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ABSTRACT We sought a new approach to treating infections by intracellular bacteria, namely, by altering host cell functions that
support their growth. We screened a library of 640 Food and Drug Administration (FDA)-approved compounds for agents that
render THP-1 cells resistant to infection by four intracellular pathogens. We identified numerous drugs that are not antibiotics
but were highly effective in inhibiting intracellular bacterial growth with limited toxicity to host cells. These compounds are
likely to target three kinds of host functions: (i) G protein-coupled receptors, (ii) intracellular calcium signals, and (iii) mem-
brane cholesterol distribution. The compounds that targeted G protein receptor signaling and calcium fluxes broadly inhibited
Coxiella burnetii, Legionella pneumophila, Brucella abortus, and Rickettsia conorii, while those directed against cholesterol
traffic strongly attenuated the intracellular growth of C. burnetii and L. pneumophila. These pathways probably support intra-
cellular pathogen growth so that drugs that perturb them may be therapeutic candidates. Combining host- and pathogen-
directed treatments is a strategy to decrease the emergence of drug-resistant intracellular bacterial pathogens.

IMPORTANCE Although antibiotic treatment is often successful, it is becoming clear that alternatives to conventional pathogen-
directed therapy must be developed in the face of increasing antibiotic resistance. Moreover, the costs and timing associated with
the development of novel antimicrobials make repurposed FDA-approved drugs attractive host-targeted therapeutics. This
paper describes a novel approach of identifying such host-targeted therapeutics against intracellular bacterial pathogens. We
identified several FDA-approved drugs that inhibit the growth of intracellular bacteria, thereby implicating host intracellular
pathways presumably utilized by bacteria during infection.
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Despite the increasing resistance of pathogenic bacteria to an-
tibiotics and the growing need for new antimicrobials, the

development of novel therapeutics has slowed (1, 2). New broad-
spectrum therapeutics that are safe, effective, and not vulnerable
to the development of bacterial resistance are therefore highly
desirable. Intracellular bacterial pathogens are often difficult to
treat with conventional antibiotics. An alternative therapeutic ap-
proach is to perturb host pathways used by bacteria in various
stages of their life cycle, namely, adhesion, entry, and growth. Our
goal here was to discover drugs that perturb host cell targets and
limit infection by intracellular pathogens. We refer to such agents
as “host-directed antimicrobial drugs,” or HDADs. Such agents
may have the additional benefit of reducing the development of
resistance to conventional antibiotics.

We used four intracellular bacterial species to search for
HDADs: Coxiella burnetii, Legionella pneumophila, Brucella abor-
tus, and Rickettsia conorii. These are the causative agents of Q

fever, Legionnaires’ disease, brucellosis, and Mediterranean spot-
ted fever, respectively. We began our work with Coxiella burnetii,
a common, readily dispersed pathogen that poses a risk to human
populations in agricultural settings (3). C. burnetii resides in the
acidic environment of modified phagolysosomes, where it re-
quires multiple components of host trafficking pathways (4, 5).

We initially screened for HDADs that inhibit the entry and/or
the intracellular growth of C. burnetii in THP-1 macrophage-like
cells. We then determined which of these drugs limited the entry
versus the intracellular growth of various other pathogens. While
each of these organisms has a unique intracellular lifestyle, they
probably depend on some of the same host functions. These in-
clude signaling proteins, organelle trafficking effectors, and me-
tabolites that serve as nutrients (6–9). Indeed, we identified several
FDA-approved, host-directed drugs that inhibit the intracellular
growth of multiple pathogens. These drugs provide a foundation
for the development of a novel class of antibacterial therapeutics.
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RESULTS
Identification of drugs that block the intracellular growth of
Coxiella burnetii. We screened a library of 640 FDA-approved
drugs (Enzo Life Sciences; BML-2842) for compounds that block
the intracellular growth of C. burnetii in THP-1 cells. We assessed
the intracellular growth of a C. burnetii NMII strain that constitu-
tively expresses the mCherry fluorescent protein by measuring its
red fluorescence (�580 [excitation]/�620 [emission]) over the
course of 120 h. The fluorescence signal is proportional to the
numbers of CFU and genome equivalents of C. burnetii and there-
fore is an accurate indicator of bacterial cell growth (Fig. S1).
Initially, drugs were added 2 h before infection to identify com-
pounds that blocked either the entry or the subsequent intracel-
lular growth of the bacteria. The initial screen identified 158 com-
pounds that reduced the final intracellular abundance of
C. burnetii at 120 h by 80% or more.

To eliminate false positives due to host cell toxicity, we assayed
cell viability by determining the cells’ ability to reduce 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
Using uninfected THP-1 cells, we found that 66 of the 640 test
compounds showed a time-dependent decrease in viability over a
period of 120 h (Fig. 1A; see also Fig. S2A and Table S1 in the
supplemental material). We also used high-content image analysis
to independently measure the cytotoxic effects of the drugs on
C. burnetii-infected THP-1 cells. In this assay, we compared un-
treated and drug-treated cells for the percentage of the area in each
microscopic field occupied by THP-1 cells fluorescently labeled by
the cholesterol stain filipin. We found an additional 11 com-
pounds to be cytotoxic, and these results correlated with the MTT
data (Fig. S2B; Table S1). Figure 1B shows merged fluorescence
images of the mCherry expressed by intracellular C. burnetii and
filipin staining for a representative set of eight compounds. These
eight compounds illustrate the results of the previous assays: no
effect (moroxydine, glipizide), cytotoxicity (cyclosporine, quina-
crine, and puromycin), and “hits” (amiodarone, loperamide, and
bepridil). Hits are compounds that reduce intracellular growth by
at least 80% but cause less than a 20% decrease in viability based
on the Coxiella-containing vacuole (CCV) counts, MTT dye re-
duction, and relative mCherry fluorescence. That is, the hit com-
pounds prevented the development of CCVs in the absence of
cytotoxicity. Growth curves generated by measuring the accumu-
lation of mCherry fluorescence in the presence of the eight repre-
sentative compounds confirm growth inhibition. In total, we
identified 112 compounds that inhibit the intracellular growth of
C. burnetii with minimal cytotoxicity to host cells (Table S2).

Because our objective was to identify drugs that target host
rather than bacterial functions, we ruled out compounds that act
directly on the C. burnetii. We thus eliminated all drugs that were
annotated as antibiotics, antifungals, antivirals, antiprotozoals,
antimalarials, antituberculars, and antipneumocystics (Table S2).
Nevertheless, most of the library compounds delivered at 33 �M,
the concentration used for screening, decreased the growth of
Coxiella in acidified citrate cysteine medium 2 (ACCM-2), an ax-
enic medium (Table S3). ACCM-2 is an empirically derived
nutrient-rich formulation containing high concentrations of
L-cysteine and iron salts that supports C. burnetii metabolic activ-
ity in the absence of host cells. It is possible that some drugs react
with medium components to generate toxic by-products and/or
to diminish the availability of essential nutrients. These effects

may not be relevant during C. burnetii growth in host cells, since
most compounds that decrease C. burnetii growth in ACCM-2
had little or no effect on their growth in THP-1 cells. When re-
tested at 10 �M, many of the 112 hit compounds no longer re-
duced axenic growth yet still inhibited intracellular growth (Ta-
ble S3). Therefore, 75 host-targeting compounds were not
cytotoxic but inhibited C. burnetii growth in THP-1 cells (Ta-
bles S2 and S3). The effect of these 75 compounds on the number
and size of CCV, intracellular bacterial growth, and cell viability is
shown in Fig. S3A. Nearly all of the agents decreased both the
number and the size of C. burnetii CCV (Fig. S3B) and inhibited
intracellular bacterial growth (Fig. S4A). Furthermore, each of
these drugs inhibited C. burnetii growth not only in THP-1 but
also in HeLa cells at 50% effective concentrations (EC50s) of 5 to
25 �M, that is, at lower concentrations than that used for screen-
ing, 33 �M (Fig. S4B to D). We infer that these compounds alter
the physiology of THP-1 cells and thereby limit their ability to
support C. burnetii infection or growth.

Host receptor signaling, calcium fluxes, and sterol homeo-
stasis are required for C. burnetii intracellular growth. To find
out which host pathways are affected by the 75 hit compounds, we
grouped them according to their annotations in the PubChem and
DrugBank databases (10, 11). Most fell into three general catego-
ries: those that target G protein-coupled receptors (GPCRs), those
that interfere with calcium transport, and those that target sterol
homeostasis (Table 1). Nearly all of the agents that target GPCRs
are antagonists of signaling receptors for acetylcholine, histamine,
serotonin, dopamine, and other adrenergics, suggesting that cel-
lular signaling pathways are required for the intracellular growth
of C. burnetii. Utilization of host signaling pathways has previ-
ously been observed for several bacterial pathogens, including
C. burnetii (12–15). In addition, the proper functions of several
host kinases that are downstream effectors of these receptors are
essential for the intracellular growth of L. pneumophila, a species
closely related to C. burnetii (16). It is also possible that the agents
that we identified do not act on GPCRs or that GPCRs support
pathogen growth through novel actions distinct from their canon-
ical functions (17–19).

To test the hypothesis that compounds targeting GPCRs, cal-
cium, and sterol homeostasis interfere with C. burnetii intracellu-
lar growth, we also examined small molecules that are not in-
cluded in the 640-compound FDA library but are known to target
GPCRs. In particular, we tested a collection of GPCR agonists
whose function is opposite to those of our GPCR antagonist hits.
We observed that these agonists had no effect on C. burnetii intra-
cellular growth. For example, while dopamine receptor antago-
nists from the FDA collection suppressed C. burnetii infection,
6,7-ADTN, a dopamine receptor agonist had no effect. Similarly,
cholinergic receptor antagonists suppressed intracellular bacterial
growth, while (�)-epibatidine, a cholinergic receptor agonist, had
no effect. No effect was also observed for other GPCR agonists,
including serotonin, 8-epi-prostaglandin F2, clonidine, and hista-
mine, which stimulate serotonin, thromboxane, adrenergic, and
histamine receptors, respectively (Table 2). In addition, we tested
a number of kinase inhibitors, including those for protein kinase
A (PKA), vascular endothelial growth factor receptor (VEGF-R;
Flk-1) tyrosine, mitogen-activated protein (MAP), Syk, and Raf.
These agents strongly attenuated C. burnetii intracellular growth
without killing the THP-1 cells (Table 2). These data support the
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FIG 1 Identification of antibacterial compounds that are nontoxic to host cells. (A) Six hundred forty FDA-approved drugs were first screened for their
inhibition of the intracellular growth of bacteria in THP-1 cells. Then, they were screened to eliminate those toxic to THP-1 cells. Finally, host-acting compounds
were identified by removing known antimicrobials. (B) Dual-fluorescence images of THP-1 cells treated with representative compounds. (Top) Agents with no
effect on the intracellular C. burnetii growth or host cells; (middle) cytotoxic agents; (bottom) agents inhibiting bacterial growth but not cytotoxic. Each image
represents the overlay of two fluorescence channels: 590/650 nm to detect mCherry-expressing C. burnetii and 340/380 nm to detect filipin-stained cell
membranes. The pseudogreen color was used to visually improve the detection of C. burnetii. Scale bar, 100 �m. (C) Agents causing different degrees of inhibition
of C. burnetii intracellular growth and host cell cytotoxicity. Circles, relative prevalence of Coxiella-containing vacuoles (CCVs); triangles, relative mCherry
fluorescence; gray bars, relative viability at day 5; RFU, relative fluorescence units. (D) Effect of selected compounds on CCV size (area of individual CCV in each
image). (E) Growth of C. burnetii in THP-1 cells treated with selected compounds at 33 �M. Intracellular bacterial abundance was followed over 5 days by the
mCherry fluorescence of the bacteria.
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TABLE 1 Nontoxic host-targeting inhibitors of four intracellular pathogensa

Compound name Therapeutic class

Inhibition

Major pathway/targetCb Lp Ba Rc

Trifluoperazine·2HCl (205) Antipsychotic � � � GPCRs/Ca
Lomerizine (330) Antimigraine � � � Ca
Bepridil·HCl (12) Antianginal � � � Ca
Loperamide·HCl (16) Antidiarrheal � � � GPCRs/Ca
(�)-Butaclamol·HCl (93), aripiprazole (149), trifluperidol (637) Antipsychotic � � � GPCRs/Ca
Clemastine (130) Antihistamine � � � GPCRs
Nisoldipine (139) Antihypertensive � � � GPCRs/Ca
Mifepristone (620) Abortifacient � � S
Oxatomide (223) Antiallergic � � GPCRs
Amitriptyline·HCl (444) Antidepressant � � GPCRs
Chlorpromazine·HCl (95) Antiemetic � � GPCRs/Ca
Cyproheptadine (639) Antihistamine � � GPCRs/Ca
Trequinsin·HCl (609) Antihypertensive � � GPCRs/Ca
Bromocriptine mesylate (215) Anti-Parkinsonian � � GPCRs
Spiperone·HCl (107) Antipsychotic � � GPCRs/Ca
Dihydroergocristine (594) Antivertigo � � GPCRs
Finasteride (440) Benign prostatic hypertrophy � � S
Melengestrol acetate (622) Progestogen � � S
Fluoxetine (596) Antidepressant � � GPCRs/Ca
Verapamil (198), felodipine (202) Antihypertensive � � GPCRs/Ca
Naltrindole·HCl (105) Opioid antagonist � � GPCRs
Orphenadrine citrate (402) Antispasmodic � � GPCRs
Desloratadine (412) Antihistamine � � GPCRs
Donepezil·HCl (5) Nootropic � GPCRs
Amiodarone·HCl (13) Antiarrhythmic � IonC
Benzydamine (640) Analgesic � Lipids
Suramin (256) Anthelmintic � GPCRs
Flutamide (448) Antiandrogen � GPCRs
Propafenone (24) Antiarrhythmic � GPCRs
Ketotifen (587) Antiasthmatic � GPCRs/Ca
Maprotiline·HCl (55), nisoxetine·HCl (56), mianserin·HCl (81),

imipramine·HCl (113), amoxapine (114), escitalopram (153),
citalopram (394)

Antidepressant � GPCRs/Ca

Domperidone (96), tropisetron (577) Antiemetic � GPCRs
Danazol (410) Antigonadotropin � S
Promethazine·HCl (103), loratadine (478) Antihistamine � GPCRs
Nicardipine·HCl (14), naftopidil·2HCl (33), manidipine (135),

lacidipine (140), propranolol S(�) (163), diltiazem (194),
nimodipine (196), nitrendipine (197), cilnidipine (203),
doxazosin (419), propranolol (540)

Antihypertensive � GPCRs/Ca

Dihydroergotamine mesylate (40) Antimigraine � GPCRs
Lapatinib ditosylate (274), bicalutamide (305), toremifene (570) Antineoplastic � HER, TK, GPCRs
Calcipotriene (283) Antipsoriatic � Vitamin D
Haloperidol (67), quetiapine fumarate (111), clozapine (216),

clothiapine (217), mesoridazine besylate (600)
Antipsychotic � GPCRs/Ca

Dipyridamole (227), cilostamide (602) Antithrombotic � PDE
Canrenone (380) Diuretic � S
Vardenafil (131) Erectile dysfunction � PDE
Estradiol (428) Estrogen � S
Naltriben methanesulfonate hydrate (118) Opioid antagonist � GPCRs
Chlormadinone acetate (388), progesterone (523) Progestogen � S
Cinanserin (592) Serotonin antagonist � GPCRs
Flunarizine·2HCl (200) Vasodilator � GPCRs/Ca
Fluspirilene (17) Antipsychotic � � GPCRs/Ca
(R)-(�)-Apomorphine·HCl (94) Anti-Parkinsonian � GPCR
Carvedilol (164), telmisartan (558) Antihypertensive � GPCRs/Ca, ATR/PPAR
Bleomycin (158), 5-fluorouracil (441) Antineoplastic � DNA
Raloxifene (262) Antiosteoporotic � S
Tolcapone (136) Anti-Parkinsonian � COMT
Estriol (429), medroxyprogesterone 17-acetate (482),

pregnenolone (527), megestrol acetate (621)
Estrogen/progestogen � S

(Continued on following page)
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hypothesis that proper receptor kinase signaling is required for the
successful growth of C. burnetii in THP-1 cells.

Identification of compounds that decrease the intracellular
growth of other bacterial pathogens: Legionella pneumophila,
Brucella abortus, and Rickettsia conorii. To search for host-
directed inhibitors of the entry or growth of intracellular patho-
gens other than C. burnetii, we screened the FDA library using
L. pneumophila, B. abortus, and R. conorii. We found 56 noncyto-
toxic compounds that inhibited the intracellular growth of
mCherry-expressing L. pneumophila by more than 80% in THP-1

cells over a period of 72 h. Thirty-two of these compounds act on
the host cells, while the remaining 24 target the pathogens
(Fig. 2A; Tables 1 and S2). The majority of the 32 host-active
compounds are annotated as targeting GPCR signaling, calcium,
and sterol/hormone homeostasis in Table 1.

Only one compound, the antibiotic azithromycin, inhibited
the intracellular growth of mCherry-expressing B. abortus by
more than 80%. However, 15 other compounds inhibited its
growth by more than 50%. Four of these have known antibiotic
activities, and the remaining 11 may potentially act on host cell

TABLE 1 (Continued)

Compound name Therapeutic class

Inhibition

Major pathway/targetCb Lp Ba Rc

Clomiphene (398) Gonad stimulant � � S
Dehydroepiandrosterone (411) Adrenal hormone � S
Dexamethasone (226), clobetasol propionate (401), fluocinolone

acetonide (446)
Anti-inflammatory � S, GCR

Doxofylline (421) Bronchodilator � PDE
17-Hydroxyprogesterone (463) Progestogen � S
Prazosin·HCl (34) Antihypertensive � GPCRs
Troglitazone (260) Antidiabetic � PPAR
Mevastatin (254) Antihyperlipidemic � HMG-CoA
Bexarotene (296) Antineoplastic � RXR
Fluphenazine·2HCl (97) Antipsychotic � GPCRs
Calcifediol (220) Vitamin/antirachitic � Vitamin D
a Compound numbers are given in parentheses. The previously established therapeutic class and targeted pathway are given for each agent. Target pathways are abbreviated as
follows: GPCR, G protein-coupled receptors; S, sterol/hormone; COMT, catechol-O-methyl transferase; PDE, phosphodiesterase; IonC, ion channel; GCR, glucocorticoid receptor;
ATR, angiotensin receptor; PPAR, peroxisome proliferator-activated receptor; TK, tyrosine kinase; HER, human epidermal growth factors receptor; HMG-CoA,
hydroxymethylglutaryl-CoA reductase; and RXR, retinoid X receptor. � represents �80% inhibition of the intracellular growth. Pathogens are abbreviated as follows: Cb,
C. burnetii; Lp, L. pneumophila; Ba, B. abortus; and Rc, R. conorii.

TABLE 2 Additional compounds that target signaling, calcium, and sterol/hormone homeostasis

Target Compound Description Cb growth inhibitiona

GPCR/kinases Serotonin Serotonin R agonist No
6,7-ADTN Dopamine R agonist No
(�)-Epibatidine Nicotinic cholinergin agonist No
Clonidine Adrenergic R agonist No
Histamine Histamine R agonist No
Prostaglandin F2a Prostaglandin FP receptor agonist No
U-46619 Thromboxane TP receptor agonist No
A-3 Kinase inhibitors Yes
H-89 Kinase inhibitors (PKA inhibitor) Yes
ML7 Kinase inhibitors Yes
ML9 Kinase inhibitors Yes
SU-4312 Kinase inhibitors: VEGF-R (Flk-1) tyrosine kinase Yes
SB202190 Kinase inhibitors (MAP kinase inhibitor) Yes
Piceatannol Kinase inhibitors (Syk inhibitor) Yes
ZM336372 Kinase inhibitors (Raf inhibitor) Yes
Genistein Kinase inhibitors (tyrosine kinase inhibitor) Yes

Calcium U-50488 Ca channel blocker Yes
E6 berbamine Calmodulin inhibitor Yes
(R)-(�)-BAY K-8644 Ca channel blocker Yes
Thapsigargin Ca-ATPase inhibitor Yes

Sterol/hormones RHC-80267 DAG lipase inhibitor Yes
BW-B 70C 5-Lipoxygenase inhibitor Yes
NS-398 Cox-2 inhibitor Yes
AA-861 5-Lipoxygenase inhibitor Yes

a Compounds not included in the original FDA library were tested for inhibition of C. burnetii intracellular growth in THP-1 cells treated at various concentrations (3 to 149 �M)
of agent. “Yes” denotes compounds that inhibited C. burnetii intracellular growth by �80% at concentrations ranging between 21 and 68 �M. No, no effect; DAG, diacylglycerol.
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functions (Fig. 2A; Tables 1 and S2). Fluorescent strains of
R. conorii are not available, so we relied on an immunofluores-
cence assay to assess the organism’s growth in THP-1 cells (20).
Twenty-eight noncytotoxic compounds inhibited the intracellu-
lar growth of R. conorii by more than 80% at 72 h following infec-
tion. Eight of these are known to target the pathogen, and the
remaining 20 are likely to act on host functions (Fig. 2A; Tables 1
and S2). Notably, most of these 20 compounds act upon GPCR
signaling and calcium homeostasis, but some also target the per-
oxisome proliferator-activated receptor, the retinoid X receptor,
vitamin D metabolism, and hydroxymethylglutaryl coenzyme A
(CoA) reductase (Table 1). These other pathways may reflect the
fact that R. conorii replicates in the cytosol rather than in a vacuole,
as do the other three bacterial species. We conclude that GPCR
signaling and calcium fluxes may be involved in the entry or in-
tracellular growth of all four bacterial species studied. Other path-
ways may possibly be utilized by individual species.

HDADs can be grouped into functional and structural clus-
ters. Many drugs inhibited more than one of the four pathogens,
as shown in the Venn diagram in Fig. 2B and listed in Table 1. For
example, 11 out of 32 compounds that were effective against
L. pneumophila were also effective in inhibiting C. burnetii. Seven
compounds (bepridil, loperamide, butaclamol, aripiprazole, trif-
luperidol, clemastine, and nisoldipine) inhibited three pathogens,
C. burnetii, L. pneumophila, and R. conorii, while inhibition of
C. burnetii and R. conorii occurred with fluoxetine, verapamil,
felodipine, and naltrindole (Fig. 2B). We then compared the in-
hibitory effects of groups of hits on the four pathogens using clus-
tering analysis. Because the clustering analysis was performed with
all of the data, including results for cytotoxicity and antibiotics, we
found that the majority of drugs that strongly inhibited the intra-
cellular growth of all four bacterial species either were toxic to the
host cells or were known antibiotics. However, clusters A to D in
Fig. 2D suggest that certain drugs have no cytotoxicity against
THP-1 cells and no known antimicrobial activity. In particular,
cluster B includes compounds that blocked the growth of all four
of the pathogens to some degree. The other clusters suggest non-
cytotoxic and nonantimicrobial agents that were effective in in-
hibiting at least two pathogens. We also found that compounds
that inhibited C. burnetii were more likely to affect L. pneumophila
than the other two pathogens, suggesting that these species might
utilize common host pathways (Fig. 2C). This was unexpected,
given the very different properties of the L. pneumophila and
C. burnetii vacuoles; it may reflect, however, their close phyloge-
netic relationship and/or similar nutritional requirements.

In total, we identified 101 noncytotoxic and nonantimicrobial
drugs that at least partially inhibited the intracellular growth of
one or more of the four pathogens. To determine whether these
compounds are structurally related, we extrapolated the two-

FIG 2 Effects of drugs on four intracellular pathogens. (A) Numbers of drugs
(in the starting library of 640) that caused �80% inhibition of the intracellular
growth of C. burnetii, L. pneumophila, and R. conorii or �50% inhibition of
B. abortus. Black bars represent host-targeted compounds, while the gray bars
represent pathogen-targeted compounds, including antibiotics, antifungals,
antivirals, antiprotozoals, antimalarials, antituberculars, and antipneumocys-
tics. (B) Venn diagram of numbers of overlapping compounds among the 101
most effective host-targeting compounds inhibiting the intracellular growth of

(Continued)

Figure Legend Continued

four pathogens. The values in the squares give the numbers of compounds that
affect the indicated organisms, while the numbers in parentheses in the four
sectors of the diagram give the sums of the values for the overlapping com-
pounds for each organism. (C) Heatmap generated using hierarchical cluster-
ing of inhibitory efficiencies of all compounds from the library. Blue denotes
no inhibition, and red denotes complete inhibition. Labels A to D indicate the
representative clusters of hits shown in panel D. Ba, B. abortus; Rc, R. conorii;
Cb, C. burnetii; Lp, L. pneumophila. (D) Closeup heatmaps of clusters A to D
from panel C. Compound numbers are shown next to each name.
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dimensional (2D) Tanimoto similarity score using the Chemical
Structure Clustering Tool available through PubChem (11). We
found that the compounds generally fell into one of seven major
groups (Fig. S5). Structure cluster 1 contains 15 sterol-like com-
pounds that inhibit the growth of all four intracellular pathogens.
Structure cluster 2 contains eight dihydropyridine calcium chan-
nel blockers that predominantly affect C. burnetii growth. Struc-
ture cluster 5 contains four thioxantine-containing compounds
(trifluoperazine, fluphenazine, promethazine, chlorpromazine)
that strongly inhibit most of the four pathogens. Structure cluster
5 also contains compounds with dibenzocycloheptene structures
(cyproheptadine and amitriptyline) that inhibit the intracellular
growth of both C. burnetii and L. pneumophila. Finally, structure
cluster 7 contains 4-phenyl piperidine-containing hit com-
pounds, such as loperamide, haloperidol, and trifluperidol. Thus,
many of the HDADs fall into groups with shared chemical fea-
tures.

Disruption of cholesterol trafficking blocks the intracellular
growth of C. burnetii and L. pneumophila. The requirement for
host cholesterol during infection by a number of bacterial species,
including C. burnetii and Brucella spp., has been previously ob-
served (21–27). Because several of the FDA drugs that block
C. burnetii intracellular growth are annotated as inhibitors of cho-
lesterol homeostasis, we screened the FDA library for drugs that
alter intracellular cholesterol distribution. To do this, we imaged
cell membrane cholesterol with the sterol-specific fluorescent
stain filipin. We performed this screen not only on THP-1 cells but
also on HeLa cells because of their superior filipin imaging. Under
normal conditions, cholesterol is localized largely to the plasma
membrane, but many compounds promote its accumulation in
endolysosomal vesicles. One such compound, U18666A, an in-
hibitor of cholesterol transport, served as a positive control; it
clearly decreased filipin staining at the plasma membrane and in-
creased filipin staining of endosomal vesicles in both THP-1 and
HeLa cells (Fig. S6A).

Sixty-two members of the FDA drug library affected the distri-
bution of cholesterol in HeLa and THP-1 cells in a manner similar
to that of U18666A (Fig. 3A; Table S4). Many of these 62 com-
pounds were not previously known to alter cholesterol distribu-
tion. The majority of these agents were noncytotoxic in the MTT
assay. Surprisingly, 57 of these 62 compounds completely inhib-
ited the intracellular growth of C. burnetii (Fig. 3B). The five drugs
that had no effect on C. burnetii have structures closely related to
that of cholesterol (Fig. 3C). Many of the cholesterol-directed
compounds were less effective on L. pneumophila and even less so
on R. conorii; most had little effect on B. abortus (Fig. S6B). We
infer that several classes of compounds that perturb cholesterol
distribution block intracellular multiplication, particularly of
C. burnetii.

To independently evaluate the role of cholesterol trafficking in
the intracellular growth of C. burnetii, we constructed THP-1 cell
lines with decreased levels of NPC-1, a transporter that facilitates
the export of cholesterol from late endosomes and lysosomes. We
found that reducing the expression of NPC-1 decreased the intra-
cellular growth of C. burnetii (Fig. 4A and B). We infer that the
intracellular movement of cholesterol is a key determinant of
C. burnetii growth that can be interrupted by a wide variety of
FDA-approved drugs.

Do HDADs block pathogen entry or intracellular multiplica-
tion? In the foregoing studies, drugs were added to cells prior to

infection. In order to determine whether the compounds prevent
pathogen uptake or subsequent growth, we examined the effects
of adding the compounds 4 h after infection. A strong correlation
was observed between the levels of inhibition of intracellular
growth when the compounds were added before and after infec-
tion (Fig. 5A), suggesting that the effect of most agents is on
growth rather than entry. The correlation was strongest for C. bur-
netii. In contrast, we found that for L. pneumophila and, especially,
B. abortus, several agents were more effective when added prior to,
rather than after, infection, suggesting that they block pathogen
entry. We therefore grouped agents showing similar effects on
pathogen growth when applied pre- and postinfection using
K-means complete clustering (K � 20). Clustering highlighted the
differences between the effects of the two groups of agents
(Fig. 5B). The relative inhibitory effects of these drugs are pre-
sented in Fig. 5C. For C. burnetii, cluster 8 contains 12 drugs that
were significantly more effective when added before rather than
after infection (Fig. 5C, top). In the case of L. pneumophila, cluster
11 contains 17 drugs that exceeded 60% inhibition of intracellular
growth when applied prior to infection but had little effect when
applied postinfection (Fig. 5C, middle). Similarly, for B. abortus,
the compounds in clusters 1 and 14 were highly inhibitory prior to
infection but not afterward. Three of these drugs, vincristine sul-
fate, albendazole, and disulfiram, are known inhibitors of micro-
tubule polymerization (28–30). Indeed, inhibitors of microtu-
bules have been shown to block the internalization of B. abortus
(31). We infer that some agents in each cluster inhibit bacterial
entry. For therapeutic applications, interest should be focused on
the most potent drugs that act after infection, in particular,
HDADs that inhibit a broad range of bacterial species. These in-
clude trifluoperazine, lomerizine, bepridil, loperamide, butacla-
mol, aripiprazole, trifluperidol, clemastine, and nisoldipine.

DISCUSSION

This study identified drugs that strongly inhibit the intracellular
growth of bacterial pathogens by targeting host cells. We screened
a small library of FDA-approved drugs because there is consider-
able information about their properties. Furthermore, if any were
found to be effective in vitro, they could be applied in vivo without
significant toxicity. We found that many compounds blocked the
growth of one or more of four bacterial species. We established
systematic methods for measuring the intracellular growth of bac-
teria that can be applied to other species and even to viruses and
parasites.

We were surprised to find a large number of host-directed
antimicrobial drugs (HDADs) among the 640 compounds in the
FDA library. Others have reported individual instances of host-
targeted compounds that interfere with infection by a variety of
pathogens, many of which were also found in the work reported
here (Table 3). The actions of these HDADs might reflect their
known activities or secondary or even off-target effects. For exam-
ple, the ability to alter the cellular distribution of cholesterol was
not previously reported for most of the 62 agents with this activity.
Many of the HDADs could be grouped based on their known
targets. Our results confirm earlier work demonstrating the effec-
tiveness of calcium-targeting compounds against infection by the
intracellular pathogen Neorickettsia risticii (32). Several GPCR an-
tagonists, but not agonists, were inhibitory of bacterial growth, as
were drugs that interfere with kinase signaling pathways and cal-
cium homeostasis. Although the functions of host signaling path-
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ways in promoting or limiting intracellular pathogens has been
studied extensively, the roles of individual GPCRs are not known.
HDADs targeting GPCRs may provide new information about
host cell pathways important for certain pathogens.

We propose two general and testable hypotheses for the actions
of HDADs. First, some may bind to their known targets and alter
host cell physiology in the anticipated manner. Second, the phys-
icochemical properties of a drug might result in “off-target” ef-
fects producing changes in the host cell that limit pathogen growth
or survival. There are well-known instances of these effects among
commonly prescribed drugs. For example, phospholipidosis can
be induced by cationic amphiphiles that accumulate in the acidic

milieu of lysosomes (33). There, such agents can inhibit acid
sphingomyelinase, and some of them may have broad clinical appli-
cations through altering lysosomal function (34, 35). Finally, many
drugs that are “promiscuous inhibitors” of enzymes or GPCRs share
properties that lead to colloidal aggregation (36, 37). Although these
properties may confound detailed biochemical analyses, they might
produce beneficial effects in vivo and alter cell physiology so that the
intracellular growth of pathogens is decreased. These inadvertent,
nonspecific effects may confer broad inhibition of a variety of intra-
cellular pathogens. Further studies on subsets of the compounds
identified in this work will be required to distinguish among these
possible mechanisms.

FIG 3 Effect of cholesterol perturbation on the intracellular growth of C. burnetii. (A) HeLa cells treated for 24 h with representative compounds at 33 �M and
then fixed and stained for cholesterol with filipin. Grayscale was inverted for better visualization. Scale bar, 100 �m. (B) Effects of 62 cholesterol-disrupting
compounds on C. burnetii intracellular growth measured by fluorescence (relative to that of DMSO-treated control cells). (C) Chemical structures of cholesterol
and 5 of the 62 compounds that perturbed cholesterol but not C. burnetii growth.
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MATERIALS AND METHODS
Bacterial strains and media. All studies on live B. abortus and R. conorii
were performed in a biosafety level 3 (BLS-3) facility at the University of
Chicago, Howard Taylor Ricketts Regional Biocontainment Laboratory,
according to U.S. select-agent regulations. C. burnetii Nine Mile Phase II
(NMII) RSA439 (mCherry) is an RG-2 strain that is exempt from U.S.
select-agent regulations. It was grown in acidified citrate cysteine medium
2 (ACCM-2) or solid ACCM-2 at 2.5% O2 (38). Six-day-old cultures were
used for experiments. The abundance of bacteria was assessed by their
optical density at 600 nm (OD600), and OD600s were normalized to C. bur-
netii-equivalent genomes determined by quantitative PCR and to num-
bers of CFU of bacteria grown on solid ACCM-2. L. pneumophila strain
JR32 carrying the plasmid vector pXDC50 expressing mCherry fluores-
cent protein under an isopropyl-�-D-thiogalactopyranoside (IPTG)-
inducible Ptac promoter, was grown on N-(2-acetamido)-2-
aminoethanesulfonic acid-buffered charcoal yeast extract (ABCYE)
medium plates containing chloramphenicol (5 �g/ml) and then streaked
on ABCYE plates containing chloramphenicol and 0.5 mM IPTG to in-
duce expression of mCherry (39). B. abortus mCherry was generated from
the wild-type B. abortus 2308 parent strain by integration of a mini-Tn7
plasmid expressing mCherry (the mini-Tn7 plasmid was a gift of H. P.
Schweizer). B. abortus was grown overnight in suspension in tryptic soy
broth, centrifuged, and resuspended to 1 � 109 CFU/ml in RPMI 1640
(Gibco) prior to infection. R. conorii Malish7 was grown in Vero cells and
released by needle shearing; the bacteria were purified by sucrose density
gradient centrifugation prior to use (9, 20).

Cell culture. All cell lines were grown at 37°C in a humidified environ-
ment with 5% CO2. THP-1 macrophage-like cells were grown to a maxi-
mum density of 1 � 106/ml in complete RPMI 1640 medium supple-
mented with 1% penicillin-streptomycin (GIBCO), 2 mM glutamine
(GIBCO), and 10% heat-inactivated fetal bovine serum (FBS; HyClone).
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO) supplemented with 2 mM glutamine and 1%
penicillin-streptomycin plus 10% heat-inactivated fetal bovine serum.
Vero cells were cultivated in DMEM supplemented with 1� nonessential
amino acids (Mediatech) and 0.5 mM sodium pyruvate (Lonza).

Drugs and reagents. The 640 compounds used in the screens were
obtained from the Screen-Well FDA-approved drug library and provided
as 10 mM stock solutions in dimethyl sulfoxide (DMSO; BML-2842; Enzo
Life Sciences). Additional compounds were obtained from the Screen-
Well ICCB Known Bioactives Library as 5 mg/ml or 1 mM stock solutions

in DMSO (Enzo Life Sciences, BML02840-0100). Filipin and U18666A
were dissolved in DMSO (Sigma-Aldrich).

General method for screening inhibition of intracellular bacterial
growth. Two days prior to infection, THP-1 cells (100-�l aliquots at 1 �
106 cells/ml) were placed in the wells of 96-well plates (3904; Costar) and
differentiated with 40 ng/ml phorbol myristate acetate (PMA). The plates
were incubated in a humidified incubator at 37°C under 5% CO2. The
medium overlying the confluent cell monolayers was replaced with Ad-
vanced RPMI-1640, and drugs were added to 33 �M (final concentration)
at a specified time prior to or following infection. After the addition of
bacteria, the plates were centrifuged at 2,170 rpm for 10 min to promote
infection.

Screen for inhibition of Coxiella burnetii intracellular growth. The
growth medium was replaced with advanced RPMI 1640. Drugs were
added to the monolayers at 33 �M (final concentration) 2 h prior to
infection or 4 h after infection. Bacteria were added at a multiplicity of
infection (MOI) of 20 for THP-1 cells and at an MOI of 100 for HeLa cells.
The intracellular growth of C. burnetii was assessed by the fluorescence of
the constitutively expressed mCherry protein using a Tecan Infinite M200
PRO fluorescence plate reader with 580-nm excitation and 620-nm emis-
sion (40).

Screen for inhibition of Legionella pneumophila intracellular
growth. On the day of screening, the medium overlying THP-1 cells was
replaced with 100 �l of complete CO2-independent medium (complete
CO2IM; Gibco) and the plates were preincubated for 2 h prior to infection
in complete CO2-independent medium containing drugs at 33 �M (final
concentration; 0.3% DMSO). L. pneumophila cells were resuspended in
CO2-independent medium, and each well was infected with 10 �l of a
bacterial suspension that yielded an MOI of 10. After centrifugation at
2,170 rpm for 10 min to promote infection, the plates were incubated for
3 days at 37°C, and mCherry fluorescence was measured.

Screen for inhibition of Brucella abortus intracellular growth. One
day prior to infection, B. abortus 2308 was grown from frozen stocks in
tryptic soy broth in a shaking incubator at 37°C, washed, and added at an
MOI of 100 to wells of THP-1 cells containing either 33 �M drug (prein-
fection treatment) or no drug (postinfection treatment). The plates were
centrifuged to synchronize infection and then incubated for 1 h at 37°C.
At that time, 50 �g/ml gentamicin was added for 30 min to kill extracel-
lular but not intracellular bacteria. The cells were further washed and
incubated in fresh medium containing 25 �g/ml gentamicin. At this

FIG 4 Genetic disruption of cholesterol homeostasis inhibits the intracellular growth of C. burnetii. (A) Images of NPC-1 shRNA-mediated inhibition of
intracellular C. burnetii. Panels I and IV show Nomarski images of control (empty-vector shRNA) THP-1 cells and cells transfected with NPC-1 shRNA. Panels
II and V show fluorescence signals generated from the shRNA vector. Panels III and VI show intracellular C. burnetii. For direct comparison of fluorescence
signals, images were taken at a constant exposure. Scale bars, 100 �m. (B) Growth curve of C. burnetii in THP-1 cells transfected with the control and three
different constructs of NPC-1 shRNA. Western blot of NPC-1 levels relative to those in an actin control in cells transfected with NPC-1 shRNA constructs and
control shRNA.
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point, 33 �M drug was added to the postinfection treatment set. Cells
were incubated for 3 days before fluorescence was determined.

Screen for inhibition of Rickettsia conorii intracellular growth.
Drugs were added 30 min prior to infection of THP-1 cells with R. conorii
at an MOI of 2.5. The plates were centrifuged at 500 � g for 5 min. After
3 days at 37°C (to mid-log phase), the monolayers were fixed with para-
formaldehyde and permeabilized with 0.1% Triton X-100. R. conorii were

detected with 1 �g/ml anti-OmpB (5C7.31) followed by Alexa Fluor 488
goat anti-mouse IgG (20). Fluorescent antibody binding was measured
using a Tecan Infinite M200 Pro microplate reader with 488-nm excita-
tion and 525-nm emission.

Colorimetric MTT cytotoxicity assay. Reduction of MTT [3-(4.5-
dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide] was used as an
index of cell viability. MTT was added to wells at a final concentration of

FIG 5 Identification of compounds that affect microbial entry. (A) Graphs representing correlations between efficiencies of drug inhibition of the intracellular
bacterial growth of C. burnetii, L. pneumophila, and B. abortus when the drug was applied preinfection and postinfection. (B) Heatmaps generated by binning
(K-means � 20) hierarchical cluster analysis results for the efficiency of drugs pre- versus postinfection. The color scale ranges from 0 (blue, no inhibition) to 1
(red, complete inhibition). (C) Bar graphs representing compounds from clusters with the highest difference in inhibition between the pre- and postinfection
treatments. Inhibition values �1 were set to 1, and values �0 were set to 0.
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0.5 mg/ml, and the cells were incubated for 4 h at 37°C in a humidified
incubator at 5% CO2. The medium was replaced with 100 �l isopropyl
alcohol containing 40 mM HCl and 20 �l of 10% sodium dodecyl sulfate
(SDS) (to solubilize precipitated serum protein). Absorbance of the reac-
tion product was measured at 570 nm in a Tecan Infinite 200 Pro micro-
plate reader.

High-content cell imaging. Cells were imaged in an ultrathin glass
bottom 96-well plate (655090; Greiner) at the University of Chicago Cel-
lular Screening Center using the ImageXpress high-content screening sys-
tem integrated with a Thermo F3 robotic arm. Images were acquired at a
�20 magnification at constant exposure. Two- to 4-fold field coverage
was imaged for each condition and analyzed using ImageJ (41). All images
were visually screened for imaging artifacts.

Cholesterol staining. HeLa cells were allowed to attach overnight to
wells. THP-1 cells were differentiated with PMA for 48 h prior to drug
treatment. Fresh medium and compounds were added at a final concen-
tration of 10 to 50 �M, and the cells were further incubated for 24 h. Cells
were then washed twice with phosphate-buffered saline (PBS) and incu-
bated for 10 min at room temperature on a rotating platform with 100 �l
of 4% paraformaldehyde (Thermo Scientific). The fixed cells were washed
with PBS and incubated with filipin (F9765; Sigma-Aldrich) at 50 �g/ml
for 1 h in the dark and washed again before storage at 4°C prior to imaging.

High-content cytotoxicity assay. Cytotoxicity to THP-1 cells infected
with C. burnetii was estimated 5 days after addition of drugs from the
relative reduction of cell numbers. Filipin staining of their cholesterol was
used to visualize cells by fluorescence imaging using the ImageXpress
high-content screening system at a �20 magnification. Cytotoxicity was
estimated from the fractional coverage of well bottoms with cells, relative
to the coverage of well bottoms with nontreated infected controls. Images
were analyzed by the batch protocol using an ImageJ macro. All images
were visually screened for imaging artifacts.

Coxiella-containing vacuole count. Coxiella-infected cells were
treated with test agents for 5 days prior to being imaged. ImageJ analysis
was then used to count the number and size distribution of the intracel-
lular vacuoles therein. Images were analyzed by the batch protocol using
an ImageJ macro. The threshold for vacuole detection was set between 20
and 255 grayscale. The sizes of particles for analysis were set between 200
and infinity, and their circularity was set between 0.6 and 1.0.

Fluorescence imaging. Live-cell imaging was done using the Olympus
IX-81 motorized inverted microscope equipped with the X-Cite series
120Q wide-field fluorescence excitation light source (EXFO). Cells were
imaged using 10�/0.3 and 20�/0.45 LUCPLFLN objectives. Images were
captured using an Olympus DP72 camera with cellSens imaging software
v1.8.1 (Olympus).

Lentivirus production. Phoenix cells and the helper plasmids pMD.G
and pCMVR8.91 were kind gifts of Jose Silva, Columbia University, New
York, NY. The 3 GIPZ lentiviral human NPC-1 short hairpin RNA
(shRNA) constructs used in this study were obtained from Open Biosys-
tems (Thermo-Scientific). Phoenix cells were grown in DMEM supple-
mented with glutamine and 10% FBS. Twenty-four hours prior to trans-
fection, Phoenix cells were plated to achieve 50 to 70% confluence on the
day of transfection. Transfection was as described by the manufacturer’s
instructions (42) (jetPEI Polyplus transfection; VWR, Chicago, IL).
Briefly, helper plasmids pMD.G and pCMVR8.91 were mixed together
with the GPIZ NPC-1 shRNA plasmid in the presence of the DNA trans-
fection reagent jetPEI, and the mixture of DNA and jetPEI was placed on
the cells. Media containing lentivirus was collected after 48 h and passed
through a 0.45-�m filter.

NPC-1 knockdown. THP-1 cells were infected with lentivirus carrying
an shRNA vector and a green fluorescent protein (GFP) marker. One
milliliter of THP-1 culture was dispensed into 6-well plates at 5 � 105

cells/well, followed by addition of 1 ml of virus suspension (mixed with
Polybrene, 4 �g/ml). The plates were centrifuged at 200 � g for 1 h at
room temperature and then incubated at 37°C under 5% CO2 for 6 h.
Cells were centrifuged at 300 � g for 10 min, washed to remove Polybrene
and small debris, and resuspended in complete advanced RPMI 1640
medium, and the incubation continued. Medium was removed from the
infected cells after 24 h, and fresh medium was added. Cells were collected
by centrifugation at 300 � g for 10 min at room temperature, and the cell
pellet was resuspended in 500 �l PBS containing 2% serum. The suspen-
sion was filtered through a cell strainer (40-�m nylon; BD-Falcon); the
GFP-positive THP-1 cells were isolated by flow cytometry and grown in
complete advanced RPMI 1640. The NPC-1 shRNA knockdown cells
were differentiated with PMA, analyzed by Western blotting for expres-
sion of NPC-1 protein, and analyzed for L. pneumophila infection as pre-
viously described.

TABLE 3 Cross-reference for drugs with published reports on their effectiveness in inhibiting a broader spectrum of pathogensa

Pathogen group Organism Compound(s) Model(s) Reference(s)

Bacteria Listeria monocytogenes Pimozide, flunarizine·2HCl, thioridazine, trifluoperazine·2HCl,
fluphenazine·2HCl, amiodarone·HCl, bepridil·HCl,
tamoxifen, clomiphene citrate, floxuridine, celecoxib

TC 43, 44

Anaplasma phagocytophilum Imipramine, imatinib, nystatin TC 23, 45, 46
Neorickettsia risticii Verapamil, diltiazem, flunarizine, nifedipine, chlorpromazine,

trifluoperazine
TC 32

Bacillus subtilis Pimozide TC 43
Salmonella enterica serovar Typhimurium Pimozide, nifedipine, chlorpromazine·HCl TC, AM 43, 47, 48
Escherichia coli Pimozide, finasteride TC, AM 43, 49
MRSA Thioridazine, chlorpromazine·HCl TC 50
Mycobacterium tuberculosis Thioridazine, vitamin D, imatinib, verapamil, Patients, TC, AM 51–57
Vibrio cholerae Lacidipine AM 58
Pseudomonas aeruginosa Raloxifene AM 59
Chlamydia pneumoniae Verapamil, nifedipine TC 47, 60
C. burnetii 17-Beta-estradiol AM 61

Viruses VSV Donepezil·HCl TC 62, 66
HIV Vitamin D, citalopram TC 54, 63
EBV Haloperidol, trifluoperazine·2HCl, chlorpromazine·HCl,

promethazine·HCl
TC 64

HBV Chlorpromazine·HCl TC 65
a Representative reports indicate that HDADs inhibit bacterial and/or viral infections in tissue culture (TC), animal models (AM), and patients (23, 32, 43– 66). MRSA, methicillin-
resistant Staphylococcus aureus; VSV, vesicular stomatitis virus; EBV, Epstein-Barr virus; HBV, hepatitis B virus.
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Western blots. Western blot analysis was performed on cell extracts (3
� 105 cell equivalents) boiled in SDS sample buffer and run on 4 to 20%
polyacrylamide precast gels (Bio-Rad). The blot was incubated in the
presence of rabbit anti-NPC-1 monoclonal antibody (1:1,000; EPR5209;
Abcam) followed by a 2-h incubation with horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibody (1:500; Amersham
Life Science). The signal was detected by its chemiluminescence (Super-
Signal West Femto maximum-sensitivity substrate; Thermo Scientific).

Cluster analysis. Inhibitory efficiencies of all drugs against each of the
four bacterial species were scaled 0 to 1 before cluster analysis. Complete
linkage hierarchical clustering was performed using the University of Chi-
cago Center for Research Informatics Web interface specifically designed
for our data set (https://biocore.cri.uchicago.edu/). The K-means cluster-
ing algorithm was applied to data generated from pre- versus post-
infection treatment.

Statistical analysis. Screens were done two or three times, except for
R. conorii. Growth inhibition was normalized to control cells treated with
DMSO only; standard deviations (SD) are given for 3 experiments. The
EC50s (50% effective concentrations) of selected compounds were calcu-
lated using GraphPad Prism software. The molecular-structure Tanimoto
similarity score of compounds was obtained using the Chemical Structure
Clustering Tool. A Tanimoto similarity score of less than 0.68 was con-
sidered statistically significant (P � 0.05).
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