
New Verapamil Analogs Inhibit Intracellular Mycobacteria without
Affecting the Functions of Mycobacterium-Specific T Cells

Getahun Abate,a Peter G. Ruminiski,b Malkeet Kumar,c Kawaljit Singh,c Fahreta Hamzabegovic,a Daniel F. Hoft,a,d

Christopher S. Eickhoff,a Asmir Selimovic,a Mary Campbell,b Kelly Chibalec,e

Department of Internal Medicine, Division of Infectious Diseases, Allergy and Immunology, Saint Louis University, St. Louis, Missouri, USAa; Centre for World Health and
Medicine, Saint Louis University, St. Louis, Missouri, USAb; Department of Chemistry and South African Medical Research Council Drug Discovery and Development
Research Unit, University of Cape Town, Rondebosch, South Africac; Department of Molecular Biology, Saint Louis University, St. Louis, Missouri, USAd; Institute of
Infectious Disease and Molecular Medicine, University of Cape Town, Rondebosch, South Africae

There is a growing interest in repurposing mycobacterial efflux pump inhibitors, such as verapamil, for tuberculosis (TB) treat-
ment. To aid in the design of better analogs, we studied the effects of verapamil on macrophages and Mycobacterium tuberculo-
sis-specific T cells. Macrophage activation was evaluated by measuring levels of nitric oxide, tumor necrosis factor alpha (TNF-
�), interleukin-1 beta (IL-1�), and gamma interferon (IFN-�). Since verapamil is a known autophagy inducer, the roles of
autophagy induction in the antimycobacterial activities of verapamil and norverapamil were studied using bone marrow-de-
rived macrophages from ATG5flox/flox (control) and ATG5flox/flox Lyz-Cre mice. Our results showed that despite the well-recog-
nized effects of verapamil on calcium channels and autophagy, its action on intracellular M. tuberculosis does not involve mac-
rophage activation or autophagy induction. Next, the effects of verapamil and norverapamil on M. tuberculosis-specific T cells
were assessed using flow cytometry following the stimulation of peripheral blood mononuclear cells from TB-skin-test-positive
donors with M. tuberculosis whole-cell lysate for 7 days in the presence or absence of drugs. We found that verapamil and nor-
verapamil inhibit the expansion of M. tuberculosis-specific T cells. Additionally, three new verapamil analogs were found to in-
hibit intracellular Mycobacterium bovis BCG, and one of the three analogs (KSV21) inhibited intracellular M. tuberculosis repli-
cation at concentrations that did not inhibit M. tuberculosis-specific T cell expansion. KSV21 also inhibited mycobacterial efflux
pumps to the same degree as verapamil. More interestingly, the new analog enhances the inhibitory activities of isoniazid and
rifampin on intracellular M. tuberculosis. In conclusion, KSV21 is a promising verapamil analog on which to base structure-
activity relationship studies aimed at identifying more effective analogs.

Verapamil (VER) is a calcium channel blocker used clinically
for hypertension, atrial fibrillation or atrial flutter, cluster

headache, and angina (1, 2). Recently, there has been a growing
interest in repurposing verapamil and other efflux pump inhibi-
tors for the treatment of tuberculosis (TB). The Mycobacterium
tuberculosis genome encodes �100 transporters, and some efflux
pumps are transcriptionally induced in macrophages (3). M. tu-
berculosis is primarily an intracellular pathogen, and interference
with its efflux pump function decreases its intracellular survival
(4). Efflux pump inhibitors, such as verapamil, do not have
marked activity on extracellular M. tuberculosis; in fact, the MIC
may be as high as 600 �M (5). Interestingly, 5- to 10-times-lower
concentrations inhibit intracellular or intracellular-conditioned
M. tuberculosis (4, 6). More interestingly, verapamil is known to
enhance the anti-TB activities of other drugs (4, 6), making it a
very attractive candidate for shortening the duration of anti-TB
treatment and improving the management of drug-resistant TB.
However, repurposing verapamil for the treatment of TB requires
a better understanding of its effects on macrophage function and
M. tuberculosis-specific T cell immunity. In this study, we tested
the antimycobacterial activities of verapamil and norverapamil on
intracellular M. tuberculosis, identified the effects of verapamil on
macrophage activation and expansion of M. tuberculosis-specific
T cells, investigated the roles of autophagy in the anti-TB function
of verapamil, and conducted comparative studies between vera-
pamil and selected new analogs.

The overall goal of this study was to develop optimized vera-
pamil derivatives for specific efflux pump inhibition in M. tuber-

culosis through the identification of analogs with improved po-
tency and a desirable profile. As we previously reported (7), the
initial exploratory structure-activity relationship (SAR) investiga-
tion on verapamil was focused on the replacement of the methyl
substituent on the tertiary nitrogen with other substituents, vary-
ing of the length of the methylene spacer between the tertiary
nitrogen and aromatic ring, replacement of the 2-(3,4-dime-
thoxyphenyl)-N-methylethanamine group with various heterocy-
cles, and replacement of the isopropyl group at the stereogenic
carbon center with a hydrogen atom and other alkyl substituents.
Verapamil derivatives with various substituents on the tertiary
nitrogen demonstrated various effects on the antimycobacterial
activity of rifampin. In the presence of rifampin, an unsubstituted
derivative resulted in a 2-fold reduction in the MIC of rifampin
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but did not exhibit any synergistic interactions, while ethyl- and
propyl-substituted derivatives did not show any reduction in the
rifampin MIC, and neither did they exhibit synergistic interac-
tions with rifampin. On the other hand, a 4-fold reduction in the
MIC of rifampin in the presence of an N-benzyl-substituted ana-
log was observed, with an attendant synergistic interaction with
rifampin. Relative to verapamil, the derivatives in which the ami-
noethyl aromatic group of verapamil was replaced with substi-
tuted aniline and aminomethyl aromatic group did not exhibit
any effect on the antimycobacterial activity of rifampin when eval-
uated in combination. The derivatives obtained by replacing the
aminoethyl aromatic group of verapamil with various heterocyclic
groups demonstrated varied effects on the antimycobacterial ac-
tivity of rifampin. This ranged from no effect to a 2- and 4-fold
reduction in the MIC of rifampin, which is comparable to that of
verapamil but with no interaction with rifampin. The replacement
of the isopropyl group at the stereogenic carbon center with hy-
drogen and other alkyl groups also yielded compounds with var-
ied effects on the MIC of rifampin. An unsubstituted derivative, a
methyl-substituted derivative, and a cyclopentyl-substituted de-
rivative all resulted in a 2-fold reduction in the MIC of rifampin,
while a 4-fold drop in the MIC of rifampin was observed with
ethyl-, propyl-, and cyclohexyl-substituted derivatives. Once
again, all combination studies suggested the absence of any inter-
action between rifampin and these derivatives. All compounds
that led to a 4-fold reduction in the MIC of rifampin on extracel-
lular M. tuberculosis were selected for further experiments de-
scribed in this paper.

MATERIALS AND METHODS
Drugs. Verapamil, norverapamil, isoniazid, and rifampin were purchased
from Sigma. New analogs of verapamil were synthesized at the Depart-
ment of Chemistry and South African Medical Research Council Drug
Discovery and Development Research Unit (University of Cape Town,
South Africa). Stock solutions of the analogs were prepared in dimethyl
sulfoxide (DMSO) or ethanol, and aliquots were stored at �80°C until
required for use in the experiments. Working solutions were prepared in
the appropriate cell culture medium.

Antibodies, media, and reagents. Ethidium bromide, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), saponin, hu-
man AB (HAB) serum, fetal calf serum (FCS), Tween 80, and apoptosis
detection kits were purchased from Sigma (St. Louis, MO, USA). Com-
ponents of the mycobacterial growth media, such as Middlebrook 7H9,
Middlebrook 7H10, and supplements (albumin, dextrose, catalase [ADC]
and oleic acid with ADC [OADC]) were purchased from Becton Dickin-
son. [3H]-uridine was obtained from PerkinElmer, Inc., USA. Carboxy-
fluorescein diacetate succinimidyl ester (CFSE) was purchased from Life
Technologies. Interleukin-1 beta (IL-1�), tumor necrosis factor alpha
(TNF-�), and gamma interferon (IFN-�) primary and secondary anti-
bodies for enzyme-linked immunosorbent assay (ELISA) were obtained
from R&D Systems.

Antibiotic-free RPMI 1640 (catalog no. 11875; Gibco) supplemented
with 10% heat-inactivated human AB serum and 200 mM L-glutamine
(Lonza BioWhittaker) was used for cell culture. MTT working solutions
were prepared in phosphate-buffered saline (PBS). MTT is converted into
a blue formazan in the presence of live cells. Ten percent sodium dodecyl
sulfate in a 40% aqueous solution of dimethyl formamide was used as a
formazan solubilization buffer.

Monocytes and bacterial cultures. Mycobacterium bovis strain BCG
Connaught (ATCC 35745) and M. tuberculosis Erdman (ATCC 35801)
were grown in a suspension with constant gentle rotation in roller bottles
containing Middlebrook 7H9 broth supplemented with 10% ADC en-
richment and 0.05% Tween 80 (Sigma-Aldrich). Stock vials of BCG and

M. tuberculosis were prepared from 2-week-old logarithmic-phase cul-
tures, and aliquots were frozen at �80°C until needed for the different
experiments. The number of bacteria (CFU per milliliter) in the frozen
vials was quantified by plating samples on 7H10 Middlebrook agar sup-
plemented with OADC. On the day of macrophage infection, bacteria
were thawed and sonicated for l min in a water bath sonicator (W385;
Heat Systems Ultrasonics, Farmingdale, NY) to obtain a single-cell sus-
pension and diluted appropriately in complete RPMI 1640 medium. A
leukemic monocyte line (THP-1) obtained from the ATCC (TIB-202) was
cultured in RPMI medium supplemented with 200 mM L-glutamine and
10% FCS and used for the cytotoxicity assays. Human peripheral blood
mononuclear cells (PBMCs) stored in liquid nitrogen were used to gen-
erate monocyte cultures and study the effects of drugs on M. tuberculosis-
specific immunity. These PBMCs were obtained from six healthy purified
protein derivative (PPD) skin test-positive donors, according to a proto-
col approved by the Saint Louis University (St. Louis, MO) institutional
review board. Monocytes were purified from PBMCs by plastic adherence
based on the unique adhesion properties of monocytes/macrophages (8,
9). Briefly, 1.5 � 105 cells were plated in each well of 96-well round-
bottom microtiter plates (Corning, Inc., USA). Nonadherent cells were
washed off with complete RPMI medium after overnight incubation at
37°C and 5% CO2. In general, approximately 10% of the initial number of
PBMCs plated were retained as adherent monocytes (�90% CD14	),
which were then cultured for 2 to 4 days before infection with M. bovis
BCG or M. tuberculosis (Erdman).

Measuring cytotoxicity of verapamil, norverapamil, and analogs.
THP-1 cells in RPMI with L-glutamine were cultured in round-bottom
96-well plates at a concentration of 1.5 �104/well. Drugs were added at
different concentrations, and cultures were incubated at 37°C. After 24 h,
MTT assays were performed, as described previously (10). The amount of
formazan formation was quantified by measuring the absorbance at 570
nm using an SLT Rainbow plate reader (Tecan, US, Inc.). Percent cyto-
toxicity was calculated using relative optical densities (OD), as follows:
100 � (100 � [OD with drug/OD without drug]).

Measuring the effects of verapamil, norverapamil, and analogs on
intracellular mycobacteria. Adherent monocytes were infected with
BCG or M. tuberculosis for 4 h at a multiplicity of infection (MOI) of 3.
Unphagocytosed bacteria were removed by washing three times with
warm serum-free RPMI. Infected monocytes were cultured in complete
RPMI medium with and without drugs for 72 h and then lysed with 0.2%
saponin (Sigma) in RPMI 1640 medium. After cell lysis, residual bacteria
were quantified using a [3H]uridine incorporation assay, as described
previously (8, 9). Briefly, the uridine incorporation assay was performed
by adding 1 �Ci of [3H]uridine in 7H9 Middlebrook broth into each well
and incubating the plates for another 72 h at 37°C and 5% CO2. Bacteria
were then harvested on glass fiber filter mats (PerkinElmer Wallac, Inc.),
using a Tomtec Mach III cell harvester 96 (Tomtec, Inc., Hamden, CT).
The filter mats were air dried, scintillation fluid was added, and the my-
cobacterial incorporation of tritiated uridine was quantified using a
MicroBeta scintillation counter (PerkinElmer Wallac, Inc.). Mycobacte-
rial growth inhibition was determined using the following formula: per-
cent inhibition 
 100 � (100 � [dpm in the drug-treated cultures/dpm in
the untreated cultures]) (dpm, disintegrations per minute). The experi-
ments on each drug were performed 4 to 5 times in triplicate wells. When
obtaining new lots of [3H]uridine (PerkinElmer), the results from the
uridine incorporation assay were confirmed by culturing pooled aliquots
from triplicate wells of at least one of the multiple experiments on each
drug on 7H10 medium and counting the CFU every week for 3 weeks.

CFSE-based flow cytometry assay to measure effects of verapamil,
norverapamil, and analogs on M. tuberculosis-specific T cells. A CFSE-
based flow cytometry assay was performed, as described previously (11,
12), using M. tuberculosis whole-cell lysate (WL) at a final concentration
of 10 �g/ml to stimulate M. tuberculosis-specific T cells during 7 days of
culture. Flow-cytometric acquisition was performed using a multicolor
BD FACSCanto II instrument, and analyses were done using the Cell-
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Quest and FlowJo (Tree Star) softwares. A minimum of 10,000 CD3	

events were acquired. Cells with decreased CFSE fluorescence were con-
sidered to be proliferated cells. The absolute numbers of effector CD3	 T
cells were calculated by multiplying the total number of viable cells recov-
ered times the percentage of the specific T cell subset detected by flow-
cytometric analysis. Mann-Whitney U tests were used to analyze differ-
ences in the expansions of CD3	 T cells in PBMCs cultured in the
presence and absence of drugs.

Identifying effects of verapamil and norverapamil on activation of
BCG-infected human monocytes. Human monocytes were plated (3 �
104) in 96-well round-bottom microtiter plates (Corning, Inc., USA) and
allowed to mature for 5 days at 37°C and 5% CO2. The monocytes were
then infected with BCG for 4 h (MOI, 3). Extracellular bacteria were
removed by washing three times in RPMI medium, and different concen-
trations of verapamil or norverapamil were added. Supernatants were
collected 24 h later. IL-1�, TNF-�, and IFN-� levels were quantified by
ELISA. The nitric oxide level was quantified with a detection kit (Enzo Life
Sciences, Inc., NY).

Identifying the role of autophagy in the anti-TB activities of vera-
pamil or norverapamil. Bone marrow-derived macrophages (BMDM)
from ATG5flox/flox (control) and ATG5flox/flox Lyz-Cre mice were kind
gifts from Christina Stallings (Washington University, MO). These mice
were bred and genotyped as described previously (13, 14). BMDM resus-
pended in Dulbecco’s modified Eagle medium (DMEM) with 20% FCS,
10% macrophage colony-stimulating factor (M-CSF), and 1% penicillin-
streptomycin were added to flat-bottom 96-well plates (2.5 � 104/well)
and allowed to mature at 37°C. On day 11, the cells were washed, culture
medium was changed to DMEM with 20% FCS, and the cells were in-
fected with BCG or M. tuberculosis for 4 h (MOI, 3). Extracellular bacteria
were removed by washing with medium three times. Different concentra-
tions of verapamil and norverapamil were added, and the cells were cul-
tured. After 72 h, the number of intracellular bacteria was quantified as
described above.

Ethidium bromide-based flow cytometry to measure efflux pump
activity. Efflux pump activity was measured based on methods described
previously (15, 16). The conditions for this assay were first optimized
using in vitro BCG cultures. Briefly, the turbidity of logarithmic-phase
cultures of BCG in 7H9 Middlebrook broth was adjusted to the standard
turbidity of 0.5 McFarland. Aliquots of 100 �l were transferred into three
sets of 2-ml Sarstedt tubes. Ethidium bromide and verapamil were added
(at 2.5 �M and 250 �M, respectively), and the cultures were incubated at
room temperature for 1 h. Bacteria were pelleted by centrifugation,
washed once with 1 ml of PBS, and resuspended in PBS with 0.4% glucose
with and without various efflux pump inhibitors or analogs. These cul-
tures were incubated at 37°C for 1 h, and the aliquots were transferred to
a round-bottom 96-well plate. Flow-cytometric acquisition was per-
formed using a Guava easyCyte instrument (Guava Technology, Hay-
ward, CA), and a minimum of 5,000 events were acquired. Analyses were
done using the FlowJo (version 6.2.1; Tree Star) software.

Design, synthesis, and characterization of analogs. Twenty vera-
pamil analogs were designed and synthesized. Five analogs were selected
for further studies based on the ability of compounds to potentiate the in
vitro antimycobacterial effect of rifampin against M. tuberculosis. Analogs
showing a 4-fold reduction in the MIC of rifampin were used for further
evaluation in this study (Table 1). Norverapamil was selected because it
has been used as a standard for comparison in various studies on vera-
pamil (VER).

Solubility, lipophilicity, plasma protein binding, Caco2 and human
ether-à-go-go-related gene (hERG) channel liability, and binding to
Rv1258C have been determined and/or predicted. The QikProp program
(version 3.8; Schrödinger, LLC, New York, NY, 2013) was used to predict
QPPCaco and QPloghERG, while the StarDrop program (version 5.0;
Optibrium Ltd., Cambridge, United Kingdom) was used to predict 90%
plasma protein binding (PPB90), log distribution coefficient at pH 7.4
(D7.4), and log water solubility at pH 7.4 (S7.4). ChemDraw sketches were

converted to MOLfiles, fed into the respective program (QikProp and
StarDrop), and processed for the desired properties.

Binding to Rv1258c, an efflux pump protein, was predicted by docking
studies (7). Briefly, The Preparation Wizard version 5.8 software was used
to prepare a model of Rv1258c. Five putative binding sites on the prepared
model protein were identified using SiteMap (version 2.6). Docking stud-
ies of verapamil and its analogs were performed with each binding site
using Extra Precision (XP) Glide, and the overall interaction with
Rv1258c was described in terms of gliding scores. Higher numbers indi-
cate better predictive binding. A more detailed description of the docking
studies is found in the supplemental Methods and in Fig. S1 to S4 in the
supplemental material.

Measuring intracellular drug levels using liquid chromatography-
mass spectrometry. Plate-adherent human macrophages were treated
with verapamil or KSV21 for 2 h. After 2 h, the supernatants were removed
and macrophages lysed with water and ethanol. The lysates were passed
through 0.2-�m-pore-size filters.

Samples (100 �l total volume) were diluted with control matrix
(RPMI plus 10% fetal bovine serum [FBS] or macrophage cell lysate), as
appropriate, to bring samples into the dynamic of the standard curve (1 to
1,000 ng/ml). Internal standard was added to all samples. The samples
were capped, mixed on a multiplate vortex for 5 min, and centrifuged for
5 min at 3,200 rpm. The supernatants were transferred to a 96-well sample
plate and capped for liquid chromatography-tandem mass spectrometry
(LC/MS/MS) analysis. The multiple-reaction monitoring (MRM) transi-
tions for verapamil and KS21 were m/z 455.3¡165.2 and 495.4¡165.1,
respectively. The mobile phases consisted of 0.1% formic acid in water
(aqueous) and 100% acetonitrile (organic) with an Amour C18 reverse-
phase column (2.1 by 30 mm; pore size, 5 �m) at a flow rate of 0.35
ml/min. The starting phase was 10% acetonitrile for 0.9 min and was then
increased to 95% acetonitrile over 0.4 min, which was maintained for an
additional 0.3 min before returning to 10% acetonitrile over 0.4 min. The
10% acetonitrile was held for an additional 1.6 min. Peak areas were
integrated using Analyst 1.5.1 (AB Sciex, Foster City, CA). The percent
intracellular accumulation of drugs was calculated as follows: [intracellu-
lar drug concentration (macrophage lysate)/drug concentration in super-
natants 	 drug concentration in lysate] � 100.

Identifying the interactions of selected verapamil analogs with iso-
niazid and rifampin. The MICs of isoniazid and rifampin for intracellular
M. tuberculosis were determined by testing ranges of concentrations of
each drug separately. Eight different concentrations ranging from 0.0012
to 7.3 �M were added to M. tuberculosis-infected macrophages in tripli-
cate. After 72 h, the cells were lysed with saponin, and the number of
intracellular bacteria was quantified by subculturing different dilutions
on 7H10 agar. The number of bacteria from cultures containing drugs was
compared with the number of bacteria from drug-free cultures. The MIC
was defined as the lowest concentration that inhibits at least 90% of intra-
cellular M. tuberculosis cells. The effects of combinations of verapamil
analogs with sub-MICs of isoniazid (INH) or rifampin on intracellular M.
tuberculosis were studied using infected human macrophages, as described
above.

Statistical analysis. Mann-Whitney U tests (GraphPad Software, Inc.,
San Diego, CA, USA) were used for nonparametric analysis of differences
between drug-free controls and conditions with drugs. A P value of �0.05
was considered statistically significant.

RESULTS
Verapamil and norverapamil inhibit intracellular mycobacte-
rial growth. It is known that verapamil does not inhibit the
growth of extracellular M. tuberculosis (6). However, the expo-
sure of M. tuberculosis to the intracellular environment of macro-
phages increases the susceptibility of M. tuberculosis to the efflux
pump inhibitory activities of verapamil (4, 6). This is important,
because M. tuberculosis is an intracellular bacterium residing pri-
marily inside macrophages. In this study, we used a range of vera-
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pamil concentrations, including concentrations that were much
lower than those previously tested. Figure 1 shows that verapamil
and norverapamil inhibit intracellular BCG and intracellular M.
tuberculosis in a dose-dependent manner. The highest concentra-
tions selected had no or minimal cytotoxicity on THP-1 cells.

Verapamil and norverapamil do not enhance activation of
M. tuberculosis-infected macrophages. Available evidence indi-
cates that efflux pumps are important for the intracellular survival
of M. tuberculosis. Thus, efflux pump inhibition might be the ma-
jor mechanism by which verapamil and norverapamil inhibit in-
tracellular mycobacteria (4, 6, 17). Verapamil is a calcium channel
blocker, which may interfere with the cellular functions of Myco-
bacterium-infected macrophages. This suggests that other mech-
anisms that lead to the activation of macrophages may indirectly
affect the intracellular survival of mycobacteria.

Activated macrophages release effector molecules, which
help them control the growth of intracellular mycobacteria
(18–23). In view of the possibility that verapamil activates mac-
rophages, we assessed the activation levels of BCG-infected
macrophages cultured in the presence or absence of 100 �M
verapamil or norverapamil by measuring the levels of nitric
oxide and several cytokines present in the culture supernatants.
We found that verapamil and norverapamil did not increase
the levels of nitric oxide, IL-1�, TNF-�, or IFN-� (see Fig. S5 in
the supplemental material), suggesting that the inhibition of
intracellular mycobacteria by these drugs was not related to a
change in macrophage activation.

Autophagy is not involved in the activities of verapamil and
norverapamil on intracellular mycobacteria. Autophagy is a cel-

lular process that aids in the acidification of the mycobacterial
phagosome, leading to the inhibition of intracellular mycobacte-
rial growth (24, 25). Verapamil is a known autophagy inducer
(26). Verapamil increases microtubule-associated protein 1 light
chain 3 expression and enhances the metabolism of abnormal
proteins in an atg5-dependent manner (26). On this basis, we next
addressed whether or not verapamil uses autophagy as part of its
mechanism(s) of intracellular M. tuberculosis inhibition. We used
BMDM from ATG5flox/flox (control) and ATG5flox/flox Lyz-Cre
(atg5atg5-deficient) mice. Figure 2 shows that verapamil is simi-
larly potent in Mycobacterium-infected BMDM from control and
atg5-deficient atg5mice, indicating that the anti-TB effects of ve-
rapamil are not due to the induction of autophagy. Similar results
were obtained using norverapamil.

Verapamil and norverapamil inhibit expansion of M. tuber-
culosis-specific T cells. M. tuberculosis-specific immunity is im-
portant to limit the progression of TB and improve the cure rate of
anti-TB treatment (27–31). Because previous reports have shown
that verapamil inhibits tumor-specific T cells (32), we next studied
the effects of verapamil and norverapamil on M. tuberculosis-spe-
cific T cells. T cells from exposed individuals proliferate and pro-
duce IFN-� following stimulation with M. tuberculosis or M. tu-
berculosis antigens (12). We stimulated CFSE-labeled PBMCs
from PPD-positive donors with M. tuberculosis whole-cell lysate
(WL), and after 7 days, we measured the number of proliferated
and IFN-�-producing T cells using flow cytometry. Figure 3 dem-
onstrates that low concentrations of both verapamil and norvera-
pamil significantly inhibit the expansion of M. tuberculosis-spe-
cific CD3	 T cells.

FIG 1 Activities of verapamil and norverapamil on intracellular BCG and M. tuberculosis. Human monocytes were infected with BCG or M. tuberculosis (Mtb)
for at least 4 h before washing and adding different concentrations of verapamil or norverapamil. The infected monocytes were cultured for 72 h. Next, the
monocytes were lysed with saponin, and the released bacteria were quantified using a [3H]uridine incorporation assay. Percent inhibition was calculated as
follows: 100 � (100 � [dpm in the drug-treated cultures/dpm in the untreated cultures]). (A) Activities of verapamil on intracellular BCG. (B) Activities of
norverapamil on intracellular BCG. (C and D) Activities of verapamil and norverapamil on intracellular M. tuberculosis, respectively. The error bars represent the
standard error of mean (SEM) values from the results from 5 experiments. *, P � 0.05; **, P � 0.01 (Mann-Whitney U test).
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New verapamil analogs possess anti-TB activities without af-
fecting M. tuberculosis-specific T cells. New analogs were de-
signed and synthesized for structure-activity-relationship studies,
with the goal of identifying analogs with improved potency for use
at lower concentrations, which would address the liabilities asso-
ciated with high dosages of verapamil or norverapamil (i.e., hypo-
tension and other toxicities). This is in view of the fact that vera-
pamil was optimized for its calcium channel-blocking properties
and not efflux pump and/or antibacterial inhibition. Specific
modifications were made in the first iteration, which included
altering one of the side chains of the verapamil molecule. The
activities of new analogs on intracellular mycobacteria were tested
using concentrations that have no or minimal cytotoxicities on
THP-1 cells (see Fig. S6 in the supplemental material). The anti-
mycobacterial effects of new analogs on intracellular BCG are
shown in Fig. 4. The inhibitory effects at the highest concentra-
tions of three analogs, KSV21, MKV4, and MKV9, on intracellular
BCG were not significantly different from those seen with equiv-
alent concentrations of verapamil or norverapamil. Therefore,
these three analogs were next tested for the inhibition of intracel-
lular M. tuberculosis. Figure 5A shows that while all three mole-
cules inhibited the growth of intracellular M. tuberculosis at con-
centrations of 2.5 �M, KSV21 was significantly more potent than
MKV4 (P � 0.05). The activities of KSV21 and MKV9 were sim-
ilar.

New verapamil analogs KSV21 and MKV4 do not affect the
expansion of M. tuberculosis-specific T cells. We next studied the
effects of selected analogs on M. tuberculosis-specific T cell immu-
nity. We stimulated CFSE-labeled PBMCs from PPD-positive do-
nors with M. tuberculosis WL for 7 days and measured the prolif-
eration of M. tuberculosis-specific effector T cells using flow
cytometry. MKV9 inhibited M. tuberculosis-specific T cell prolif-
eration and IFN-� production (P � 0.05), whereas KSV21 and
MKV4 showed no effect on M. tuberculosis-specific immunity at
concentrations of 2.5 �M (Fig. 5B). Concentrations of KSV21 as
high as 25 �M did not interfere with the expansion of M. tubercu-
losis-specific T cells and were similar to the results with 2.5 �M.

FIG 2 Inhibition of intracellular M. tuberculosis by verapamil does not involve autophagy. BMDM from Atg5flox/flox (control) and Atg5flox/flox Lyz-CreA plated
on 96-well plates were infected with BCG (A) or M. tuberculosis (Mtb) (B) for 4 h. Extracellular bacteria were removed by washing. Different concentrations of
verapamil were added, and the cells were cultured for 72 h. Next, BMDM were lysed with saponin and the released bacteria quantified by a [3H]-uridine
incorporation assay. Percent inhibition was calculated as follows: 100 � (100 � [dpm in the drug-treated cultures/dpm in the untreated cultures]). The percent
inhibition rates of the different concentrations of verapamil on BCG- or M. tuberculosis-infected BMDM from Atg5flox/flox Lyz-CreA mice were not significantly
different from the percent inhibition rates of matching concentrations of verapamil on infected BMDM from Atg5flox/flox (control) mice. Results are shown as
means � standard errors.

FIG 3 Verapamil and norverapamil limit the expansion of M. tuberculosis-
specific T cells. PBMCs from PPD-positive subjects (n 
 5) were labeled with
CFSE and stimulated with M. tuberculosis WL for 7 days in the presence or
absence of different concentrations of efflux pump inhibitors. On day 7, viable
cells were estimated after counting of cells in aliquots mixed with trypan blue
dye. In parallel, all cells were restimulated with phorbol myristate acetate
(PMA) and ionomycin in the presence of GolgiStop for 2 h, and then stained
for surface CD3 and intracellular IFN-�. Flow-cytometric acquisition was per-
formed by use of a BD LSR II instrument. (A and B) Effects of different con-
centrations of verapamil (A) and norverapamil (B) on the expansion of M.
tuberculosis-specific T cells. *, P � 0.05; **, P � 0.01, by Mann-Whitney U test.
Results are shown as means � standard errors.
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New verapamil analog KSV21 inhibits mycobacterial efflux
pumps. We next measured the efflux pump inhibitory activities of
verapamil, KSV21, and MKV4 using a modified ethidium bro-
mide assay. Ethidium bromide-stained mycobacteria remove the
dye through efflux pumps (33). Efflux pump inhibitors, owing to
their inhibitory effect on the efflux of ethidium bromide, maintain
the fluorescence of stained bacteria, which can easily be identified
by flow cytometry. Figure 6A demonstrates that KSV21 prevents
mycobacteria from removing ethidium bromide to the same de-
gree as verapamil. This may indicate that KSV21, like verapamil,
inhibits intracellular M. tuberculosis by inhibiting mycobacterial
efflux pumps. MKV4 did not significantly inhibit mycobacterial
efflux pumps at the concentration tested. Similar to verapamil,

autophagy did not play a role in the mechanism of killing of in-
tracellular mycobacteria by KSV21 (see Fig. S7 in the supplemen-
tal material).

KSV21 penetrates macrophages better than verapamil. The
liquid chromatography-mass spectrometry (LC-MS) results
showed that KSV21 accumulates within macrophages better than
verapamil, with intracellular accumulation rates of 26% and 11%,
respectively (see Fig. S8 in the supplemental material). A higher
intracellular accumulation rate may make KSV21 a more attrac-
tive efflux pump inhibitor, since M. tuberculosis is primarily an
intracellular pathogen.

KSV21 enhances the inhibitory activities of isoniazid and ri-
fampin on intracellular M. tuberculosis. KSV21 is a unique efflux

FIG 4 Activities of verapamil analogs on intracellular BCG. (A) KSV10. (B) KSV21. (C) MKV4. (D) MKV8. (E) MKV9. Infected monocytes were cultured in the
presence or absence of drugs for 72 h. Next, monocytes were lysed with saponin, and the released bacteria were quantified using a [3H]uridine incorporation
assay. Percent inhibition was calculated as follows: 100 � (100 � [dpm in the drug-treated cultures/dpm in the untreated cultures]). (F) The activity of the highest
concentration of each drug was compared with the activity of a similar concentration of verapamil. KSV10 and MKV8 had significantly lower activity than
verapamil (P � 0.05, Mann-Whitney U test). The activities of KSV21, MKV4, and MKV9 were comparable with the activity of verapamil. Results are shown as
means � standard errors.

FIG 5 Effects of new verapamil analogs on intracellular M. tuberculosis and M. tuberculosis-specific immunity. (A) Activities of selected analogs on intracellular
M. tuberculosis. Each drug was used at a final concentration of 2.5 �M. KSV21 had significantly better activity than MKV4 (*, P � 0.05, Mann-Whitney U test).
(B) Effects of new analogs on the expansion of M. tuberculosis-specific T cells. The experimental setup was similar to that described in the Fig. 3 legend. MKV9
at a concentration of 2.5 �M significantly inhibited M. tuberculosis-specific T cells (*, P � 0.05). Similar concentrations of MKV4 and KSV21 did not inhibit the
expansion of M. tuberculosis-specific T cells. MR, medium rested. Results are shown as means � standard errors.
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pump inhibitor with potent activity on intracellular BCG and M.
tuberculosis (Fig. 4 and 5). Additionally, unlike verapamil and nor-
verapamil, KSV21 was shown not to interfere with the prolifera-
tion of M. tuberculosis-specific T cells (Fig. 5B). These desirable
features make KSV21 a good candidate for studies in combination
with key first-line TB drugs. To that end, we cultured M. tubercu-
losis-infected macrophages in the presence of multiple concentra-
tions of KSV21 alone and in combination with sub-MICs of iso-
niazid and rifampin. The number of intracellular M. tuberculosis
cells was quantified 3 days later. We found that concentrations of
KSV21 of �2.5 �M are required to enhance the anti-TB activities
of isoniazid and rifampin. Figure 6 shows that KSV21 (2.5 �M)
enhanced the anti-TB activities of isoniazid (Fig. 6B) and rifampin
(Fig. 6C).

DISCUSSION

Several reports have shown that efflux pump inhibitors, including
verapamil, inhibit the survival of intracellular M. tuberculosis and
enhance the anti-TB activities of other drugs (4, 6). In addition, it
was recently shown that norverapamil has anti-TB activities sim-
ilar to those of verapamil (6). This is important, since norvera-
pamil is one of the major metabolites of verapamil, and its serum
levels may be equivalent to those of verapamil after first-pass me-
tabolism (34, 35). The anti-TB activities of concentrations of ve-
rapamil close to maximum achievable serum levels have not been
tested. At normal doses, the achievable serum levels of verapamil
may not exceed 1 �M (35, 36). Higher serum concentrations,
particularly concentrations of �9 �M, may cause serious side
effects, with high mortality (37). In this study, we used various
concentrations of verapamil and norverapamil, including concen-
trations that are close to the reported maximum achievable serum
drug levels. Our results showed that even the lowest concentration
tested (12.5 �M) had 36% and 40% inhibition on intracellular
BCG and M. tuberculosis, respectively (Fig. 1). The effects of vera-
pamil and norverapamil on intracellular BCG are concentration
dependent, but the effects on intracellular M. tuberculosis do not
appear to be concentration dependent.

The design of new and more effective analogs of verapamil

requires a better understanding of the possible mechanisms of
action. Verapamil is a potent efflux pump inhibitor, and this ap-
pears to be the likely mechanism responsible for enhancing the
anti-TB activities of other drugs (4, 6). However, the fact that
verapamil is a calcium channel blocker and a potent autophagy
inducer (26) indicates the possibility that other mechanisms may
be contributing to the activity of this drug on intracellular M.
tuberculosis. Our results showed that macrophage activation and
autophagy are unlikely to be the major mechanisms of the anti-TB
activity of verapamil.

M. tuberculosis-specific immunity is essential to limit the pro-
gression of TB, and it enhances anti-TB treatment and cure (27–
31). Available evidence indicates that verapamil inhibits the pro-
liferation of T and B cells, leading some to consider this drug to be
an immunosuppressive agent (38–40). It has been demonstrated
that verapamil inhibits the proliferation of T and B cells following
polyclonal stimulation with concanavalin, phytohemagglutinin,
pokeweed mitogen, and alloantigens (39, 40). The effects of vera-
pamil on M. tuberculosis-specific T cells have not yet been inves-
tigated. Our results clearly show that both verapamil and norvera-
pamil inhibit the expansion of mycobacterial antigen-specific T
cells. To our surprise, even low concentrations of these drugs sig-
nificantly inhibited the expansion of M. tuberculosis-specific T
cells. Mycobacterial efflux pump inhibitors may also inhibit host
cell efflux pumps, which may, therefore, interfere with at least
some normal cellular functions (41–44), including proliferation.
These results were important in our selection criteria for new an-
alogs in which we focus on those that retain efflux pump inhibi-
tory and anti-TB activities at concentrations that do not interfere
with T cell expansion.

Of the five analogs tested, three (KSV21, MKV4, and MK9) had
activities comparable to those of verapamil and norverapamil on
intracellular BCG. These three compounds were also found to
potently inhibit intracellular M. tuberculosis. MKV9 inhibited the
expansion of M. tuberculosis-specific T cells and was not studied
further. The mycobacterial efflux pump inhibitory properties of
KSV21 and MKV4 were tested using pure BCG culture. MKV4 did

FIG 6 KSV21 has efflux pump inhibitory activity and enhances the activities of two key first-line drugs on intracellular M. tuberculosis. (A) Efflux pump
inhibitory activities of drugs were measured using an ethidium bromide-based flow-cytometric assay. The results show that BCG cultured in the presence of
verapamil (100 �M) or KSV21 (40 �M) had significantly higher fluorescence than the drug-free control (P � 0.01), indicating that KSV21 is a potent efflux pump
inhibitor. MKV4 (100 �M) did not show efflux pump inhibitory activity. (B and C) Infected monocytes were cultured in the presence or absence of drugs for 72
h. Next, the monocytes were lysed with saponin and the released bacteria quantified using a [3H]uridine incorporation assay. Percent inhibition was calculated
as follows: 100 � (100 � [dpm in the drug-treated cultures/dpm in the untreated cultures]). (B) KSV21 enhances the activity of isoniazid on intracellular M.
tuberculosis. KSV21 (2.5 �M) was studied alone or in combination with a sub-MIC of isoniazid (0.006 �M). The anti-TB activities of the combination were
significantly better than the activity of KSV21 or isoniazid alone (*, P � 0.05, Mann-Whitney U test). (C) KSV21 enhances the activity of rifampin (0.001 �M)
on intracellular M. tuberculosis. KSV21 (2.5 �M) was studied alone or in combination with a sub-MIC of rifampin. The anti-TB activity of the combination was
significantly better than the activity of KSV21 or rifampin alone (**, P � 0.01, Mann-Whitney U test). Results are shown as means � standard errors.
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not show efflux pump inhibitory activities, and the mechanisms
for how it may act on intracellular M. tuberculosis are not clear.
KSV21 was found to be unique in that in addition to inhibiting
intracellular M. tuberculosis, it retained mycobacterial efflux
pump inhibitory activities at concentrations that did not interfere
with the expansion of M. tuberculosis-specific T cells. Mycobacte-
rial efflux pumps are important for survival in a stressful environ-
ment inside macrophages (4), and the expression of many efflux
pumps is transcriptionally upregulated inside macrophages (3).
Therefore, interference with the functions of mycobacterial efflux
pumps is expected to limit survival inside macrophages and en-
hance the activities of other anti-TB drugs. In fact, efflux pump
inhibitors, such as verapamil and reserpine, have been shown to
enhance the activities of rifampin, bedaquiline, and moxifloxacin
(4, 45). Synergistic interaction with key first-line or new drugs can
be useful to shorten TB treatment and effectively manage drug-
resistant TB. Because of its activities on mycobacterial efflux
pumps, we tested the effects of interactions of KSV21 with key
first-line anti-TB drugs, isoniazid and rifampin, on intracellular
M. tuberculosis. KSV21 enhanced the effects of isoniazid and ri-
fampin on intracellular M. tuberculosis, likely due to mycobacte-
rial efflux pump inhibition.

KSV21 is a promising analog that can be used as a basis to
design more analogs, which will help improve mycobacterial ef-
flux pump inhibitory activities and enhance the effects on intra-
cellular M. tuberculosis without untoward effects on TB-specific
immunity. Our results suggest that the in vivo evaluation of KSV21
in relevant animal models is warranted.
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