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COMPOSITIONS AND METHODS FOR INHIBITING BACTERIAL GROWTH

Cross Reference to Related Applications

This application claims priority to U.S. Provisonal Application No: 62/156,733, filed May 4,

2015, the contents of which is incorporated herein by reference in its entirety.

Statement of Government Support

This disclosure was made with government support under grant nos. R21-AI105867 and

U54-AI057153 from the National Institute of Allergy and Infectious Disease, National Institutes

of Health. The government may have certain rights in the invention.

Background

Mycobacterium tuberculosis (Mtb) causes tuberculosis (TB) and is responsible for nearly

two million deaths annually. In addition, a substantial proportion of the millions of people living

with HIV/ AIDS worldwide are co-infected with Mtb. And recently, multi-drug resistant (MDR)

tuberculosis as well as extensively drug-resistant (XDR) tuberculosis have evolved, which

further restricts treatment options for patients and threatens TB control and prevention efforts.

Thus, there is a need in the art for new, effective treatments for TB.

Summary

The disclosure is based, at least in part, on the discovery that the carbonic anhydrase

antagonist, ethoxzolamide (ETZ), inhibits the PhoP/R regulon in Mycobacterium tuberculosis.

This pH-dependent regulon controls, among other things, production of cell envelope lipids

(such as sulfolipid) and is a virulence factor for the pathogenesis of tuberculosis. ETZ not only

inhibits the PhoP/R regulon, but also inhibits growth of tuberculosis bacteria in macrophages in

vivo. These observations indicate, among other things, that carbonic anhydrase inhibitors, as

well as other compounds that inhibit the PhoP/R regulon, are useful for treating infections by

bacteria in which the PhoPR regulon is conserved.

One of skill in the art would appreciate that there are several benefits to the use of the

instantly-disclosed inhibitors and methods. For example, current treatment schedules for

tuberculosis infection involve a regimen of at least four compounds (isoniazid, rifampicin,



ethambutol, and pyrazinamide) coadministered over a prolonged period (e.g., 6-9 months). The

instantly disclosed compositions, when used alone or in combination with one or more additional

agents (e.g., isoniazid, rifampicin, ethambutol, and pyrazinamide), are believed to effectively

treat an infection in a shorter period of time, e.g., less than 8 weeks (e.g., less than 7 weeks, 6

weeks, 5 weeks, 4 weeks, 3 weeks, or 2 weeks) or between 2 to 4 weeks. Thus, the instantly

disclosed compositions offer the opportunity for increased patient compliance. The

compositions are also useful for treating immunocompromised subjects (e.g., subjects afflicted

with an HIV infection) and/or subjects with latent bacterial infections. Moreover, the

compositions and methods described herein are useful for treating drug-resistant bacterial

infections, such as infections with MDR and/or XDR tuberculosis.

Accordingly, in one aspect, the disclosure features a method for inhibiting growth or

viability of one or more bacterial cells in which the PhoPR regulon is present or conserved. The

method comprises contacting the one or more bacterial cells with an effective amount of an

inhibitor of the PhoP/R regulon (e.g., an inhibitor of PhoP or PhoR) to thereby inhibit the growth

or viability of the one or more bacterial cells. The contacting can occur in vitro (e.g., cultured

bacteria), in macrophages or other immune cell hosts, or in vivo (e.g., in a human or non-human

mammal).

In another aspect, the disclosure features a method for preventing or reducing the

likelihood of a productive bacterial infection in a subject. The method comprises administering

to a subject an effective amount of an inhibitor of the PhoP/R regulon to thereby prevent or

reduce the likelihood of a productive bacterial infection in the subject. The subject can be one

identified as being at risk of developing an infection with bacteria cells in which the PhoPR

regulon is present or conserved.

In another aspect, the disclosure features a method for treating a subject who is infected

with bacterial cells in which the PhoPR regulon is present or conserved, which method

comprises administering to the subject an effective amount of an inhibitor of the PhoP/R regulon

to thereby treat the infection.



In yet another aspect, the disclosure features a method for ameliorating the signs or

symptoms of an infection of a subject by bacterial cells in which the PhoPR regulon is present or

conserved. The method comprises administering to the subject an effective amount of an

inhibitor of the PhoP/R regulon to thereby ameliorate the signs and symptoms of the infection.

In some embodiments, any of the methods described herein comprise identifying the

subject as having an infection with bacterial cells in which the PhoPR regulon is present or

conserved. In some embodiments, any of the methods described herein comprise identifying the

subject as being at risk of developing an infection with bacterial cells in which the PhoPR

regulon is present or conserved.

In some embodiments of any of the methods described herein, the bacteria or bacterial

cells are of the genus Mycobacterium. In some embodiments, the Mycobacterium are

Mycobacterium tuberculosis. In some embodiments, the Mycobacterium tuberculosis is multi-

drug resistant Mycobacterium tuberculosis. In some embodiments, the Mycobacterium

tuberculosis is extensively drug resistant Mycobacterium tuberculosis.

In some embodiments, the bacteria or bacterial cells are Clostridium (e.g., C.

acetobutylicum) or Bacillus (e.g., B. subtilis).

One of skill in the art will appreciate that the PhoPR regulon is conserved in many other

types of bacteria, such as Echerichia coli and Vibrio cholerae, in which the PhoPR system is

encoded by the PhoBR operon (see, e.g., Diniz et al. (2011) J. Bacteriol 193(24):6929-6938),

whereas the system is encoded by PhoRP in Streptomyces coelicolor. Such bacteria or bacterial

cells are also amenable to treatment with the inhibitors described herein. In addition, The

homologous pH- and Mg-sensing system PhoPQ exists in a variety of important pathogens

belonging to the Enterobacteriaceae, including Salmonella spp., Yersinia pestis, Shigella spp., E.

coli, Pseudomonas spp. and many others.

In another aspect, the disclosure features a method for eliminating dormant

Mycobacterium tuberculosis cells in a subject afflicted with latent tuberculosis. The method

comprises administering to the subject an effective amount of an inhibitor of PhoR or PhoP to

thereby eliminate dormant Mycobacterium tuberculosis cells in the subject and treat latent



tuberculosis. In some embodiments, the methods comprise determining that the subject has

latent tuberculosis. In some embodiments, the Mycobacterium tuberculosis is multi-drug

resistant Mycobacterium tuberculosis. In some embodiments, the Mycobacterium tuberculosis is

extensively drug resistant Mycobacterium tuberculosis.

In some embodiments, the bacteria or bacterial cells are nontuberculous mycobacteria

(NTM). The skilled artisan will appreciate that the PhoPR is conserved in many NTMs. The

NTM can be, without limitation, M. avium, M. intracellulare , M. kansasii, M. abscessus, M.

chelonae, M. fortuitum, M. terrae, M. xenopi, or M. simiae. In some embodiments, the NTM is

M. leprae, M. ulcerans, or M. marinum.

Many species of NTM cause serious skin and ocular infections. In such embodiments,

topical treatment with a compound described herein may be useful treatment as a monotherapy

(e.g., as a cream, a salve, an ointment, an eye drop, or even applied to a bandage). Alternatively,

one or more compounds described herein may synergize with traditional antibiotics by inhibiting

survival in macrophages. NTM skin infections can be recalcitrant to treatment and sometimes

very serious such as Buruli ulcer (caused by Mycobacterium ulcerans) and Mycobacterium

abscessus, which causes skin and ear infections in immunocompromised individuals.

In some embodiments of any of the methods described herein, the inhibitor of PhoR or

PhoP is a carbonic anhydrase inhibitor. The carbonic anhydrase inhibitor can be, e.g., a

sulfonamide. For example, in some embodiments, the sulfonamide is ethoxzolamide (ETZ). In

some embodiments, the carbonic anhydrase inhibitor is a ethoxzolamide analog. In some

embodiments, the carbonic anhydrase inhibitor is acetazolamide, methazolamide, dorzolamide,

or brinzolamide. In some embodiments, the carbonic anhydrase inhibitor is any one of those

described herein (e.g., by reference) or those known in the art.

In another aspect, the disclosure features a method for treating tuberculosis in a subject,

the method comprising administering to the subject a carbonic anhydrase inhibitor in an amount

effective to treat tuberculosis. The carbonic anhydrase inhibitor can be, e.g., ethoxzolamide

(ETZ). In some embodiments, the carbonic anhydrase inhibitor is a ethoxzolamide analog. In

some embodiments, the carbonic anhydrase inhibitor is acetazolamide, methazolamide,



dorzolamide, or brinzolamide. In some embodiments, the carbonic anhydrase inhibitor is any

one of those described herein (e.g., by reference) or those known in the art. In some

embodiments, the Mycobacterium tuberculosis is multi-drug resistant Mycobacterium

tuberculosis. In some embodiments, the Mycobacterium tuberculosis is extensively drug

resistant Mycobacterium tuberculosis. In some embodiments, the infection is a nosocomial

infection.

In some embodiments of any of the methods described herein, the subject is a non-human

primate.

In some embodiments of any of the methods described herein, the subject is a cow, a pig,

a horse, a goat, a sheep, a bird (e.g., chicken, turkey, quail, or pheasant), or other domesticated

livestock animal.

In some embodiments of any of the methods described herein, the subject is a human

(e.g., a man or woman of any age: child, infant, toddler, or adult).

In some embodiments, the subject has a respiratory infection, e.g., a lung infection. In

some embodiments, the subject has an eye infection. In some embodiments, the subject has an

ear infection. In some embodiments, the subject has a gastrointestinal infection (e.g., an

infection of the stomach or intestine). In some embodiments, the subject has a urinary tract

infection. In some embodiments, the subject has a skin infection (e.g., an ulcer, a decubitus

ulcer, or a chronic wound, such as one associated with diabetes, a cardiovascular disorder, or

circulatory disorder).

In some embodiments, the subject is immunocompromised. For example, in some

embodiments the subject (e.g., a human) has cancer, is being treated with immunosuppressive

therapy, and/or is infected with HIV (e.g., a human infected with HIV-1).

In some embodiments of any of the methods described herein, the effective amount of the

carbonic anhydrase inhibitor (e.g., ETZ or ETZ analog) is between 0.01 mg and 100 mg per kg

body weight of the subject.

In some embodiments of any of the methods described herein, the inhibitor is

administered as a short-term treatment, e.g., less than 8 weeks (e.g., less than 7 weeks, 6 weeks,



5 weeks, 4 weeks, 3 weeks, or 2 weeks), between 1 to 5 weeks, between 2 to 4 weeks, between 1

to 3 weeks, or between 2 to 5 weeks.

In some embodiments of any of the methods described herein, the inhibitor is orally

administered to the subject. In some embodiments of any of the methods described herein, the

inhibitor is parenterally administered to the subject. For example, the inhibitor can be

administered intravenously.

In some embodiments, the inhibitor is administered as an aerosol, e.g., using a nebulizer

or inhaler.

In some embodiments of any of the methods described herein, the inhibitor is

administered with one or more antibiotics, such as isoniazid, rifampicin, ethambutol, and

pyrazinamide (e.g., in the treatment of tuberculosis).

In another aspect, the disclosure features an aerosol composition comprising any one or

more of the inhibitors described herein, e.g., for use in treating or preventing a bacterial

infection, such as an active or latent bacterial infection described herein. The inhibitor is

formulated in a composition suitable for aerosolization. The inhibitor may be formulated in

combination with an additional active agent, and the combination formulation is suitable for

aerosolization. Alternatively, the inhibitor and an additional active agent may be formulated

separately, such that they will be combined after aerosolization occurs or after being

administered to a subject.

In another aspect, the disclosure features a nebulization composition comprising one or

more of any of the inhibitors described herein, e.g., for use in treating or preventing a bacterial

infection, such as an active or latent bacterial infection described herein. The inhibitor can be

formulated in a composition suitable for nebulization. Similarly, the inhibitor may be formulated

in combination with an additional active agent, and the combination formulation is suitable for

nebulization. Alternatively, the inhibitor and an additional active agent may be formulated

separately, such that they will be combined after nebulization occurs or after being administered

to a subject.



In another aspect, the disclosure provides a biopharmaceutical package comprising one or

more of any of the inhibitors described herein, e.g., for use in treating or preventing a bacterial

infection, such as an active or latent bacterial infection described herein. The biopharmaceutical

package may further comprise an active agent in addition to the inhibitor(s). The

biopharmaceutical package may also comprise instructions for use.

In yet another aspect, the disclosure provides a composition (e.g., a sterile aqueous or

powdered (lyophilized) composition) comprising one or more of any of the inhibitors described

herein, e.g., for use in inhibiting bacterial growth. For example, the composition can be a

cleaning solution, or additive for a cleaning solution, used to decontaminate surfaces, e.g.,

surgical tools or tables. In another example, the compositions can be suitable as soaking

solutions or perfusion solutions for transplant organs or implants to be transplanted or implanted

in a subject.

In another aspect, the disclosure features a pharmaceutical composition for use in topical

treatment of an infection with bacterial cells in which the PhoPR regulon is conserved, such as,

but not limited to, any one of the nontuberculosis bacteria known in the art or described herein.

The pharmaceutical composition can comprise, e.g., one or more carbonic anhydrase inhibitors.

The carbonic anhydrase inhibitor can be any of those known in the art or described herein.

In some embodiments, the compositions are formulated as an eye drop. In some

embodiments, the compositions are formulated as an ointment, lotion, gel, cream, aerosol, spray,

or salve. In some embodiments, the compositions comprise one or more antibiotics for use in

treating bacterial infections.

In another aspect, the disclosure features a sterile bandage or dressing for use in treating a

wound or other cutaneous infection. The bandage or dressing comprises (or is impregnated with)

a carbonic anhydrase inhibitor in an amount effective to inhibit the growth or viability of

bacterial cells in which the PhoPR regulon is conserved. The carbonic anhydrase inhibitor can

be any of those known in the art or described herein. In some embodiments, the bandage or

dressing can be for surgical use and can contact cutaneous surfaces as well as internal surfaces.



In yet another aspect, the disclosure provides a screening method to identify a compound

that inhibits the PhoP/R regulon. The method comprises screening a plurality of compounds for

activity in a cell (e.g., a bacterial cell) that expresses a pH-inducible reporter gene (e.g., GFP)

controlled by the PhoP/R regulon. A reduction in expression of the reporter gene (e.g., a

reduction in detectable signal produced from the protein product of the gene) in the presence of

the a candidate compound, as compared to the level of signal in the absence of the compound,

indicates that a compound inhibits the PhoP/R operon. Such a screening method is exemplified

in the working examples.

Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this disclosure

pertains. In case of conflict, the present document, including definitions, will control. Preferred

methods and materials are described below, although methods and materials similar or

equivalent to those described herein can also be used in the practice or testing of the presently

disclosed methods and compositions. All publications, patent applications, patents, and other

references mentioned herein are incorporated by reference in their entirety.

Other features and advantages of the present disclosure, e.g., methods for treating

bacterial infections, will be apparent from the following description, the examples, the drawings,

and from the claims.

Brief Description of the Drawings

Fig. 1 includes four panels, A-D, and depicts ethoxzolamide (ETZ) inhibition of PhoPR-

regulated aprA’::GFP fluorescence and Mtb carbonic anhydrase activity. (Panel A) Chemical

structure of ethoxzolamide (ETZ) [6-ethoxy-1,3-benzothiazole-2- sulfonamide]. (Panel B) ETZ

inhibits PhoPR-dependent CDC1551(aprA’::GFP) fluorescence in a concentration dependent

manner at pH 5.7 with an EC50 of 5.6 µM and little effect on growth. (Panel C) Mtb carbonic

anhydrase activity is not detectable in whole cells when treated with ETZ (80 µM) compared to a

DMSO control. (Panel D) Mtb treated with ETZ (80 µM) for 6 days exhibits no change of

cytoplasmic pH at pH 7.0 and only slightly acidified cytoplasm (<0.1 pH units) at pH 5.7. Data



are representative of at least two biological replicates, error bars are the standard deviation of at

least three technical replicates, * p<0.05 calculated based on a two-tailed t-test.

Fig. 2 includes three panels, A-C, and depicts ETZ inhibition of the core PhoPR regulon.

(Panel A) RNA-seq transcriptional profiling shows PhoPR- regulated genes are significantly

down-regulated when treated with ETZ at acidic pH compared to the DMSO control pH 5.7.

(Panel B) A complete overlap is observed between genes down-regulated (>2-fold, p<0.05) by

ETZ treatment and the mock treated phoP::Tn mutant strain. Forty of these genes are also

induced at pH 5.7 as compared to pH 7.0 (>2-fold, P<0.05). (Panel C) A list of the forty acidic

pH induced and PhoPR and ETZ repressed (>2-fold, p<0.05) genes. CHP: conserved

hypothetical protein; HP: hypothetical protein.

Fig. 3 includes three panels, A-C, and depicts Mtb lipid synthesis being modulated by

ETZ. (Panel A) Radio-TLC showing Mtb treated with 80 µM ETZ and the ǻphoPR mutant strain

exhibit a lack of accumulation of SL (*) and (Panel B) enhanced accumulation of TAG (*).

(Panel C) 2-D radio-TLC demonstrating ETZ treatment increases the accumulation of TAG (spot

1) and phthiocerol dimycocerosate (PDIM) species (spots 2-4) at pH 5.7 compared to a DMSO

control. Data are representative of two biological replicates with similar findings in both

experiments.

Fig. 4 depicts ETZ treatment inhibits Esx-1 protein export. Western blot analysis of cell

lysates (CL) and culture filtrates (CF) of wild-type (WT) M. tuberculosis Erdman and ¨esat6

strains grown in Sauton’s medium with or without addition of ETZ (80 µM). RNAP-ȕ subunit

served as a control for lysis and as a loading control for CL, MPT-32 served as loading control

for CF and as a measure of Sec secretion. The CFP-10 and ESAT-6 antibodies detected the EsxB

and EsxA protein respectively from WT M. tuberculosis Erdman strain. ETZ treatment inhibits

the secretion of ESAT-6 and CFP-10. “--“ denotes no ETZ added, whereas “++” denotes ETZ

added in both passages and “-+” denotes ETZ added only in second passage. Data are

representative of three biological replicates.

Fig. 5 includes three panels A-C and depicts ETZ modulationg of Mtb gene expression

and survival in macrophages. Primary murine BMDM were infected with Mtb



CDC1551(aprA’::GFP smyc’::mCherry) PhoPR regulon reporter at an MOI 1:1 and treated with

DMSO or ETZ (100 µM) every two days for 9 days. (Panel A) Confocal microscopy images

demonstrate that ETZ treatment inhibits the PhoPR regulon in infected macrophages. The

merged images show GFP (PhoPR- inducible signal) and mCherry (constitutive signal)

fluorescence. (Panel B) Single-cell quantification of reporter fluorescence shows ETZ

significantly down-regulates PhoPR-dependent GFP fluorescence compared to a DMSO control.

Statistical significance was calculated based on the Mann-Whitney rank test (p<0.001). (Panel C)

Treatment of infected BMDMs with 80 µM ETZ reduces growth ~1-log compared to the DMSO

control. Data are representative of three biological replicates and statistical significance was

calculated based on a two- tailed t-test (p<0.001). Error bars are the standard deviation of three

technical replicates.

Fig. 6 includes three panels, A-C, and depicts ETZ modulation of PhoPR-regulated gene

expression and Mtb survival in vivo. C57Bl/6 mice were infected with 1000 CFU of the Mtb

Erdman (aprA’::GFP smyc’::mCherry) fluorescent reporter strain and treated with 100 mg/ kg of

ETZ for 4 weeks. (Panel A) ETZ down-regulates PhoPR-dependent GFP fluorescence in vivo.

Images show reporter fluorescence in mouse lung tissue. (Panel B) Single-cell quantification of

reporter fluorescence in infected mouse lungs shows ETZ significantly down-regulates PhoPR-

dependent GFP fluorescence as compared to mock treated mice. GFP fluorescence was

quantified for ~3000 bacteria. Statistical significance was calculated based on the Mann-

Whitney rank test (p<0.0001). (Panel C) Mtb survival is attenuated in ETZ treated lungs. Data

presented are from seven animals per treatment group and statistical significance was calculated

using a two-tailed t-test (p<0.01). Data are combined from two biological replicates.

Fig. 7 depicts a model linking ETZ, CA and stimulation of the PhoPR pathway. PhoPR

is activated at a similar pH (~6.3) as the dissolved inorganic carbon equilibrium favors CO2 to

dissolve in water. CA will interconvert CO
2

+ H
2
O to HCO

3
- + H+ . Bicarbonate may be shuttled

into the cytoplasm by a bicarbonate transporter (BT) to act in maintaining pH homeostasis or

metabolism, while the proton produced in the reaction may promote the acidification of the

extracellular environment surrounding PhoR, leading to induction of the PhoPR regulon. ETZ



would inhibit this process by inhibiting CA and reducing the accumulation of protons in the

pseudoperiplasm.

Fig. 8 includes three panels, A-C, and depicts ETZ inhibition of the phoPR regulated

aprA’::GFP in a dose dependent manner, but does not alter the pH of the medium or macrophage

phagosome acidification. (Panel A) ETZ inhibits PhoPR-dependent aprA’::GFP fluorescence in a

concentration dependent manner at pH 7.0 with an EC50 of 4.7 µM and little effect on growth.

(Panel B) The pH of the culture medium is not altered when Mtb is treated with ETZ (80 µM)

compared to a DMSO control after 6 days incubation at pH 5.7. (C) pHrodo labeled particles

(Life Technologies) were fed to BMDMs pre-treated for 4 hours with: ETZ (100, 80, or 40 µM)

or an equivalent volume of DMSO. Concanamycin A (CcA, 100 nM) inhibits phagosome

acidification through inhibition of the vacuolar ATPase and added 30 minutes before feeding of

labeled particles. pHrodo fluorescence increases as pH decreases and was monitored every 5

minutes for 100 minutes. Treatments were present throughout the assay. F0: fluorescence at time

0. F: fluorescence at each time point. Error bars represent the standard deviation from at least

three technical replicates. Data are representative of at least two biological replicates. Error bars

are the standard deviation of at least 3 technical replicates.

Fig. 9 depicts ETZ down-regulation of PhoPR regulon genes, but not phoP. Semi-

quantitative RT-PCR validation of RNA-seq transcriptional profiling reveals that ETZ down-

regulates PhoPR-regulated genes (aprA and pks2), but not phoP. Error bars are the standard

deviation of three technical replicates. Data are representative of three biological replicates.

^^ Fig. 10 includes three panels, A-C, and depicts the alteration of lipid species production

by ETZ. (Panels A and B) Quantitation of lipid analysis as summarized in Figure 3. (Panel C)

Radio-TLC showing Mtb treated with 80 µM ETZ and the ǻphoPR mutant strain exhibit a lack

of accumulation of sulfolipid (SL) (*), consistent with that of a SL standard. The

unlabeled SL standard was resolved on the same TLC plate as radio-labeled lipids, and

visualized by staining with phosphomolybdic acid and charring . Data are representative of

two biological replicates with similar findings in each experiment.



Fig. 11 depicts a comparison of percent lung area affected of the section examined for

each CMC and ETZ treated animal. There is no significant difference between the two groups.

Detailed Description

The present disclosure provides, among other things, compositions and methods useful

for inhibiting bacteria, such as Mycobacterium tuberculosis. These compositions and methods

find many uses in medicine and research, e.g., treating subjects afflicted with active or latent

bacterial infections. While in no way intended to be limiting, exemplary compositions and

methods are elaborated on below.

Inhibitors of the PhoPR Regulon

The disclosure features, among other things, in vitro and in vivo methods for inhibiting

the growth or viability of bacteria, such as Mycobacterium tuberculosis, using inhibitors of the

PhoPR regulon. As used herein, “inhibition of the PhoPR regulon” or similar grammatical terms

and phrases, includes direct and indirect inhibition of the regulon. For example, an inhibitor of

the PhoPR regulon can be one that directly binds to PhoP protein or PhoR protein and inhibits

the activity of the protein. In some embodiments, the inhibitor can be one that inhibits the

expression or stability of PhoP or PhoR protein. In some embodiments, the inhibitor inhibits a

protein regulator of the PhoPR regulon.

In some embodiments, the inhibitor can inhibit the ability of PhoP to bind to DNA (see,

e.g., He and Wang (2014) Biochemistry 53(51):8008-8020 and Gupta et al. (2009) J Bacteriol

191(24):7466-7476, which describe DNA binding motifs for Mycobacterium tuberculosis PhoP).

In some embodiments, the inhibitor inhibits the ability of PhoP to enhance or repress the

expression of a target gene, such as any of those described in the tables provided herein. In some

embodiments, an inhibitor can inhibit the kinase activity of PhoR. Methods for measuring DNA

binding activity and kinase activity are well known in the art.

As used herein, the term “inhibiting” and grammatical equivalents thereof refer to a

decrease, limiting, and/or blocking of a particular action, function, or interaction. In one

embodiment, the term refers to reducing the level of a given output or parameter to a quantity

which is at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,



75%, 80%, 85%, 90%, 95%, 99% or less than the quantity in a corresponding control. A reduced

level of a given output or parameter need not, although it may, mean an absolute absence of the

output or parameter. The disclosure does not require, and is not limited to, methods that wholly

eliminate the output or parameter.

The inhibitor can be, e.g., a small molecule, a protein, a protein fragment, a polypeptide,

a peptide, a polypeptide analog, a peptidomimetic, a nucleic acid, a nucleic acid analog, a

macrocyle compound, an aptamer including but not limited to an RNA aptamer including an L-

RNA aptamer, a spiegelmer, a locked nucleic acid (LNA), a peptide nucleic acid (PNA), or an

antibody.

In some embodiments of any of the methods described herein, the inhibitor of the PhoPR

regulon is a carbonic anhydrase inhibitor. The carbonic anhydrase inhibitor can be, e.g., a

sulfonamide. For example, in some embodiments, the sulfonamide is ethoxzolamide (ETZ). In

some embodiments, the sulfonamide is a ethoxzolamide analog. In some embodiments, the

sulfonamide is acetazolamide, methazolamide, dorzolamide, or brinzolamide (see, e.g., U.S.

Patent No. 4,221,783). In some embodiments, the carbonic anhydrase inhibitor is any one of

those described herein (e.g., by reference) or those known in the art. In some embodiments, the

carbonic anhydrase inhibitor is one identified in U.S. Patent Application Publication No.

20130053392 and 20030100594; International Patent Application Publication No. WO

1997/030704; and U.S. Patent Nos. 5,095,026 and 4,629,738, the disclosures of each of the

foregoing (as they relate to such compounds) is incorporated herein by reference in their entirety.

Methods for determining whether a compound has carbonic anhydrase activity are known

in the art and described in, e.g., U.S. Patent Application Publication No. 20130053392 and

20030100594; International Patent Application Publication No. WO 1997/030704; and U.S.

Patent Nos. 5,095,026 and 4,629,738. Methods for identifying or designing additional useful

carbonic anhydrase inhibitors are known in the art and described in, e.g., Ivanova et al. (2015)

“X-ray crystallography-promoted drug design of carbonic anhydrase inhibitors” Chem Commun

(Camb) 51(33):7108-7111, the disclosure of which is incorporated herein by reference in its

entirety.



For use in the identification of additional carbonic anhydrase inhibitors, skilled artisans

would be well aware of the amino acid sequences of bacterial carbonic anhydrase enzymes, such

as those from Mycobacterium tuberculosis. For example, Mycobacterium tuberculosis has three

carbonic anhydrase genes (Rv3273, Rv1284, and Rv3588c), of which the latter two are required

for survival of Mycobacterium tuberculosis in mice.

An exemplary amino acid sequence for Rv3273 of Mycobacterium tuberculosis is as

follows:

(SEQ ID NO:1, Uniprot Id. No. P96878). An exemplary amino acid sequence for Rv1284 of

Mycobacterium tuberculosis is as follows:

(SEQ ID NO:2, Uniprot Id. No. P9WPJ7). And an exemplary amino acid sequence for Rv3588c

of Mycobacterium tuberculosis is as follows:

(SEQ ID NO:3, Uniprot Id. No. P9WPJ9). Methods for testing the activity of compounds

against carbonic anhydrase proteins, such as these, are known in the art.

“Small molecule” as used herein, is meant to refer to an agent, which has a molecular

weight of less than about 6 kDa and most preferably less than about 2.5 kDa. Many

pharmaceutical companies have extensive libraries of chemical and/or biological mixtures

comprising arrays of small molecules, often fungal, bacterial, or algal extracts, which can be



screened with any of the assays of the application. This application contemplates using, among

other things, small chemical libraries, peptide libraries, or collections of natural products. Tan et

al. described a library with over two million synthetic compounds that is compatible with

miniaturized cell-based assays (J Am Chem Soc (1998) 120:8565-8566). It is within the scope of

this application that such a library may be used to screen for inhibitors (e.g., kinase inhibitors) of

any one of the gene products described herein, e.g., cyclin dependent kinases. There are

numerous commercially available compound libraries, such as the Chembridge DIVERSet.

Libraries are also available from academic investigators, such as the Diversity set from the NCI

developmental therapeutics program. Rational drug design may also be employed.

Compounds useful in the methods of the present invention may be obtained from any

available source, including systematic libraries of natural and/or synthetic compounds.

Compounds may also be obtained by any of the numerous approaches in combinatorial library

methods known in the art, including: biological libraries; peptoid libraries (libraries of molecules

having the functionalities of peptides, but with a novel, non-peptide backbone which are resistant

to enzymatic degradation but which nevertheless remain bioactive; see, e.g., Zuckermann et al.,

1994, J. Med. Chem. 37:2678-85, which is expressly incorporated by reference); spatially

addressable parallel solid phase or solution phase libraries; synthetic library methods requiring

deconvolution; the ‘one-bead one-compound’ library method; and synthetic library methods

using affinity chromatography selection. The biological library and peptoid library approaches

are limited to peptide libraries, while the other four approaches are applicable to peptide, non-

peptide oligomer or small molecule libraries of compounds (Lam, 1997, Anticancer Drug Des.

12:145, which is expressly incorporated by reference).

Examples of methods for the synthesis of molecular libraries can be found in the art, for

example in: DeWitt et al. (1993) Proc. Natl. Acad. Sci. U.S.A. 90:6909; Erb et al. (1994) Proc.

Natl. Acad. Sci. USA 91:11422; Zuckermann et al. (1994). J. Med. Chem. 37:2678; Cho et al.

(1993) Science 261:1303; Carrell et al. (1994) Angew. Chem. Int. Ed. Engl. 33:2059; Carell et

al. (1994) Angew. Chem. Int. Ed. Engl. 33:2061; and in Gallop et al. (1994) J. Med. Chem.

37:1233, each of which is expressly incorporated by reference.



Libraries of agents may be presented in solution (e.g., Houghten, 1992, Biotechniques

13:412-421), or on beads (Lam, 1991, Nature 354:82-84), chips (Fodor, 1993, Nature 364:555-

556), bacteria and/or spores, (Ladner, U.S. Patent No. 5,223,409), plasmids (Cull et al, 1992,

Proc Natl Acad Sci USA 89:1865-1869) or on phage (Scott and Smith, 1990, Science 249:386-

390; Devlin, 1990, Science 249:404-406; Cwirla et al, 1990, Proc. Natl. Acad. Sci. 87:6378-

6382; Felici, 1991, J. Mol. Biol. 222:301-310; Ladner, supra., each of which is expressly

incorporated by reference).

Peptidomimetics can be compounds in which at least a portion of a subject polypeptide is

modified, and the three dimensional structure of the peptidomimetic remains substantially the

same as that of the subject polypeptide. Peptidomimetics may be analogues of a subject

polypeptide of the disclosure that are, themselves, polypeptides containing one or more

substitutions or other modifications within the subject polypeptide sequence. Alternatively, at

least a portion of the subject polypeptide sequence may be replaced with a non-peptide structure,

such that the three-dimensional structure of the subject polypeptide is substantially retained. In

other words, one, two or three amino acid residues within the subject polypeptide sequence may

be replaced by a non-peptide structure. In addition, other peptide portions of the subject

polypeptide may, but need not, be replaced with a non-peptide structure. Peptidomimetics (both

peptide and non-peptidyl analogues) may have improved properties (e.g., decreased proteolysis,

increased retention or increased bioavailability). Peptidomimetics generally have improved oral

availability, which makes them especially suited to treatment of humans or animals. It should be

noted that peptidomimetics may or may not have similar two-dimensional chemical structures,

but share common three-dimensional structural features and geometry. Each peptidomimetic

may further have one or more unique additional binding elements.

Applications

As elaborated on in more detail below, the compositions described herein are useful in a

number of in vitro and in vivo applications. For example, the compositions described herein can

be used to treat bacterial infections, such as Mycobacterium tuberculosis infections. In some

embodiments, the compositions can be used to decontaminate surfaces, e.g., surgical tools or



tables, implants, or even donor organs for transplant (e.g., as an antibiotic component of a

soaking or perfusion solution).

Pharmaceutical Compositions and Dosages

When employed as pharmaceuticals, the compounds provided herein can be administered

in the form of pharmaceutical compositions. These compositions can be prepared in a manner

well known in the pharmaceutical art, and can be administered by a variety of routes, depending

upon whether local or systemic treatment is desired and upon the area to be treated.

Administration may be topical (including transdermal, epidermal, ophthalmic and to mucous

membranes including intranasal, vaginal and rectal delivery), pulmonary (e.g., by inhalation or

insufflation of powders or aerosols, including by nebulizer; intratracheal or intranasal), oral or

parenteral. Parenteral administration includes intravenous, intraarterial, subcutaneous,

intraperitoneal, intramuscular or injection or infusion; or intracranial, e.g., intrathecal or

intraventricular, administration. Parenteral administration can be in the form of a single bolus

dose, or may be, for example, by a continuous perfusion pump. Pharmaceutical compositions

and formulations for topical administration may include transdermal patches, ointments, lotions,

creams, gels, drops, suppositories, sprays, liquids and powders. Conventional pharmaceutical

carriers, aqueous, powder or oily bases, thickeners and the like may be necessary or desirable.

This disclosure also provides pharmaceutical compositions which contain, as the active

ingredient, a compound provided herein or a pharmaceutically acceptable salt thereof, in

combination with one or more pharmaceutically acceptable carriers (excipients). In some

embodiments, the composition is suitable for topical administration. In making the compositions

provided herein, the active ingredient is typically mixed with an excipient, diluted by an

excipient or enclosed within such a carrier in the form of, for example, a capsule, sachet, paper,

or other container. When the excipient serves as a diluent, it can be a solid, semi-solid, or liquid

material, which acts as a vehicle, carrier or medium for the active ingredient. Thus, the

compositions can be in the form of tablets, pills, powders, lozenges, sachets, cachets, elixirs,

suspensions, emulsions, solutions, syrups, aerosols (as a solid or in a liquid medium), ointments

containing, for example, up to 10% by weight of the active compound, soft and hard gelatin

capsules, suppositories, sterile injectable solutions, and sterile packaged powders.



In preparing a formulation, an active compound can be milled to provide the appropriate

particle size prior to combining with the other ingredients. If an active compound is substantially

insoluble, it can be milled to a particle size of less than 200 mesh. If an active compound is

substantially water soluble, the particle size can be adjusted by milling to provide a substantially

uniform distribution in the formulation, e.g. about 40 mesh.

The compounds provided herein may be milled using known milling procedures such as

wet milling to obtain a particle size appropriate for tablet formation and for other formulation

types. Finely divided (nanoparticulate) preparations of the compounds provided herein can be

prepared by processes known in the art, e.g., see International App. No. WO 2002/000196.

Some examples of suitable excipients include lactose, dextrose, sucrose, sorbitol,

mannitol, starches, gum acacia, calcium phosphate, alginates, tragacanth, gelatin, calcium

silicate, microcrystalline cellulose, polyvinylpyrrolidone, cellulose, water, syrup, and methyl

cellulose. The formulations can additionally include: lubricating agents such as talc, magnesium

stearate, and mineral oil; wetting agents; emulsifying and suspending agents; preserving agents

such as methyl- and propylhydroxy-benzoates; sweetening agents; and flavoring agents. The

compositions provided herein can be formulated so as to provide quick, sustained or delayed

release of the active ingredient after administration to the patient by employing procedures

known in the art.

For preparing solid compositions such as tablets, the principal active ingredient is mixed

with a pharmaceutical excipient to form a solid preformulation composition containing a

homogeneous mixture of a compound provided herein. When referring to these preformulation

compositions as homogeneous, the active ingredient is typically dispersed evenly throughout the

composition so that the composition can be readily subdivided into equally effective unit dosage

forms such as tablets, pills and capsules. This solid preformulation is then subdivided into unit

dosage forms of the type described above containing from, for example, about 0.1 to about 1000

mg of the active ingredient provided herein.

The tablets or pills provided herein can be coated or otherwise compounded to provide a

dosage farm affording the advantage of prolonged action. For example, the tablet or pill can



comprise an inner dosage and an outer dosage component, the latter being in the form of an

envelope over the former. The two components can be separated by an enteric layer which serves

to resist disintegration in the stomach and permit the inner component to pass intact into the

duodenum or to be delayed in release. A variety of materials can be used for such enteric layers

or coatings, such materials including a number of polymeric acids and mixtures of polymeric

acids with such materials as shellac, cetyl alcohol, and cellulose acetate.

The liquid forms in which the compounds and compositions provided herein can be

incorporated for administration orally or by injection include aqueous solutions, suitably flavored

syrups, aqueous or oil suspensions, and flavored emulsions with edible oils such as cottonseed

oil, sesame oil, coconut oil, or peanut oil, as well as elixirs and similar pharmaceutical vehicles.

In some embodiments, the compounds provided herein are formulated for intravenous

administration. Pharmaceutical compositions suitable for injectable use can include sterile

aqueous solutions (where water soluble) or dispersions and sterile powders for the

extemporaneous preparation of sterile injectable solutions or dispersion. For intravenous

administration, suitable carriers include physiological saline, bacteriostatic water, Cremophor

EL™ (BASF, Parsippany, N.J.) or phosphate buffered saline (PBS). In all cases, the

composition must be sterile and should be fluid to the extent that easy syringability exists. It

should be stable under the conditions of manufacture and storage and must be preserved against

the contaminating action of microorganisms such as bacteria and fungi. The carrier can be a

solvent or dispersion medium containing, for example, water, ethanol, polyol (for example,

glycerol, propylene glycol, and liquid polyethylene glycol, and the like), and suitable mixtures

thereof.

The proper fluidity can be maintained, for example, by the use of a coating such as

lecithin, by the maintenance of the required particle size in the case of dispersion and by the use

of surfactants. Prevention of the action of microorganisms can be achieved by various

antibacterial and antifungal agents, for example, parabens, chlorobutanol, phenol, ascorbic acid,

thimerosal, and the like. In many cases, it will be preferable to include isotonic agents, for

example, sugars, polyalcohols such as mannitol, sorbitol, sodium chloride in the composition.



Prolonged absorption of the injectable compositions can be brought about by including in the

composition an agent that delays absorption, for example, aluminum monostearate and gelatin.

Sterile injectable solutions can be prepared by incorporating the active compound in the

required amount in an appropriate solvent with one or a combination of ingredients enumerated

above, as required, followed by filter sterilization. Generally, dispersions are prepared by

incorporating the active compound into a sterile vehicle, which contains a basic dispersion

medium and the required other ingredients from those enumerated above. In the case of sterile

powders for the preparation of sterile injectable solutions, the preferred methods of preparation

are vacuum drying and freeze-drying, which yield a powder of the active ingredient plus any

additional desired ingredient from a previously sterile-filtered solution thereof.

Compositions for inhalation or insufflation include solutions and suspensions in

pharmaceutically acceptable, aqueous or organic solvents, or mixtures thereof, and powders. The

liquid or solid compositions may contain suitable pharmaceutically acceptable excipients as

described supra. In some embodiments, the compositions are administered by the oral or nasal

respiratory route for local or systemic effect. Compositions can be nebulized by use of inert

gases. Nebulized solutions may be breathed directly from the nebulizing device or the nebulizing

device can be attached to a face mask, tent, or intermittent positive pressure breathing machine.

Solution, suspension, or powder compositions can be administered orally or nasally from devices

which deliver the formulation in an appropriate manner.

A nebulizer of the present application can be a jet air nebulizer (e.g., Pari LC Jet Plus or

Hudson T Up-draft II), an ultrasonicnebulizer (e.g., MABISMist II), a vibrating mesh nebulizer

(e.g., Micro air by Omron) and a Shockwave nebulizer (EvitLabs Sonik LDI20). As used herein,

an “aerosol composition” or like grammatical terms means an inhibitor described herein in a

form or formulation that is suitable for pulmonary delivery. The aerosol composition may be in

the dry powder form, it may be a solution, suspension or slurry to be nebulized, or it may be in

admixture with a suitable low boiling point, highly volatile propellant. It is to be understood that

more than one inhibitor and optionally other active agents or ingredients may be incorporated

into the aerosolized formulation or aerosol composition.



In certain preferred embodiments, an active agent (e.g., an inhibitor described herein)

retains more than 50% of its activity after nebulization, preferably more than 70%. In certain

preferred embodiments, an active agent (e.g., an inhibitor described herein) more than 50% of its

purity after nebulization, preferably more than 70%.

Active agent formulations suitable for use in the present application include dry powders,

solutions, suspensions or slurries for nebulization and particles suspended or dissolved within a

propellant. Dry powders suitable for use in the present application include amorphous active

agents, crystalline active agents and mixtures of both amorphous and crystalline active agents.

The dry powder active agents have a particle size selected to permit penetration into the alveoli

of the lungs, that is, preferably 10 ^m mass median diameter (MMD)
5

preferably less than 7.5

^m, and most preferably less than 5 ^m, and usually being in the range of 0.1 ^m to 5 ^m in

diameter. The delivered dose efficiency (DDE) of these powders is >30%, usually >40%,

preferably >50 and often >60% and the aerosol particle size distribution is about 1.0-5.0 ^m

mass median aerodynamic diameter (MMAD), usually 1.5-4.5 ^m MMAD and preferably 1.5-

4.0 ^m MMAD. These dry powder active agents have a moisture content below about 10% by

weight, usually below about 5% by weight, and preferably below about 3% by weight. Such

active agent powders are described in WO 95/24183 and WO 96/32149, which are incorporated

by reference herein.

Dry powder active agent formulations are preferably prepared by spray drying under

conditions which result in a substantially amorphous powder. Bulk active agent, usually in

crystalline form, is dissolved in a physiologically acceptable aqueous buffer, typically a citrate

buffer having a pH range from about 2 to 9. The active agent is dissolved at a concentration from

0.01% by weight to 1% by weight, usually from 0.1% to 0.2%. The solutions may then be spray

dried in a conventional spray drier available from commercial suppliers such as Niro A/S

(Denmark), Buchi (Switzerland) and the like, resulting in a substantially amorphous powder.

These amorphous powders may also be prepared by lyophilization, vacuum drying, or

evaporative drying of a suitable active agent solution under conditions to produce the amorphous

structure. The amorphous active agent formulation so produced can be ground or milled to

produce particles within the desired size range.



Dry powder active agents may also be in a crystalline form. The crystalline dry powders

may be prepared by grinding or jet milling the bulk crystalline active agent. The active agent

powders of the present application may optionally be combined with pharmaceutical carriers or

excipients which are suitable for respiratory and pulmonary administration. Such carriers may

serve simply as bulking agents when it is desired to reduce the active agent concentration in the

powder which is being delivered to a patient, but may also serve to improve the dispersability of

the powder within a powder dispersion device in order to provide more efficient and

reproducible delivery of the active agent and to improve handling characteristics of the active

agent such as flowability and consistency to facilitate manufacturing and powder filling. Such

excipients include but are not limited to (a) carbohydrates, e.g., monosaccharides such as

fructose, galactose, glucose, D- mannose, sorbose, and the like; disaccharides, such as lactose,

trehalose, cellobiose, and the like; cyclodextrins, such as 2-hydroxypropyl-.beta.-cyclodextrin;

and polysaccharides, such as raffmose, maltodextrins, dextrans, and the like; (b) amino acids,

such as glycine, arginine, aspartic acid, glutamic acid, cysteine, lysine, and the like; (c) organic

salts prepared from organic acids and bases, such as sodium citrate, sodium ascorbate,

magnesium gluconate, sodium gluconate, tromethamin hydrochloride, and the like; (d) peptides

and proteins such as aspartame, human serum albumin, gelatin, and the like; and (e) alditols,

such as mannitol, xylitol, and the like. A preferred group of carriers includes lactose, trehalose,

raffmose, maltodextrins, glycine, sodium citrate, human serum albumin and mannitol.

The dry powder active agent formulations may be delivered using Inhale Therapeutic

Systems' dry powder inhaler as described in WO 96/09085 which is incorporated herein by

reference, but adapted to control the flow rate at a desirable level or within a suitable range. The

dry powders may also be delivered using a metered dose inhaler as described by Laube et al. in

U.S. Patent No. 5,320,094, which is incorporated by reference herein. Nebulized solutions may

be prepared by aerosolizing commercially available active agent formulation solutions. These

solutions may be delivered by a jet nebulizer such as the Raindrop, produced by Puritan Bennett,

the use of which is described by Laube et al., supra. Other methods for delivery of solutions,

suspensions of slurries are described by Rubsamen et al, U.S. Patent No. 5,672,581. A device



that uses a vibrating, piezoelectric member is described in Ivri et al., U.S. Patent No. 5,586,550,

which is incorporated by reference herein.

Propellant systems may include an active agent dissolved in a propellant or particles

suspended in a propellant. Both of these types of formulations are described in Rubsamen et al.,

U.S. Patent No. 5,672,581, which is incorporated herein by reference. In certain embodiments,

an aerosol or nebulization composition can be combined with one or more other aerosol or

nebulization treatments, such as sympathomimetics (e.g., albuterol), antibiotics (e.g.,

tobramycin), deoxyribonucleases (e.g., pulmozyme), anticholinergic drugs (e.g., ipratropium

bromide), or corticosteroids.

As described herein, an active agent (e.g., an inhibitor described herein) may be

formulated as microparticles. Microparticles having a diameter of between 0.5 and 10 microns

can penetrate the lungs, passing through most of the natural barriers. A diameter of less than ten

microns is generally required to bypass the throat; a diameter of 0.5 microns or greater is usually

required to avoid being exhaled.

In certain embodiments, an active agent (e.g., an inhibitor described herein) is formulated

in a supramolecular complex, which may have a diameter of between 0.5 and 10 microns, which

can be aggregated into particles having a diameter of between 0.5 and 10 microns.

In other embodiments, an active agent (e.g., an inhibitor described herein) are provided in

liposomes or supramolecular complexes appropriately formulated for pulmonary delivery.

Topical formulations can contain one or more conventional carriers. In some

embodiments, ointments can contain water and one or more hydrophobic carriers selected from,

for example, liquid paraffin, polyoxyethylene alkyl ether, propylene glycol, white Vaseline, and

the like. Carrier compositions of creams can be based on water in combination with glycerol and

one or more other components, e.g. glycerinemonostearate, PEG-glycerinemonostearate and

cetylstearyl alcohol. Gels can be formulated using isopropyl alcohol and water, suitably in

combination with other components such as, for example, glycerol, hydroxyethyl cellulose, and

the like. In some embodiments, topical formulations contain at least about 0.1, at least about

0.25, at least about 0.5, at least about 1, at least about 2, or at least about 5 wt % of the



compound provided herein. The topical formulations can be suitably packaged in tubes of, for

example, 100 g which are optionally associated with instructions for the treatment of the select

indication.

The formulations may be presented as, for instance, ointments, creams or lotions, gels,

eye ointments and eye or ear drops, sprays, impregnated dressings (e.g., bandages or dressings

for use in would healing), and aerosols, and may contain appropriate conventional additives such

as preservatives, solvents to assist drug penetration and emollients in ointments and creams. The

formulations may also contain compatible conventional carriers, such as cream or ointment bases

and ethanol or oleyl alcohol for lotions. Such carriers may be present as from about 1% up to

about 98% of the formulation. More usually they will form up to about 80% of the formulation.

In some embodiments, the compounds are formulated for use in the eye. In some embodiments,

the compounds are formulated for use in the ear. In some embodiments, the compounds are

formulated for use on the skin, e.g., chronic wounds, such as those associated with diabetes or

other cardiovascular/circulatory disorders.

In one embodiment, the compounds provided herein are prepared with carriers that will

protect the compounds against rapid elimination from the body, such as a controlled release

formulation, including implants and microencapsulated delivery systems. Biodegradable,

biocompatible polymers can be used, such as ethylene vinyl acetate, polyanhydrides,

polyglycolic acid, collagen, polyorthoesters, and polylactic acid. Such formulations can be

prepared using standard techniques, or obtained commercially, e.g., from Alza Corporation and

Nova Pharmaceuticals, Inc. Liposomal suspensions (including liposomes targeted to selected

cells with monoclonal antibodies to cellular antigens) can also be used as pharmaceutically

acceptable carriers. These can be prepared according to methods known to those skilled in the

art, for example, as described in U.S. Pat. No. 4,522,811.

The compositions administered to a patient can be in the form of pharmaceutical

compositions described above. These compositions can be sterilized by conventional sterilization

techniques, or may be sterile filtered. Aqueous solutions can be packaged for use as is, or

lyophilized, the lyophilized preparation being combined with a sterile aqueous carrier prior to

administration. The pH of the compound preparations typically will be between 3 and 11, more



preferably from 5 to 9 and most preferably from 7 to 8. It will be understood that use of certain

of the foregoing excipients, carriers, or stabilizers will result in the formation of pharmaceutical

salts.

The compositions can be formulated in a unit dosage form, each dosage containing from

about 5 to about 1000 mg (1 g), more usually about 100 to about 500 mg, of the active

ingredient. The term “unit dosage forms” refers to physically discrete units suitable as unitary

dosages for human subjects and other mammals, each unit containing a predetermined quantity

of active material calculated to produce the desired therapeutic effect, in association with a

suitable pharmaceutical excipient.

In some embodiments, the compositions provided herein contain from about 5 to about

50 mg of the active ingredient. One having ordinary skill in the art will appreciate that this

embodies compositions containing about 5 to about 10, about 10 to about 15, about 15 to about

20, about 20 to about 25, about 25 to about 30, about 30 to about 35, about 35 to about 40, about

40 to about 45, or about 45 to about 50 mg of the active ingredient.

In some embodiments, the compositions provided herein contain from about 50 to about

500 mg of the active ingredient. One having ordinary skill in the art will appreciate that this

embodies compositions containing about 50 to about 100, about 100 to about 150, about 150 to

about 200, about 200 to about 250, about 250 to about 300, about 350 to about 400, or about 450

to about 500 mg of the active ingredient.

In some embodiments, the compositions provided herein contain from about 500 to about

1000 mg of the active ingredient. One having ordinary skill in the art will appreciate that this

embodies compositions containing about 500 to about 550, about 550 to about 600, about 600 to

about 650, about 650 to about 700, about 700 to about 750, about 750 to about 800, about 800 to

about 850, about 850 to about 900, about 900 to about 950, or about 950 to about 1000 mg of the

active ingredient.

Similar dosages may be used of the compounds described herein in the methods and uses

provided herein.



The active compound can be effective over a wide dosage range and is generally

administered in a pharmaceutically effective amount. It will be understood, however, that the

amount of the compound actually administered will usually be determined by a physician,

according to the relevant circumstances, including the condition to be treated, the chosen route of

administration, the actual compound administered, the age, weight, and response of the

individual patient, the severity of the patient's symptoms, and the like.

The amount of compound or composition administered to a patient will vary depending

upon what is being administered, the purpose of the administration, such as prophylaxis or

therapy, the state of the patient, the manner of administration, and the like. In therapeutic

applications, compositions can be administered to a patient already suffering from a disease in an

amount sufficient to cure or at least partially arrest the symptoms of the disease and its

complications. Effective doses will depend on the disease condition being treated as well as by

the judgment of the attending clinician depending upon factors such as the severity of the

disease, the age, weight and general condition of the patient, and the like.

The therapeutic dosage of a compound provided herein can vary according to, for

example, the particular use for which the treatment is made, the manner of administration of the

compound, the health and condition of the patient, and the judgment of the prescribing physician.

The proportion or concentration of a compound provided herein in a pharmaceutical composition

can vary depending upon a number of factors including dosage, chemical characteristics (e.g.,

hydrophobicity), and the route of administration. For example, the compounds provided herein

can be provided in an aqueous physiological buffer solution containing about 0.1 to about 10%

w/v of the compound for parenteral administration. Some typical dose ranges are from about 1

mg/kg to about 1 g/kg of body weight per day. In some embodiments, the dose range is from

about 0.01 mg/kg to about 100 mg/kg of body weight per day. The dosage is likely to depend on

such variables as the type and extent of progression of the disease or disorder, the overall health

status of the particular patient, the relative biological efficacy of the compound selected,

formulation of the excipient, and its route of administration. Effective doses can be extrapolated

from dose-response curves derived from in vitro or animal model test systems.

Methods for Treatment



Also featured herein are therapeutic methods for treating subjects with a variety of

infections, such as tuberculosis infections. The methods comprise administering to the subject

an inhibitor of the PhoPR regulon, such as any of those described herein, in an amount effective

to treat the infection. In some embodiments, the bacteria infecting the subject are identified as

expressing one or both of PhoP or PhoR.

In some embodiments, the methods include receiving the results of a test determining that

the bacteria infecting the subject are identified as bacteria in which the PhoPR regulon is

conserved and, in view of this information, ordering administration of an effective amount of one

or more of the inhibitors described herein to the subject. For example, a physician treating a

subject can request that a third party (e.g., a CLIA-certified laboratory) to perform a test to

determine whether the bacteria infecting the subject are bacteria in which the PhoPR regulon is

conserved. The laboratory may provide such information, or, in some embodiments, provide an

expression score or value, or a positive or negative result. If the bacteria have the conserved

PhoPR regulon, or if the bacteria are identified as tuberculosis, the physician may then

administer to the subject one or more of the inhibitors described herein. Alternatively, the

physician may order the administration of the inhibitor to the subject, which administration is

performed by another medical professional, e.g., a nurse.

In some embodiments, the method can include: requesting a test, or the results of a test,

which determines that the bacteria infecting the subject are Mycobacterium tuberculosis or

bacteria in which the PhoPR regulon is conserved; and administering or ordering administration

of an effective amount of an inhibitor described herein to the subject.

A “subject,” as used herein, can be any mammal. For example, a subject can be a human,

a non-human primate (e.g., monkey, baboon, or chimpanzee), a horse, a cow, a pig, a sheep, a

goat, a dog, a cat, a rabbit, a guinea pig, a gerbil, a hamster, a rat, or a mouse. In some

embodiments, the subject is an infant (e.g., a human infant).

As used herein, a subject “in need of prevention,” “in need of treatment,” or “in need

thereof,” refers to one, who by the judgment of an appropriate medical practitioner (e.g., a



doctor, a nurse, or a nurse practitioner in the case of humans; a veterinarian in the case of non-

human mammals), would reasonably benefit from a given treatment.

The term “preventing” is art-recognized, and when used in relation to a condition, is well

understood in the art, and includes administration of a composition which reduces the frequency

of, or delays the onset of, symptoms of a medical condition in a subject relative to a subject

which does not receive the composition. For example, treatment with an inhibitor described

herein may delay the onset of, and/or reduce the severity of symptoms upon onset of, a

Myobacterium tuberculosis infection in a subject who has been exposed to Myobacterium

tuberculosis. Exposure to a bacterial infection, such as Myobacterium tuberculosis, can be, e.g.,

close quarters exposure to an infected individual or exposure to bodily fluids (e.g., sputum,

saliva, etc.) from an infected individual.

As used herein, “latent tuberculosis” refers to the presence of Myobacterium tuberculosis

in one or more cells of the infected individual (e.g., has a positive tuberculosis skin test), but the

individual does not have an active infection (exhibits one or more signs or symptoms of a TB

infection, such as cough, fever, night sweats, weight loss, fatigue, flu-like symptoms, chest pain,

shortness of breath, blood in the sputum, etc.).

As used herein, “MDR tuberculosis” or “multi-drug resistant tuberculosis” refers to a

form of tuberculosis that is resistant to two or more of the primary drugs (isoniazid and

rifampicin) used for the treatment of tuberculosis. As used herein, “XDR tuberculosis” or

“extensively multi-drug resistant tuberculosis” refers to a form of tuberculosis resistant to at least

isoniazid and rifampicin among the first-line anti-TB drugs, is resistant to any fluoroquinolone

and at least one of three injectable second-line drugs, such as amikacin, kanamycin or

capreomycin.

The inhibitor compositions can be administered to a subject, e.g., a human subject, using

a variety of methods that depend, in part, on the route of administration. The route can be, e.g.,

intravenous injection or infusion (IV), subcutaneous injection (SC), intraperitoneal (IP) injection,

or intramuscular injection (IM).



Administration can be achieved by, e.g., local infusion, injection, or by means of an

implant. The implant can be of a porous, non-porous, or gelatinous material, including

membranes, such as sialastic membranes, or fibers. The implant can be configured for sustained

or periodic release of the composition to the subject. See, e.g., U.S. Patent Application

Publication No. 20080241223; U.S. Patent Nos. 5,501,856; 4,863,457; and 3,710,795;

EP488401; and EP 430539, the disclosures of each of which are incorporated herein by reference

in their entirety. The composition can be delivered to the subject by way of an implantable

device based on, e.g., diffusive, erodible, or convective systems, e.g., osmotic pumps,

biodegradable implants, electrodiffusion systems, electroosmosis systems, vapor pressure pumps,

electrolytic pumps, effervescent pumps, piezoelectric pumps, erosion-based systems, or

electromechanical systems.

As used herein the term “effective amount” or “therapeutically effective amount”, in an

in vivo setting, means a dosage sufficient to treat, inhibit, or alleviate one or more symptoms of

the disorder being treated or to otherwise provide a desired pharmacologic and/or physiologic

effect (e.g., modulate (e.g., enhance) an immune response to an antigen. The precise dosage will

vary according to a variety of factors such as subject-dependent variables (e.g., age, immune

system health, etc.), the disease, and the treatment being effected.

Suitable human doses of any of the compounds described herein can further be evaluated

in, e.g., Phase I dose escalation studies. See, e.g., van Gurp et al. (2008) Am J Transplantation

8(8):1711-1718; Hanouska et al. (2007) Clin Cancer Res 13(2, part 1):523-531; and

Hetherington et al. (2006) Antimicrobial Agents and Chemotherapy 50(10): 3499-3500.

Toxicity and therapeutic efficacy of such compositions can be determined by known

pharmaceutical procedures in cell cultures or experimental animals (e.g., animal models of

infection). These procedures can be used, e.g., for determining the LD
5 0

(the dose lethal to 50%

of the population) and the ED
5 0

(the dose therapeutically effective in 50% of the population).

The dose ratio between toxic and therapeutic effects is the therapeutic index and it can be

expressed as the ratio LD
5 0

/ED
5 0

. Agents that exhibits a high therapeutic index is preferred.

While compositions that exhibit toxic side effects may be used, care should be taken to design a



delivery system that targets such compounds to the site of affected tissue and to minimize

potential damage to normal cells and, thereby, reduce side effects.

The data obtained from the cell culture assays and animal studies can be used in

formulating a range of dosage for use in humans. The dosage of such compounds lies generally

within a range of circulating concentrations of the compounds that include the ED
5 0

with little or

no toxicity. The dosage may vary within this range depending upon the dosage form employed

and the route of administration utilized. A therapeutically effective dose can be estimated

initially from cell culture assays. A dose can be formulated in animal models to achieve a

circulating plasma concentration range that includes the IC
5 0

(i.e., the concentration of the

inhibitor which achieves a half-maximal inhibition of symptoms) as determined in cell culture.

Such information can be used to more accurately determine useful doses in humans. Levels in

plasma may be measured, for example, by high performance liquid chromatography. In some

embodiments, e.g., where local administration is desired, cell culture or animal modeling can be

used to determine a dose required to achieve a therapeutically effective concentration within the

local site. Suitable dosages are described herein.

In some embodiments of any of the methods described herein, an agent can be

administered to a mammal in conjunction with one or more additional therapeutic agents. For

example, in some embodiments, it may be advantageous to administer an inhibitor described

herein in combination with at least one additional pharmaceutical (or therapeutic) agent (e.g.,

first-line or second-line antituberculosis drugs, and for patients with HIV or AIDS an HIV/AIDS

drug). The inhibitor may be administered either simultaneously with, or before or after, one or

more other therapeutic agent(s). Alternatively, the compound of the present invention may be

administered separately, by the same or different route of administration, or together in the same

pharmaceutical composition as the other agent(s).

Suitable additional TB agents include first-line drugs (such as isoniazid, rifampicin,

pyrazinamide, ethambutol and combinations thereof); second-line drugs (such as streptomycin,

kanamycin, amikacin, capreomycin, ofloxacin, levofioxacin, moxifioxacin, cycloserine, para-

aminosaicylic acid, ethioamide, prothionamide, thioacetazone and combinations thereof); and

other antituberculosis drugs (such as clofazimine, amoxicilin with clavulanate, imipenem,



linezolid, clarithromycin, thioridazine and combinations thereof). Other potential additional TB

agents include compounds such as bicyclic nitroimidazoles (e.g., (S)-6,7-dihydro-2-nitro-6-[[4-

(trifluoromethoxy)phenyl]methoxy]-5H-imidazo[2,1 -b][1 ,3]oxazine (PA-824) and TBA-354,

available from TB Alliance), bedaquiline (TMC-207), delamanid (OPC67683), oxazolidinone, 2-

[(2S)-2- methyl-1 ,4-dioxa-8-azaspiro[4.5]decan-8-yl]-8-nitro-6-trifluoromethyl-4H-1,3-

benzothiazin-4-one (BTZ043), imidazopyridines (e.g.,Q201 , available from Quro Science Inc.),

and combinations thereof.

Suitable therapeutic agents for adjunct therapy include human immunodeficiency virus

(HIV) drugs, immunotherapeutic agents, (e.g., anti-interleukin 4 neutralizing antibodies, high-

dose intravenous immunoglobulin, 16a- bromoepiandosterone (HE2000), RUTI® vaccine, DNA

vaccine with HSP65, Ag85, MPT-64, and MPT-83, dzherelo (plant extracts from the Ukraine),

cytokines (such as Interleukin 2, Interleukin 7, Interleukin 15, Interleukin 27, Interleukin 12,

Interferon Ȗ), immunosuppressive agents (such as corticosteroids, thalidomide, and etanercept)),

steroids, anti-inflammatory agents (e.g. prednisone), and other agents well-known to those of

skill in art for use in improving the quality of care for patients being treated for the diseases,

conditions, or disorders described herein.

Suitable HIV/AIDS drugs include non-nucleoside reverse transcriptase inhibitors

(NNRTIs), such as efavirenz (Sustiva), etravirine (Intelence) and nevirapine (Viramune);

Nucleoside reverse transcriptase inhibitors (NRTIs), such as Abacavir (Ziagen), and the

combination drugs emtricitabine and tenofovir (Truvada), and lamivudine and zidovudine

(Combivir); Protease inhibitors (Pis), such as atazanavir (Reyataz), darunavir (Prezista),

fosamprenavir (Lexiva) and ritonavir (Norvir); Entry or fusion inhibitors, such enfuvirtide

(Fuzeon) and maraviroc (Selzentry); and Integrase inhibitors, such as Raltegravir (Isentress).

Methods for diagnosing a subject has having tuberculosis are well known in the art and

include, e.g., chest x-ray, testing of a sputum sample, tuberculin skin test, or a blood test (e.g., to

test for the presence of microbial DNA or circulating anti-TB antibodies).



Likewise, methods for determining whether bacteria express PhoP and/or PhoR are

known in the art and include, e.g., protein (e.g., Western blot, dot blot, or other immunoassays)

and nucleic acid (e.g., RT-PCR) detection techniques.

The International Standards for Tuberculosis Care describes a widely accepted level of

care that all practitioners, public and private, should follow in dealing with people who have, or

are suspected of having, tuberculosis. The Standards are intended to facilitate the effective

engagement of all care providers in delivering high-quality care for patients of all ages, including

those with sputum smear-positive, sputum smear- negative, and extrapulmonary tuberculosis;

tuberculosis caused by drug resistant Mycobacterium tuberculosis complex (M. tuberculosis)

organisms; and tuberculosis combined with human immunodeficiency virus (HIV) infection, all

of which are amenable to treatment using one or more of the inhibitors described herein.

Another aspect of the disclosure is a product comprising an inhibitor described herein and

at least one other therapeutic agent (or pharmaceutical agent) as a combined preparation for

simultaneous, separate or sequential use in therapy to treat a subject having sputum smear-

positive, sputum smear-negative, and extrapulmonary tuberculosis; tuberculosis caused by drug

resistant Mycobacterium tuberculosis complex (M. tuberculosis) organisms; or tuberculosis

combined with human immunodeficiency virus (HIV) infection.

Embodiments of the present invention are illustrated by the following Examples. It is to

be understood, however, that the embodiments of the invention are not limited to the specific

details of these Examples, as other variations thereof will be known, or apparent in light of the

instant disclosure, to one of ordinary skill in the art.

Examples

Example 1. Materials and Methods

Bacterial strains and growth conditions



Mtb experiments, unless otherwise stated, were performed with Mtb strain CDC1551.

The phoP::Tn and ǻphoPR mutants have been previously described (5, 14). Cultures were

maintained in standing tissue culture flasks in 7H9 Middlebrook medium supplemented with

10% OADC and 0.05% Tween-80 and incubated at 37o C with 5% CO
2
.

High-throughput screening assay and data analysis

A compound library (of approximately 220,000 compounds) arrayed in 384-well optical

microtiter plates was provided by the Institute of Chemistry and Cell Biology (ICCBL) at

Harvard University. Two columns of each plate were left blank for positive and negative

controls of 0.3 µM rifampicin and DMSO, respectively. The CDC1551(aprA’::GFP) fluorescent

reporter was grown in Middlebrook 7H9 medium, buffered at pH 7.0 with 100 mM MOPS, to

mid- to late-log phase. The cultures were then pelleted, re-suspended in 7H9 buffered at pH 5.7

with 100 mM MES and dispensed into the 384-well assay plates at an OD of 0.2. The plates

were incubated for 6 days at 37ºC and both fluorescence and optical density (OD) were measured

on a plate reader. For analysis of hits, fluorescence and growth inhibition were normalized based

on the rifampin (100%) and DMSO (0%) controls, respectively. Potential PhoPR regulon

inhibitors were flagged as compounds that had: i) greater than 35% fluorescence inhibition, and

ii) at least a 1.5-fold greater fluorescence inhibition as compared to growth inhibition.

For EC
5 0

determinations, Mtb CDC1551 aprA’::GFP was grown to mid- to late-log

phase in non-inducing medium (7H9, pH 7.0), pelleted, and re-suspended in GFP inducing

medium (7H9, pH 5.7) in the presence of a 14-point dilution series (2.5-fold) of ETZ at a final

concentration ranging from 3 nM to 500 µM. EC
5 0

values were calculated based on a variable

slope, four-parameter non-linear least squares regression model in the GraphPad Prism software

package (ver. 6).

Transcriptional profiling and data analysis

For RNA-seq experiments, Mtb cultures were grown at 37ºC in T-25 vented, standing

tissue culture flasks in 8 mL of buffered 7H9 medium seeded at an initial OD of 0.2. Three

conditions were examined with two biological replicates: 1) DMSO treated, pH 7.0, 2) DMSO

treated, pH 5.7, and 3) 40 µM ETZ treated, pH 5.7. The phoP::Tn mutant was grown in a similar



manner and treated with DMSO at pH 5.7. Following six days incubation, total bacterial RNA

was extracted as previously described (2). RNA-sequencing, data analysis and qPCR were

performed as described by Baker et al. (15) with minor modifications (Fig. 8). The

transcriptional profiling data have been submitted to the NCBI GEO database (accession

number: GSE63917).

Cell culture

Primary murine bone marrow derived macrophages (BMDMs) were isolated and grown

as described (16). Briefly, BMDMs were isolated from WT C57Bl/6 mice (Charles River) and

grown at 37ºC (5% CO
2
) in DMEM (Corning CellGro) containing 10% fetal bovine serum

(Thermo Scientific), 20% L-cell conditioned medium, 1 mM pyruvate, 2 mM L-glutamine, and 1

mM penicillin/streptomycin (Corning CellGro). Cells were grown until fully differentiated,

scraped, and plated in medium lacking antibiotics at either 1 x 105 cells/mL for macrophage

infections or 2 x 105 cells/mL for measuring phagosome acidification. Cells were allowed to

adhere overnight before addition of Mtb or experimental treatments.

Carbonic anhydrase activity assay

Carbonic anhydrase (CA) activity was measured using a modified Maren endpoint

method (17) based on acidification of the media by CA conversion of CO
2
. WT Mtb CDC1551

cultures were grown for six days at 37ºC in T-150 vented, standing tissue culture flasks in 50 mL

of 7H9 medium seeded at an initial OD of 0.2. Two conditions were examined: 1) DMSO

treated, pH 5.7, and 2) ETZ treated (80 µM), pH 5.7. Cells were then were pelleted, washed

once in cold assay buffer (20 mM Tris, 20 mM NaCl, pH 8.3), re-suspended in 500 µL cold

assay buffer and transferred to 2 mL screw cap tubes containing 200 µL of 0.1mm glass beads.

Cell lysis was achieved by bead beating at max speed for 2 minutes. Lysates were clarified by

centrifugation at 21,000 x g for 1 minute. Clarified lysates were transferred to new tubes and

kept on ice. The CA assay apparatus utilized: 15x88 mm Pyrex glass tubes, 14 mm serum

stoppers, 18 gauge 1.5 inch needles, 1 mL syringes, 1 mm tubing, sample evaporator needles,

and 0.22 µm syringe filters (to prevent aerosol escape). All assay components were kept on ice

before and during the assay. 450 µL of ddH
2
O was added to the tube with 50 µL cell lysate. CO

2



was bubbled in at a constant rate and 500 µL of cold color indicator buffer (20 mM imidazole, 5

mM Tris, 0.2 mM 4-nitrophenol) was added, and timing was initiated. The color was monitored

until clearing, comparing it to a previously cleared sample. Data are representative of at least two

biological replicates with similar findings in each experiment.

Cytoplasmic pH and phagosome acidification measurement

Cytoplasmic pH was measured as previously described by Purdy et al. (18). WT Mtb

CDC1551 was grown in a similar manner as the transcriptional profiling experiments. Four

conditions were examined: 1) DMSO treated, pH 7.0, 2) DMSO treated, pH 5.7, 3) 80 µM ETZ,

pH 7.0, and 4) 80 µM ETZ, pH 5.7. Cytoplasmic pH was measured following 6 days incubation.

Phagosome acidification was measured using pHrodo labeled beads (Life Technologies) fed to

BMDMs in a 96-well black assay plate. One column did not contain any cells for a media and

beads only control. Five conditions were examined: 1) 100 µM ETZ, 2) 80 µM ETZ, 3) 40 µM

ETZ, 4) 100 nM Concanamycin A (CcA), and 5) an equivalent volume of DMSO. Cells were

pre-treated for 4 hours with ETZ and DMSO before addition of particles. CcA was added 30

minutes prior to assay initiation. pHrodo green labeled particles (ex. 509 nm, em. 533 nm) were

added to each well in pre-warmed live cell imaging solution (Life Technologies) at 1 mg/mL.

The assay was carried out in a Perkin Elmer plate reader at 37ºC for 100 minutes taking readings

at 5-minute intervals.

Analysis of mycobacterial lipids

Lipid analysis was conducted as previously described (15). Briefly, Mtb cultures were

grown at 37ºC in standing, vented T-75 tissue culture flasks in 40 ml of minimal medium

supplemented with 10 mM pyruvate and seeded at an initial OD of 0.1. Four conditions were

examined: 1) DMSO treated, pH 7.0, 2) DMSO treated, pH 5.7, 3) 80 µM ETZ, pH 7.0, and 4)

80 µM ETZ, pH 5.7. Following 3 days incubation, lipids were radiolabeled by adding 8 PCi of

[1,2 1 4 C] sodium acetate to each culture. Following 6 days of labeling, the lipids were extracted

and analyzed by thin layer chromatography (TLC). Total extractable lipid C1 4 incorporation was

determined using a scintillation counter. To analyze lipid species, 20,000 counts per minute

(CPM) were loaded at the origin of a 100 cm2 high performance TLC silica gel 60 aluminum



sheet. To separate SL and TAG, TLCs were developed with the chloroform:methanol:water

(90:10:1 v/v/v) and hexane:diethyl ether:acetic acid (80:20:1, v/v/v) solvent systems,

respectively (15). To examine PDIM accumulation the 2D TLC was developed with 1)

petroleum ether:ethyl acetate (98:2, v/v) and 2) petroleum ether:acetone (98:2, v/v) (5).

Radiolabeled lipids were detected with a phosphor screen and Typhoon Imager and quantified

using ImageJ software (19). Radiolabeling experiments, lipid extractions and analyses were

repeated in two independent biological replicates with similar findings in both replicates. TAG

and PDIM species were previously identified using these solvent systems and mass

spectroscopy(5). SL identity was confirmed using a SL standard (provided by BEI resources)

that was visualized by staining with phosphomolybdic acid followed by charring (Fig. 10, Panel

C).

Analysis of Esx-1 protein export

Mycobacterium tuberculosis Erdman and ¨esat-6 strains were a gift from Jeffery S. Cox

(20). Mtb was cultured in 7H9 medium, collected by centrifugation, washed once with 5 mL of

Sauton’s broth and re-suspended in 50 mL of Sauton’s broth in the presence or absence of 80 µM

ETZ. After 5 days of growth at 37°C, the cells were diluted, washed and treated as above. The

cultures were grown at 37°C with gentle shaking for 4 days. Lysates were prepared as described

previously (20). The secreted protein fraction was concentrated using Amicon filter systems with

a 3 kDa molecular weight cut-off and total protein concentrations were determined by the

MicroBCA assay (Promega). 13.5 Pg of cell lysates and culture filtrates were separated on a 4-

20% pre-cast gel (Bio-Rad) and transferred to nitrocellulose. Nitrocellulose membranes were

incubated with antibodies against Esat-6 (Abcam, ab26246), CFP-10, MPT32, or

RNAPȕ(Abcam, 8RB13) and detected using chemiluminescence (LumiGLO® )(21). The

following reagents were obtained through BEI Resources, NIAID, NIH: Polyclonal Anti-

Mycobacterium tuberculosis CFP10 (Gene Rv3874) (antiserum, Rabbit), NR-13801, Polyclonal

Anti-Mycobacterium tuberculosis Mpt32 (Gene Rv1860) (antiserum, Rabbit), NR-13807.

Macrophage infections



Macrophage infections were performed as described (16). Briefly, BMDMs were infected at an

MOI of 1:1 with Mtb CDC1551 in 24-well tissue culture treated plates. Infected BMDMs were

treated with 80 µM ETZ or an equivalent volume of DMSO every two days for 9 days total. At

days 3, 6 and 9, intracellular bacteria were quantified by lysing macrophage monolayers and

performing serial dilution plating of lysates on 7H10 agar. For fluorescence microscopy

experiments, macrophages were seeded on glass coverslips before infection with Mtb

CDC1551(aprA’::GFP smyc’::mCherry). Samples were treated every two days with 100 µM

ETZ or an equal volume of DMSO for 9 days. Monolayers were then fixed in 4%

paraformaldehyde and imaged by confocal microscopy. Survival assays and imaging

experiments were repeated with three biological replicates with similar results.

^ Quantitative single-cell imaging of Mtb exposure to ETZ in mice

C57BL/6 mice were infected via the intranasal route with 1000 CFU of the Erdman

(aprA’::GFP smyc’::mCherry) dual fluorescent reporter. Mice were treated with 100 mg/kg of

ETZ or an equal volume of 0.25% carboxymethyl cellulose (CMC) 5 days per week for 4 weeks

via oral gavage. After 4 weeks, the right lung was homogenized and plated for enumeration of

the bacterial load and the left lung was fixed in 4% paraformaldehyde before being transferred to

30% sucrose for confocal microscopy and pathology evaluation (Fig. 8). This experiment was

repeated and the data from the two independent biological replicates were similar and therefore

combined. Lungs were also examined for histopathological hallmarks of TB disease (Fig. 8),

however, ETZ treated lungs did not have a significant reduction in the area of the lung showing

Mtb-associated granulomatous pneumonia (Fig. 11). Mice were euthanized by carbon dioxide

asphyxiation followed by cervical dislocation. Animal experiments were conducted following

protocols approved by the Michigan State University Institutional Animal Care and Use

Committee.

pH of medium determination

To examine whether ETZ alters the pH of the medium, WT Mtb CDC1551 was grown

in a similar manner as the transcriptional profiling experiments. Two conditions were

examined: 1) DMSO treated, pH 5.7 or 2) 80 µM ETZ treated, pH 5.7. After 6 days incubation,



cells were pelleted and supernatants were collected and filtered twice through 0.22 µm filters.

The p H o f the supernatants was then
measured o n a p H meter.

Data analysis of RNA-seq transcriptional profiling experiments

Differential gene expression was calculated by normalizing data utilizing the trimmed

mean of M-values normalization method (Robinson et al. (2010) Genome Biol:R25) and filtering

genes that had >2 average normalized counts per million (CPM) within the edgeR package

(Robinson et al. (2010) Bioinformatics 26:139-140). Statistical analysis was performed in

RStudio (ver. 0.97.551) by fitting an additive generalized linear model (McCarthy et al. (2012)

Nucleic Acids Res 40:4288-4297) or exact test (Robinson et al. (2008) Biostatistics 9:321-332)

with the negative binomial distribution for each set of conditions and testing for differential

gene expression utilizing the edgeR package. Differentially expressed genes were determined to

be statistically significant based on >2-fold differentially regulated and an adjusted p<0.05.

Confocal microscopy and pathology of ETZ treated lungs

PFA fixed mouse lungs were frozen in a 30% sucrose PBS pH 7.4 solution, frozen in a

dry ice, ethanol bath, and stored at -80ºC until imaging. At the time of imaging, lungs were

thawed and hand-sectioned using a sterile scalpel. Sections were transferred to a microscope

slide and 10 µL of ProLong® Gold antifade reagent (Invitrogen) was added. Samples were

then mounted on a glass coverslip and imaged immediately. Images were obtained using an

Olympus FV1000 confocal microscope. Settings for GFP and mCherry fluorescence were held

constant through the image acquisition to allow for comparison between samples. For

quantification of Mtb reporter fluorescence, bacilli were identified in the mCherry channel and

the corresponding sum of GFP fluorescence was measured using the Volocity software

package (Perkin Elmer). At least 1500 bacilli were counted across multiple fields of view and

lungs.

For histopathology, transverse sections of each lung specimen was fixed in 4%

paraformaldehyde for 48 hours, transferred to 50% ethanol for 4 hours, processed routinely,

embedded in paraffin, and sectioned at 4 µm, followed by routine hematoxylin and eosin

staining. Photomicrographs were acquired, and using Image-J the total area of each lung section



was measured, as was the area of each lesion and a percentage of lung affected was calculated

from this data.

Example 2. Results

Identification of ethoxzolamide as an inhibitor of the PhoPR regulon

A whole-cell phenotypic screen was employed to identify inhibitors of the PhoPR

regulon. The CDC1551(aprA’::GFP) fluorescent reporter exhibits pH-inducible fluorescence

that is fully dependent on PhoPR (5). Although PhoPR is required for growth in vivo, a PhoPR

mutant grows well in rich medium at acidic pH; therefore, compounds that inhibit pH-inducible

reporter fluorescence, but not growth, are anticipated to be inhibitors of the PhoPR pathway. To

discover inhibitors of the PhoPR regulon a high throughput screen (HTS) of a ~220,000

compound library composed of small molecules representing broad chemical diversity was

performed. The reporter strain was grown in 384 well plates containing the compound library (at

an concentration of ~10 µM) in rich medium buffered at pH 5.7. Following 6 days of incubation,

plates were examined for GFP fluorescence and growth. Ethoxzolamide (ETZ, Fig. 1, Panel A)

was identified as a compound that inhibits Mtb reporter fluorescence but that does not reduce

growth. ETZ inhibits CDC1551(aprA’::GFP) reporter fluorescence with a half-maximal effective

concentration (EC
5 0

) of 5.6 µM at pH 5.7, (Fig. 1B). Growth was mostly unaffected at pH 5.7

across the range of ETZ concentrations tested (Fig. 1, Panel B). Basal aprA expression is also

dependent on PhoPR at neutral pH and we observed inhibition of reporter fluorescence at pH 7.0

with a similar EC
5 0

of 4.7 µM (Fig. S1A). ETZ is a carbonic anhydrase (CA) inhibitor that has

previously been shown to inhibit recombinant Mtb CA proteins (22).

Whether ETZ inhibits Mtb CA activity was examined, and full inhibition of CA activity

in Mtb whole cells treated with ETZ for 6 days was observed (Fig. 1, Panel C). ETZ did not

quench GFP fluorescence, alter the pH of the culture medium (Fig. 8, Panel B) and only caused a

slight acidification of cytoplasmic pH (Fig. 1, Panel D). These data support two novel findings:

1) ETZ inhibits the PhoPR regulon, and 2) a previously unrecognized link may exist between

Mtb CA activity and PhoPR signaling.



Prior transcriptional profiling and ChIP-seq studies have defined a core regulon that is

directly regulated by PhoP and induced by acidic pH (2-5, 23, 24). To determine if ETZ inhibits

the PhoPR regulon, RNA-seq transcriptional profiling was performed. Mtb CDC1551 was

inoculated into rich medium buffered at pH 5.7 in the presence of either 40 µM ETZ or an

equivalent volume of DMSO. As a positive control for PhoPR-regulated genes, a DMSO treated

phoP transposon mutant strain (phoP::Tn) was cultured using the above described conditions. To

identify genes regulated by acidic pH, the transcriptional profile of DMSO treated Mtb at pH 5.7

as compared to pH 7.0. After 6 days incubation, total RNA was isolated and subjected to RNA

sequencing. ETZ treatment of Mtb caused the down-regulation (>2-fold, p<0.05) of 45 genes

(Fig. 2, Table 2). All 45 of these genes were also down-regulated in the phoP::Tn mutant and 40

were induced by acidic pH (Fig. 2, Panels B and C). ETZ down-regulated genes include many

genes previously shown to be directly controlled by PhoP and are involved in lipid synthesis,

carbon metabolism, and virulence (Fig. 2, Panel C) (23, 24). Many of the remaining 137 genes

downregulated in the phoP::Tn mutant but not by ETZ (>2-fold, p<0.05), are significantly

downregulated by ETZ but less than 2-fold (e.g. espR, espA, esxA, Fig. 2, Pan). To confirm the

RNA-seq results, semi-quantitative real-time PCR was conducted on the phoP gene and two

well-characterized PhoP regulated genes, aprA and pks2. In ETZ treated Mtb, aprA and pks2

were down-regulated >5 fold at both pH 7.0 and 5.7 (Fig. 9). phoP did not exhibit substantial

differential regulation by ETZ, demonstrating that ETZ is not acting by modulating phoP gene

expression. These findings validate ETZ as an inhibitor of the core PhoPR regulon.

Lipid synthesis and Esx-1 protein secretion are modulated by ethoxzolamide.

PhoPR controls cell envelope lipids and Esx-1 dependent secretion of ESAT-6

(EsxA)(25, 26). Therefore, whether ETZ modulates these virulence factors was investigated.

The PhoPR-dependent mmpL8-pks2 operon (Rv3823c-Rv3825c) is responsible for the

production of sulfolipid (SL) and is strongly induced at acidic pH (3, 15, 27, 28). Transcriptional

profiling data demonstrated a ~5-fold down-regulation of this operon when treated with ETZ at

acidic pH (Fig 2C), suggesting that similar to a phoPR knockout mutant (ǻphoPR), ETZ may

downregulate the accumulation of SL. To test this hypothesis, 1 4 C radiolabeled lipids were

isolated from wild type (WT) and ǻphoPR mutant strains grown at pH 7.0 and pH 5.7 treated



with either ETZ or an equal volume of DMSO. A lipid migrating with a position consistent with

SL was induced ~2.5 fold at pH 5.7 as compared to pH 7.0 in DMSO, whereas, this lipid was not

detected in ETZ treated cells and the ǻphoPR mutant (Fig. 3, Panel A, Fig. 10, Panels A and C).

It has been shown previously that mutant strains with reduced accumulation of PhoPR-regulated

lipids compensate by over-accumulating other long chain fatty acids, such as triacylglycerol

(TAG) and phthiocerol dimycoserate (PDIM) (5, 15, 29). At pH 5.7, as compared to the DMSO

control, TAG was induced 5.5-fold and 6.5-fold in ETZ treated Mtb and the ǻphoPR mutant

strain, respectively (Fig. 3, Panel B, Fig. 10, Panel A). Similarly, at pH 5.7, a 2-fold increase in

the accumulation of PDIM species in the ETZ treated samples as compared to the DMSO treated

cells (Fig. 3, Panel C) was observed. Therefore, ETZ treatment phenocopies the ǻphoPR mutant

strain for alteration of lipid species production.

ESAT-6 protein is expressed in a phoP mutant strain but it is not exported from the

bacterial cell (25). Therefore, ETZ treatment altered the secretion of Esx-1-exported proteins.

Mtb Erdman was grown in rich medium and passaged twice in Sauton’s minimal medium to

measure Esx-1 export. During growth in Sauton’s medium the cells were untreated, treated with

ETZ during both passages (WT++, Fig. 4), or only treated with ETZ in the final passage (WT-+,

Fig. 4). ETZ did not affect ESAT-6 and CFP-10 expression, but strongly and selectively reduced

their secretion, as it did not alter that of Sec-secreted protein, Mpt-32 (Fig. 4). Moreover,

transcriptional profiling revealed that espR and the espACD operon were significantly down-

regulated (p<0.05, >1.5-fold) in ETZ treated cultures (Table 3). Recently, Cao and colleagues

have shown that PhoPR directly regulates EspR-dependent expression of espACD (26). EspA

and ESAT-6 secretion are mutually dependent and loss of espR and espA expression leads to

reduced Esx-1 function, loss of ESAT-6 secretion, and attenuated virulence (23, 30). Therefore,

both transcriptional profiling and biochemical approaches support that ETZ inhibits the Esx-1

secretion.

Ethoxzolamide inhibits Mtb PhoPR regulon expression and growth in infected

macrophages and mice

The PhoPR regulon is induced within 20 minutes of Mtb phagocytosis by macrophages

and remains induced over a period of at least 14 days (32). To determine if ETZ modulates the



PhoPR regulon in macrophages, murine bone marrow derived macrophages (BMDMs) were

infected with the CDC1551 (aprA’::GFP, smyc’::mCherry) reporter strain. This strain exhibits

PhoPR-inducible expression of GFP and constitutive expression of mCherry (5). The infected

macrophages were treated with ETZ or DMSO and single-cell reporter fluorescence was

quantified 6 days post-infection. ETZ treatment caused >90% inhibition of reporter GFP

fluorescence in infected macrophages (Fig. 5, Panel A and B). Moreover, in a 9-day macrophage

survival assay, ETZ treatment significantly inhibited the ability of Mtb to grow intracellularly

(Fig. 5, Panel C). Notably, both ETZ treated and untreated bacteria exhibited a similar initial

decrease in growth during the first 3 days of infection. However, the untreated Mtb successfully

adapted to the macrophage environment and grew ~0.5 logs over the next six days while the ETZ

treated cells could not transition into a growth phase. This phenotype is similar to that observed

with a PhoPR mutant strain (6) and consistent with ETZ functioning as an anti-virulence agent

targeting PhoPR-dependent macrophage adaptation.

ETZ is also a eukaryotic CA inhibitor. Therefore, it is possible that the observed

intracellular Mtb phenotypes may, in part, be driven by ETZ targeting macrophage CA activity.

Because PhoPR is induced by acidic pH in macrophages, whether ETZ inhibits phagosome

acidification was also examined. BMDMs were treated with DMSO, ETZ or concanamycin A

(an inhibitor of the vacuolar ATPase) four hours prior to being fed with beads coated with the

pH-sensitive dye pHrodo. Phagosome acidification was monitored for one hundred minutes

using a plate reader. Even at concentrations as high as 100 PM, ETZ did not alter phagosome

acidification (Fig. 8, Panel C), supporting the idea that ETZ-induced inhibition of Mtb growth is

mediated by PhoPR regulon inhibition, rather than by altering the environment within the

macrophage phagosome.

Next experiments were performed to examiner whether ETZ can modulate the PhoPR

regulon in vivo. C57Bl/6 mice were infected with the Erdman (aprA’::GFP smyc’::mCherry)

dual fluorescent reporter strain and the mice were treated orally with either 100 mg/kg of ETZ or

an equal volume of 0.25% carboxymethyl cellulose (as a mock treatment) 5 days per week for 4

weeks. In animals, ETZ is previously reported to have a short half-life (2.5-5.5 hours) and an

LD
5 0

of ~1000 mg/kg with no observable drug-related organ lesions observed at 100 mg/kg (33-



35). Quantitative single-cell imaging was used to measure the induction of reporter fluorescence

in lung tissues. For this approach, lung tissue was sectioned, imaged by confocal microscopy and

bacterial fluorescence quantified using Volocity image analysis software (14, 36). Individual

bacterial cells were identified using the constitutive mCherry signal and then GFP fluorescence

was measured for ~3000 bacterial cells across multiple fields of view from lungs of mice in the

same treatment group. Two independent experiments were conducted with similar results;

therefore, the data from both experiments were combined for analysis. The Erdman (aprA’::GFP

smyc’::mCherry) reporter exhibited a strong induction of GFP fluorescence in infected mice in

mock-treated mouse lungs (Fig. 6A). Notably, single cells in the mock treated samples exhibited

substantial heterogeneity of GFP fluorescence providing additional evidence that Mtb

experiences a variety of microenvironments during the course of infection (Fig. 6, Panel B). In

contrast, ETZ strongly down-regulated GFP reporter fluorescence in mouse lungs with 3-fold

inhibition of GFP signal as compared to the mock treated control (Fig. 6, Panel B). Importantly,

the distribution of reporter fluorescence was dramatically altered by ETZ treatment, with a more

homogeneous population of cells expressing low levels of GFP. For example, 49% of Mtb cells

in ETZ treated lungs quantified for GFP fluorescence are in the bottom decile of fluorescence

(<1000 GFP/Pm2 ) as compared to 5% of cells in the mock-treated mice (Fig. 6, Panel B). This

approach demonstrates that quantitative analysis of fluorescent Mtb reporter strains in host

tissues can be applied as a biomarker for pathway-specific drug exposure in vivo. The effect of

ETZ treatment on bacterial survival in vivo was also examined. A significant 0.72 log reduction

of bacterial survival in the lungs of ETZ treated mice as compared to the mock-treated control

was observed (Fig. 6, Panel C). Therefore, adequate ETZ exposure was achieved in mouse lungs

to repress the PhoPR regulon and attenuate virulence. Together, these data support that ETZ

functions by an anti-virulence mechanism and attenuates Mtb virulence in vivo by i) targeting

Mtb inside macrophages and the mouse lung, ii) downregulating the PhoPR regulon, and iii)

reducing the expression of virulence pathways such as lipid metabolism and Esx-1 secretion.
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What is claimed is:

1. A method for inhibiting growth of one or more bacterial cells in which the PhoPR

regulon is conserved, the method comprising contacting the one or more bacterial cells with an

effective amount of an inhibitor of the PhoP/R regulon to thereby inhibit the growth of the one or

more bacterial cells.

2. A method for preventing or reducing the likelihood of a productive bacterial infection in

a subject, the method comprising administering to a subject an effective amount of an inhibitor

of the PhoP/R regulon to thereby prevent or reduce the likelihood of a productive bacterial

infection in the subject, wherein the subject has been identified as being at risk of developing an

infection with bacterial cells in which the PhoPR regulon is conserved.

3. A method for treating a subject who is infected with bacterial cells in which the PhoPR

regulon is conserved, the method comprising administering to the subject an effective amount of

an inhibitor of the PhoP/R regulon to thereby treat the infection.

4. A method for ameliorating the signs or symptoms of an infection of a subject by bacterial

cells in which the PhoPR regulon is conserved, the method comprising administering to the

subject an effective amount of an inhibitor of the PhoP/R regulon to thereby ameliorate the signs

and symptoms of the infection.

5. The method according to claim 3 or 4, further comprising identifying the subject as

having an infection with bacterial cells in which the PhoPR regulon is conserved.

6. The method according to any one of claims 1 to 5, wherein the bacteria or bacterial cells

are Mycobacterium.

7. The method according to claim 6, wherein the Mycobacterium are Mycobacterium

tuberculosis.

8. The method according to claim 7, wherein the Mycobacterium tuberculosis is multi-drug

resistant Mycobacterium tuberculosis.



9. The method according to claim 7, wherein the Mycobacterium tuberculosis is extensively

drug resistant Mycobacterium tuberculosis.

10. The method according to any one of claims 1 to 5, wherein the bacteria or bacterial cells

are Clostridium or Bacillus.

11. The method according to claim 10, wherein bacteria or bacterial cells are C.

acetobutylicum or B. subtilis.

12. The method according to any one of claims 1 to 5, wherein the bacteria or bacterial cells

are Echerichia coli, Vibrio cholera, or Streptomyces coelicolor.

13. The method according to any one of claims 1 to 5, wherein the bacteria or bacterial cells

are Enterobacteriaceae.

14. The method according to any one of claims 1 to 5, wherein the bacteria or bacterial cells

are nontuberculosis mycobacterium (NTM).

15. The method according to claim 14, wherein the NTM are M. avium, M. intracellulare, M.

kansasii, M. abscessus, M. chelonae, M. fortuitum, M. terrae, M. xenopi, or M. simiae.

16. The method according to claim 14, wherein the NTM are M. leprae, M. ulcerans, or M.

marinum.

17. The method according to any one of claims 1 to 16, wherein the inhibitor of the PhoP/R

regulon is a carbonic anhydrase inhibitor.

18. The method according to claim 17, wherein the carbonic anhydrase inhibitor is a

sulfonamide.

19. The method according to claim 18, wherein the sulfonamide is ethoxzolamide.

20. The method according to claim 18, wherein the sulfonamide is an analog of

ethoxzolamide.



21. The method according to claim 18, wherein the sulfonamide is acetazolamide,

methazolamide, dorzolamide, or brinzolamide.

22. The method according to any one of claims 2 to 21, wherein the inhibitor is orally

administered to the subject.

23. The method according to any one of claims 2 to 21, wherein the inhibitor is parenterally

administered to the subject.

24. The method according to claim 23, wherein the inhibitor is administered intravenously.

25. The method according to any one of claims 2 to 21, wherein the inhibitor is administered

as an aerosol.

26. The method according to claim 25, wherein the inhibitor is administered using a

nebulizer or inhaler.

27. The method according to any one of claims 2 to 21, wherein the inhibitor is topically

administered.

28. The method according to claim 27, wherein the inhibitor is administered as an eye drop.

29. The method according to claim 27, wherein the inhibitor is administered as a cream, an

ointment, or a lotion.

30. The method according to claim 27, wherein the inhibitor is present on a bandage or

dressing applied to an infected site.

31. The method according to any one of claims 2 to 30, wherein the subject has a lung

infection.

32. The method according to any one of claims 2 to 30, wherein the subject has a skin

infection.

33. The method according to any one of claims 2 to 30, wherein the subject has an infection

of the eye.



34. A method for treating tuberculosis in a subject, the method comprising administering to

the subject a carbonic anhydrase inhibitor in an amount effective to treat tuberculosis.

35. The method according to claim 34, wherein the carbonic anhydrase inhibitor is

ethoxzolamide.

36. The method according to claim 34, wherein the carbonic anhydrase inhibitor is a

ethoxzolamide analog.

37. The method according to claim 34, wherein the carbonic anhydrase inhibitor is

acetazolamide, methazolamide, dorzolamide, or brinzolamide.

38. The method according to any one of claims 34 to 37, wherein the tuberculosis is

multidrug-resistant tuberculosis.

39. The method according to any one of claims 34 to 37, wherein the tuberculosis is

extensively multidrug-resistant tuberculosis.

40. The method any one of claims 2 to 39, wherein the subject is a human.

41. A method for eliminating dormant Mycobacterium tuberculosis cells in a subject afflicted

with latent tuberculosis, the method comprising administering to the subject an effective amount

of an inhibitor of the PhoPR regulon to thereby eliminate dormant Mycobacterium tuberculosis

cells in the subject and treat latent tuberculosis.

42. The method according to claim 41, further comprising determining that the subject has

latent tuberculosis.

43. The method according to claim 41 or 42, wherein the Mycobacterium tuberculosis is

multi-drug resistant Mycobacterium tuberculosis.

44. The method according to claim 41 or 42, wherein the Mycobacterium tuberculosis is

extensively drug resistant Mycobacterium tuberculosis.

45. The method according to any one of claims 41 to 44, wherein the inhibitor of the PhoPR

regulon is a carbonic anhydrase inhibitor.



46. The method according to claim 45, wherein the carbonic anhydrase inhibitor is

ethoxzolamide.

47. The method according to claim 45, wherein the carbonic anhydrase inhibitor is a

ethoxzolamide analog.

48. The method according to claim 45, wherein the carbonic anhydrase inhibitor is

acetazolamide, methazolamide, dorzolamide, or brinzolamide.

49. The method according to any one of claims 17 to 40 or 45 to 48, wherein the effective

amount of the carbonic anhydrase inhibitor is between 0.01 and 100 mg/kg body weight of the

subject.

50. The method according to any one of claims 2 to 49, wherein the inhibitor is administered

in combination with one or more antibiotics.

51. The method according to claim 50, wherein the inhibitor is administered in combination

with one or more of isoniazid, rifampicin, ethambutol, and pyrazinamide.

52. The method according to any one of claims 2 to 51, wherein the inhibitor is administered

for less than 6 weeks.

53. The method according to any one of claims 2 to 51, wherein the inhibitor is administered

for between 2 to 4 weeks.

54. A pharmaceutical composition for use in topical treatment of an infection with bacterial

cells in which the PhoPR regulon is conserved, wherein the pharmaceutical composition

comprises a carbonic anhydrase inhibitor.

55. The pharmaceutical composition of claim 54, formulated as an eye drop.

56. The pharmaceutical composition of claim 54, formulated as an ointment, a lotion, a

cream, or a gel.

57. The pharmaceutical composition according to any one of claims 54 to 56, wherein the

carbonic anhydrase inhibitor is ethoxzolamide.



58. The pharmaceutical composition according to claim 57, wherein the carbonic anhydrase

inhibitor is a ethoxzolamide analog.

59. The pharmaceutical composition according to claim 57, wherein the carbonic anhydrase

inhibitor is acetazolamide, methazolamide, dorzolamide, or brinzolamide.

60. A sterile bandage or dressing for use in treating a wound, wherein the bandage or

dressing comprises a carbonic anhydrase inhibitor in an amount effective to inhibit the growth or

viability of bacterial cells in which the PhoPR regulon is conserved.

61. The sterile bandage or dressing according to claim 60, wherein the carbonic anhydrase

inhibitor is ethoxzolamide.

62. The sterile bandage or dressing according to claim 60, wherein the carbonic anhydrase

inhibitor is a ethoxzolamide analog.

63. The sterile bandage or dressing according to claim 60, wherein the carbonic anhydrase

inhibitor is acetazolamide, methazolamide, dorzolamide, or brinzolamide.









































INTERNATIONAL SEARCH REPORT International application No.

PCT/US 16/30689

A . CLASSIFICATION O F SUBJECT MATTER
IPC(8) - A61K 31/40, 31/417; A61 P 31/06 (2016.01 )

CPC - A61K 31/40, 31/417, 31/495
According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC(8): A61K 31/40, 31/417; A61 P 31/06 (2016.01)
CPC: A61K 31/40, 31/417, 31/495

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSeer (US, EP, WO, JP, DE, GB, CN, FR, KR, ES, AU, IN, CA, Other Countries (INPADOC), RU, AT, CH, TH, BR, PH); EBSCO;
Google/Google Scholar, IP.com: inhibit, bacterial, growth, PhoPR, regulon, cell, mycobacterium, tuberculosis, conserve, carbonic,
anhydrase, inhibitor, ethoxzolamide, resistant, acetazolamide, methazolamide, dorzolamide, brinzolamide

C . DOCUMENTS CONSIDERED T O BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

W O 2013/050426 A (UNIVERSITETET I OSLO) 1 April 2013; page 1, paragraph [1]; page 5, 34, 54-55
paragraph [3]: page 7 , paragraph [7]; claims 1-2

35-37, 38/34-37,
39/34-37, 56, 57/54-56,
58/57/54-56, 59/57/54-56,
60-63

US 2010/0210602 A 1 (ZHANG, Y et al.) 19 August 2010; paragraphs [0009], [0023]-[0024], 1-4, 5/3-4

[0048], [0050]; claims 23, 2 6

(MINAKUCHI, T et al.) Molecular Cloning, Characterization, and Inhibition Studies of the 1-4, 5/3-4, 35-37,

Rv1284 Beta-Carbonic Anhydrase from Mycobacterium tuberculosis with Sulfonamides and a 38/34-37, 39/34-37,
Sulfamate. Journal of Medicinal Chemistry. 2009, Vol 52; pages 2226-2232; abstract; page 41-42, 43/41-42,
2226, paragraph [1]; page 2229, table 2 , paragraph [2]; DOI: 10.1021/jm9000488 44/41-42, 57/54-56,

58/57/54-56, 59/57/54-56,
61-63

US 2014/0050776 A 1 (INFEC I IOUS DISEASE RESEARCH INSTITUTE) 20 February 2014; 41-42, 43/41-42,
paragraphs [0018], [00281 44/41-42

US 2013/0317070 A 1 (HOFFMAN, PS et al.) 28 November 2013; paragraphs [0268], [0329] 56, 57/56, 58/57/56,
59/57/56

W O 2014/176636 A 1 (NEOCULI PTY LTD) 06 November 2014; paragraph [00387]; claims 60-63

44-45

Further documents are listed in the continuation of Box C . | See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand

to be of particular relevance the principle or theory underlying tne invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot bespecial reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than "&" document member of the same patent family
the priority date claimed

Date of the actual completion o f the international search Date o f mailing of the international search report

30 June 2016 (30.06.2016) 0 4 A UG 2016
Name and mailing address of the ISA/ Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Shane Thomas
P.O. Box 1450, Alexandria, Virginia 2231 3-1450

Facsimile No. 571-273-8300

Form PCT/ISA/2 0 (second sheet) (January 20 15)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US 16/30689

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y WO 2014/044838 A 1 (LIONEX DIAGNOSTICS AND THERAPEUTICS GMBH) 27 March 2014; 5/3-4, 42, 43/42, 44/42
page 4, lines 1-10

Fonn PCT/ISA/2 10 (continuation of second sheet) (January 20 5)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US16/30689

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I IClaims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

□ Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 6-33, 0, 45 53
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6 .

Box No. Ill Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Sea cl i Authority found multiple inventions in th s international application, as follows:

1. I I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3 . □ As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 20 15)


	abstract
	description
	claims
	drawings
	wo-search-report

