguing observation that at higher doses (50–100 mg/kg) there is no increased efficacy 

with prolonged therapy despite drug being accumulated in the lungs in large quantities. This 

is not a unique property to spectinamide-1599 as similar properties have been reported for 

other aminocyclitol drugs (tobramycin and amikacin) when used as inhalational therapy. In 

addition, the maximum efficacy of spectinamide-1599 after SC administration as 4-week 

monotherapy in the chronic infection model in BALB/c mice has consistently been reported 

as a ~1.2–1.5 log10 CFU reduction in lung (with dosing performed in 5 of 7 days per 

week): 1.2 for 150 mg/kg once daily,45 1.2 for 200 mg/kg once daily,9 and 1.5 for 200 

mg/kg twice daily.8 A similar plateau effect for efficacy under monotherapy has recently 

also been described for structurally closely related spectinamide-1810.25 Similar efficacy 

has been observed after IPA administration of substantially lower doses: 50 and 100 mg/kg 

given 3 times per week. These observations suggest that the benefit of the spectinamide 

accumulation in the lungs under IPA therapy is not a higher efficacy, but that substantially 

lower IPA doses seem to be necessary for the same maximum efficacy as observed under 

SC monotherapy. The overall observation of a ceiling effect of spectinamide monotherapy 

can be explained by the coexistence of multiple bacterial subpopulations with different 

metabolic states in infected animals in vivo, and a preferential killing of some of these 

populations, but not all of them by the spectinamide.25
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Moreover, we believe that the therapeutic window of inhaled spectinamide-1599 is 

substantially improved when administered with pyrazinamide. Pyrazinamide is a critical 

component in TB chemotherapy and is a drug that has played an essential role in shortening 

the standard treatment regimen from nine to six months,37 although its mechanism of action 

is still not well-understood. Thus, future studies should address mechanisms of synergy for 

inhalational spectinamide-1599 and PZA as well as with additional TB drug combinations; 

most importantly, these should determine the potential of inhaled spectinamide-1599 for 

replacing currently used antimycobacterial agents that exhibit substantial toxicity in long-

term therapy (e.g., linezolid).

CONCLUSION

These results strongly support the further development of intrapulmonary administration of 

spectinamide-1599 as a combination partner for anti-TB therapy.

METHODS

Compliance.

All animal experiments were conducted in accordance with the Animal Welfare Act and 

the Public Health Service Policy on Humane Care and Use of Laboratory Animals. Prior 

to initiation, all animal protocols were approved by the Institutional Animal Care and Use 

Committees of Colorado State University or the University of Tennessee Health Science 

Center, respectively.

Drug Compounds.

Spectinamide-1599 (dihydrochloride) was provided by Dr. Lee at St. Jude Children’s 

Research Hospital and was synthesized as reported.8 Pharmaceutical grade INH was 

purchased from Fluka Analytical (Charlotte, NC), whereas PZA was purchased from Acros 

Organics (Fair Lawn, NJ). All drugs were prepared in filtered endotoxin-free RNase/DNase-

free saline and sterile 0.9% saline (TEKnova, Hollister, CA). Mice were weighed each 

week to calculate the amount of drug required. Spectinamide-1599 was prepared at 10, 50, 

and 100 mg/kg; INH was prepared at 25 mg/kg, and PZA was prepared at 150 mg/kg. 

For SC and IV administration, spectinamide-1599 was formulated in variable mixtures of 

PlasmaLyte A Injection (Multiple Electrolytes Injection type I USP, Baxter Healthcare, 

Deerfiled, IL) and sterile water.

Drug Administration.

IPA delivery was performed under isoflurane anesthesia using a MicroSprayer device 

(MicroSprayer, model IA-C; Penn Century, Philadelphia, PA) attached to an FMJ-250 

high pressure-syringe device (Penn Century) as described previously.8,15,38,39 Each dose 

administered using the Penn Century device delivers 50 μL of solution. Mice received one 

dose per day of treatment. During the procedure the animals were monitored for regular 

breathing and clinical symptoms. SC and IV administration were performed using a fixed 

volume of 50 μL, given by injection into the loose skin over the shoulders or by retroorbital 

Gonzalez-Juarrero et al. Page 14

ACS Infect Dis. Author manuscript; available in PMC 2023 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



injection under isoflurane anesthesia, respectively. Gavage was administered in 200 μL 

volumes as previously reported.12

Bacteria.

Mycobacterium tuberculosis (Erdman strain, TMC107; ATCC 35801, American Type 

Culture Collection, Manassas, VA) was used to infect the animals. Frozen stocks of 

the bacilli were used to prepare the inoculum in double distilled water for infection as 

previously described.15

Establishment of Chronic Infection of BALB/c Mice.

Six- to eight-week-old BALB/c female mice were purchased from Jackson Lab (Bar Harbor, 

ME). The mice were kept in BSL3 facilities and rested for a week prior to infection. 

The mice were infected with a low dose aerosol infection using the Glass-Col System to 

deliver ~100 Mtb bacilli per mouse. To verify bacilli deposition in the lungs, on day 1 

post infection, three mice were sacrificed, the lungs were harvested and prepared for bacilli 

burden determination as explained below. The rest of the mice were rested for 4 weeks until 

they were randomly assigned to study groups and used to test the therapy under study here. 

To “washout” the drugs before determination of bacterial burden, the mice were rested for 

three days after the last treatment when they mice were euthanized and the lungs and spleen 

harvested and prepared for bacteria load determination and histology.

Establishment of Chronic Infection in C3HeB/FeJ Mice.

Six- to eight-week-old C3HeB/FeJ female mice were purchased from Jackson Lab (Bar 

Harbor, ME). The mice were infected with a Mtb inoculum concentration adjusted to 

deliver ~50–75 bacilli in the lungs of each mouse and at day 1 post infection, three 

mice were euthanized to quantify bacilli deposition in the lungs.13,40 During the first 21 

days post infection, mice were monitored daily for activity and weight loss. Mice with 

~20% weight loss were euthanized (20–30% of mice in study), the remaining mice were 

rested until 8 weeks post infection when treatment was initiated. Three days after the last 

treatment, animals were euthanized and the lungs prepared for bacterial load determination 

as explained below.

Bacterial Load Determination.

Following euthanasia, mouse tissues (lung and spleen) were homogenized using the Next 

Advance Bullet Blender (Averill Park, NY). Briefly, the left lobe for BALB/c or whole lung 

for C3HeB/FeJ mice or spleen was placed in 1.5 mL sterile, safe lock Eppendorf tubes 

containing 0.5 mL of sterile PBS and 3 × 3.2 mm, sterile stainless-steel beads, thereafter the 

tubes were placed in the Bullet Blender and homogenized during 4 min and 8000 rpm. The 

bacterial load was determined using serial dilutions of homogenized organs that were plated 

on 7H11 agar plates, and the colony forming units (CFU) in each sample were determined 

after 3 weeks of incubation at 37 °C. Bacterial load in each organ was expressed as the log10 

of CFUs.
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Histopathology Analysis.

The middle right lobe of the lungs of each mouse was placed into a histology cassette 

and fixed in 4% paraformaldehyde. Samples were inactivated in 4% paraformaldehyde 

solution for 48 h and then processed using standard histological protocols for sectioning 

and staining with Haematoxylin-Eosin (H&E). Histopathological assessments of the H&E 

stained specimens were performed by a pathologist blinded to the study groups.

Pharmacokinetic Studies.

Naïve female BALB/c mice (~20 g body weight; Charles River, Wilmington, MA) were 

acclimatized for 1 week prior to drug administration with access to food and water ad 
libitum. For single dose studies, groups of mice (n = 3 of 27 per study) were sacrificed 

predose and 0.083, 0.25, 0.5, 1, 2, 3, 8, and 24 h after drug administration. For multiple dose 

studies, groups of mice (n = 3 of 15 per study) were sacrificed immediately prior to and 

0.25, 1, 3, and 8 h after the last drug administration in the dosing series. An additional 0.5 h 

sample was collected in the multiple dose intravenous study.

Each mouse was terminally anesthetized, and blood was collected via retroorbital bleed into 

a heparinized container. ELF was sampled by bronchoalveolar lavage: making a fine incision 

into the trachea to allow a catheter tubing (BD Insyte Autoguard, 22 gauge, 0.9 × 25 mm, 

Becton Dickinson, Franklin Lakes, NJ) to pass through, a tuberculin syringe prefilled with 

PBS (200 μL) was inserted into the catheter and infused. After infusion, the same fluid was 

aspirated back and collected into a clean tube. This process of infusion and aspiration was 

repeated thrice for each mouse. Subsequently, lung, liver, kidney and spleen tissues were 

collected. Plasma was immediately separated by centrifugation (6000g for 10 min at 4 °C) 

and stored at −70 °C until analysis. Tissues and bronchoalveolar lavage fluid (BALF) were 

immediately frozen and stored at −70 °C until analysis.

Determination of Spectinamide-1599 Concentrations in Plasma, ELF, and Tissue Sample 
Preparation.

Prior to analysis, frozen tissues were thawed at room temperature, weighed and 

homogenized in PBS (4 volumes) using an UltraTurrax tissue homogenizer (IKA, 

Wilmington, NC). Sample preparation was conducted by protein precipitation using 

methanol. Proteins were precipitated by the addition of 4 volumes (100 μL) of internal 

standard (3′-dihydro-3′-deoxy-3′(R)-isopropylacetylamino spectinomycin,41 10 ng/mL) in 

methanol to a sample (25 μL) of plasma, BALF or tissue homogenate. Samples were 

vortexed for 0.5 min and centrifuged at 10 000g for 10 min at 4 °C, and the supernatants 

were collected for further analysis. Samples obtained from Mtb infected animal under BSL3 

underwent methanol-based sterilization as previously described by our group.42 To further 

confirm sterility of the samples after methanol treatment, one tenth of each sample was 

plated on 7H11 agar plates and incubated at 37 °C for 6 weeks and checked for bacterial 

growth prior to removal from the BSL3 environment.

Correction for ELF Dilution during Bronchoalveolar Lavage.

ELF concentrations of spectinamide-1599 were calculated from BALF concentrations using 

the urea method where the concentration of drug in ELF is the concentration of drug in 
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BALF corrected by the ratio between the urea concentrations in plasma and BALF.43 Urea 

concentrations in both plasma and BALF were determined with a Quantichrom Urea Assay 

Kit (BioAssay Systems, Hayward, CA, United States) per the manufacturer’s instructions 

using a Cytation 5 Multi Mode Reader (BioTek, Winnoski, VT) at 420 nm.

Bioanalytical Spectinamide-1599 Assay.

Concentrations of spectinamide-1599 in plasma, BALF, and tissue homogenates were 

determined by a validated liquid chromatography tandem mass spectrometry (LC-MS/MS) 

assay as previously described in.8 In brief, chromatographic separation of the supernatant 

was carried out on a Luna HILIC 3 μm, 100 × 4.6 mm column (Phenomenex, Torrance, CA) 

using a gradient mobile phase of methanol and 5 mM ammonium formate buffer, pH 2.75, at 

a flow rate of 0.4 mL/min. Detection was performed with an API 4500 triple quadruple mass 

spectrometer (AB Sciex, Foster City, CA) with electrospray ionization in multiple reaction 

monitoring mode using the mass transfers of m/z 487.2 → 207.1 for spectinamide-1599 

and m/z 453.0 → 247.1 for the internal standard. A calibration curves with 11 calibrants 

measured in duplicate was constructed and validated in each analytical run with spiked 

samples of mouse plasma or respective homogenized tissue at four different concentration 

levels that were scattered between unknown samples throughout an analytical run. The lower 

limit of quantification was 1 ng/mL, with acceptable accuracy and precision.

Pharmacokinetic Analysis.

The plasma, ELF, and tissue concentrations were analyzed by standard noncompartmental 

pharmacokinetic (PK) approaches using a pooled sample approach and the software package 

Phoenix WinNonlin 8.0 (Certara, Princeton, NJ). Penetration of drug in tissues was 

estimated from the ratios of the area under the concentration–time curve from time 0 to 

the last measured data point (AUC0–last) for tissues and ELF compared to the AUC0–last 

in plasma. Variability measures (standard deviation) of AUC as aggregate PK parameter 

were estimated by bootstrap analysis as previously suggested for sparse sampling situations 

in preclinical PK.44 Absolute bioavailability for the IPA and SC administration were 

determined by calculating the dose normalized ratios of AUC after IPA or SC administration 

relative to IV administration.

Statistical Analysis.

For the mouse TB model experiments, the bacterial burden was expressed as CFU, and data 

were analyzed using Graph Pad Prism version 8.1.1. The statistical analysis was performed 

using a Dunnett’s multiple comparisons test as part of a one-way ANOVA test.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AUC area-under-the concentration–time curve

CFU colony forming units

DS-TB drug-sensitive TB

ELF epithelial lining fluid

Cmax peak concentration

H&E hematoxylin and eosin

IPA intrapulmonary aerosol

INH isoniazid

IV intravenous

MDR-TB multidrug-resistant tuberculosis

Mtb Mycobacterium tuberculosis

MIC minimum inhibitory concentration

TB tuberculosis

PD pharmacokinetics

PK pharmacokinetics

PZA pyrazinamide

SC subcutaneous

XDR-TB extensively drug-resistant TB

1599 spectinamide-1599
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Figure 1. 
Concentration–time profiles of spectinamide-1599 in plasma, lung, and ELF of mice after 

the last dose of a five-day multiple dose series with administration either once daily (left 

column) or every other day (right column). The drug was given by IPA at dose levels of 10, 

50, or 150 mg/kg and for comparison by intravenous and subcutaneous injection at doses of 

10 and 200 mg/kg, respectively [geometric mean/SD]. The horizontal dotted line represents 

the MIC for spectinamide-1599 [0.8 μg/mL].
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Figure 2. 
(A) Lung to plasma ratio. Exposure ratios were determined as ratios between area-under-

the-concentration–time curve (AUClast) between lung homogenate and plasma. (B) ELF 

to plasma ratio. ELF and plasma after different doses (in mg/kg) and dosing regimens of 

spectinamide-1599 after IPA administration compared to IV and SC administration in mice.
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Figure 3. 
Dose response after intrapulmonary aerosol delivery of spectinamide-1599 and isoniazid 

to BALB/c chronically infected with Mtb. Spectinamide-1599 (1599) and INH were 

administered to chronically Mtb infected BALB/c mice (n = 5–8) via intrapulmonary 

aerosol. BALB/c female mice were infected with a low dose aerosol infection to deliver 

~100 (BALB/c) Mtb bacilli per mouse. Mice were rested for four weeks until they 

were randomly assigned to study groups and used to test the therapy under study here. 

Spectinamide-1599 and INH were prepared in 0.9% low endotoxin saline (saline) at 10, 

50, and 100 mg/mL [1599 (10), 1599 (50), and 1599 (100)], whereas INH was prepared 

at 25 mg/kg [INH (25)]. Except for mice in the untreated group (UnRx), each mouse 

in each group received 50 μL/dose of via intrapulmonary aerosol three times a week for 

4 weeks. Three days after the last treatment, animals from all groups in the study were 
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euthanized, and the lungs (A) and spleen (B) were prepared for bacterial load determination. 

The bacterial load was determined using serial dilutions of homogenized organs that were 

plated on 7H11 agar plates, and the CFUs in each sample were determined after 3 weeks of 

incubation at 37 °C. Bacterial load in each organ was expressed as the log10 of CFUs. (C) 

During therapy, the weights of BALB/c mice were recorded weekly as average weight of 

each mouse per cage (n = 5). The graph shows weekly average weight of five mice in each 

cage during four weeks of therapy.
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Figure 4. 
Efficacy for length of treatment after intrapulmonary aerosol delivery of spectinamide-1599 

and isoniazid to BALB/c chronically infected with Mtb. As in Figure 3, spectinamide-1599 

(1599) and INH were administered to chronically Mtb infected BALB/c (A and B) mice 

(n = 5) via intrapulmonary aerosol. Spectinamide-1599 and INH were prepared in 0.9% 

low endotoxin saline (saline) at 10, 50, and 200 mg/kg [1599 (10); 1599 (50) and 1599 

(200)], whereas INH was prepared at 25 mg/kg [INH (25)]. Except for mice in the untreated 

group (UnRx), each mouse in each group received 50 μL/dose via intrapulmonary aerosol 

3 times a week during 4 (magenta dots) or 8 (purple dots) weeks. Three days after the 

last treatment, animals from all groups in the study were euthanized, and the lungs were 

prepared for bacterial load determination as in Figure 3. Bacterial load in each organ was 

expressed as the log10 of CFUs. The graph shows combined data from two independent 

studies, and only one of the studies included the test group (n = 5) of 200 mg/kg [1599 

(200)]. Each dot represents lung CFU per animal in each group. During therapy, the weights 

of mice in each group were recorded weekly (B). ns (p < 0.05); * (p < 0.01); ** (p < 0.001), 

and *** (p < 0.001); **** p < 0.0001. (B) During therapy, the weights of each mouse 

were recorded weekly as average weight of each mouse per cage (n = 5). The graph shows 

weekly average of weights of 5 mice in each cage during 4 (blue lines) and 8 weeks (red 

lines) of therapy. (C) Representative photomicrographs of H&E-stained lung tissue sections 
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from an infected but untreated control mouse (left) and from an infected mouse receiving 

spectinamide-1599 at 50 mg/kg IPA per day for 4 weeks (right). Histopathology revealed 

perivascular and peribronchiolar, histiocyte- and neutrophil-rich aggregates along with small 

perivascular lymphocytic and plasmacytic aggregates in the control animals. In treated mice, 

perivascular lymphocytic and plasmacytic inflammation predominated, and histiocytic and 

neutrophilic aggregates were significantly decreased. Background photomicrograph, 10×; 

inset picture, 40×.
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Figure 5. 
Spectinamide-1599 concentrations in plasma and lung after 4 or 8 weeks of treatment 

in Mtb infected mice. Spectinamide-1599 concentrations (mean ± SD) were measured in 

chronically Mtb infected BALB/c mice (n = 3–5) in plasma 0.5 or 72 h and in lung 

homogenate 72 h after the last dose of either 4 or 8 weeks of intrapulmonary aerosol 

administration with 10, 50, or 200 mg/kg 3 times weekly. The shaded areas for the 0.5 

h plasma concentrations are the 95% confidence intervals for the expected concentrations 

based on the multiple dose pharmacokinetic studies in healthy mice.
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Figure 6. 
Dose response after intrapulmonary aerosol delivery of spectinamide-1599 and 

pyrazinamide to C3HeB/FeJ chronically infected with Mtb. (A) Spectinamide-1599 (1599) 

and INH were administered to chronically Mtb infected C3HeB/FeJ mice (n = 5–6) via 

intrapulmonary aerosol. C3HeB/FeJ female mice were infected with a low dose aerosol 

infection to deliver ~75 CFU Mtb bacilli per mouse. Mice were rested during 8 weeks until 

they were randomly assigned to study groups and used to test the therapy under study here. 

Spectinamide-1599 and INH were prepared in 0.9% low endotoxin saline (saline) at 10, 

50, and 100 mg/mL [1599 (10); 1599 (50), and 1599 (100)], whereas INH was prepared 

at 25 mg/kg [INH (25)]. Except for mice in the untreated group (UnRx), each mouse in 

each group received 50 μL/dose via intrapulmonary aerosol 3 times a week for 4 weeks. 

Three days after the last treatment, animals from all groups in the study were euthanized, 

and the whole lungs were prepared for bacterial load determination. The bacterial load was 

determined using serial dilutions of homogenized organs that were plated on 7H11 agar 

plates, and the CFU in each sample were determined after 3–4 weeks of incubation at 37 

°C. Bacterial load in each organ was expressed as the log10 of CFUs. The graph shows 

representative data from two separate studies. (B) Spectinamide-1599 (1599) and PZA were 

administered to chronically Mtb infected C3HeB/FeJ mice (n = 5–6) via intrapulmonary 

aerosol. As in panel A, spectinamide-1599, INH, and PZA were prepared in 0.9% low 

endotoxin saline at 10 and 50 mg/kg, respectively [1599 (10); 1599 (50)] INH at 25 mg/kg 

[INH (25)] and PZA at 150 mg/kg [PZA (150)]. Except for mice in the untreated group 

(UnRx), each mouse in each group received 50 μL/dose of via intrapulmonary aerosol. Some 

groups received PZA administered orally via gavage daily for 4 weeks. Three days after 

the last treatment, animals from all groups in the study were euthanized, and the whole 

lungs were prepared for bacterial load determination as explained in panel A. The graph 
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shows representative data from two separate studies. (C) During therapy, the weights of each 

mouse in panel B were recorded weekly as average weight of each mouse per cage (n = 5). 

The graph shows weekly average of weights of 5 mice in each cage during the 4 weeks of 

therapy.
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