International Journal of Antimicrobial Agents 54 (2019) 85-88

journal homepage: www.elsevier.com/locate/ijantimicag

Contents lists available at ScienceDirect

International Journal of Antimicrobial Agents

Antimicrobial
Agents

Short Communication

Disulfiram, an alcohol dependence therapy, can inhibit the in vitro )

growth of Francisella tularensis

Check for
updates

Karleigh A. Hamblin?, Helen Flick-Smith®* Kay B. Barnes?, José B. Pereira-Leal "<,
Jaroslaw Surkont®, Richard Hampson¢, Helen S. Atkins®¢, Sarah V. Harding?

3 CBR Division, Defence Science and Technology Laboratory, Porton Down, Salisbury, UK
b Instituto Gulbenkian de Ciéncia, Oeiras, Portugal

€ Ophiomics - Precision Medicine, Lisbon, Portugal

d Thelial Technologies S.A., Lisbon, Portugal

¢ Biosciences, University of Exeter, Exeter, UK

ARTICLE INFO ABSTRACT

Article history:
Received 8 January 2019
Accepted 6 April 2019

Keywords:
Disulfiram
Francisella tularensis
Drug repurposing
Bioinformatics

MIc therapy for tularemia.

Disulfiram (DSF) can help treat alcohol dependency by inhibiting aldehyde dehydrogenase (ALDH). Ge-
nomic analysis revealed that Francisella tularensis, the causative agent of tularemia, has lost all but one
ALDH-like domain and that this domain retains the target of DSF. In this study, minimum inhibitory con-
centration (MIC) assays demonstrated that both DSF and its primary metabolite diethyldithiocarbamate
(DDC) have strong antimicrobial activity against F tularensis strain SCHU S4, with the MIC of DSF de-
termined as 2 pg/mL in comparison with 8 pg/mL for DDC. The activity of DSF was further confirmed
using an in vitro human macrophage infection assay. Francisella tularensis bacteria in DSF-treated cells
were reduced in comparison with untreated and DDC-treated cells, comparable with that observed in
doxycycline-treated cells. This suggests that DSF may be suitable for further investigation as an in vivo
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1. Introduction

Francisella tularensis, a Gram-negative, facultative, intracellular
bacterium, is the causative agent of tularemia, a potentially fatal
disease in humans. Although cases of human tularemia are rel-
atively rare, sporadic outbreaks still occur in the USA, Asia and
Scandinavia where it is transmitted primarily via arthropod vec-
tors. It has a low infectious dose particularly via the aerosol route
(approximately 10 CFU) and this has led to concerns about its po-
tential use as a biowarfare agent. There is no licenced vaccine for
tularemia and, although there are a number of effective antibiotics
currently available, new approaches to finding antimicrobial agents
effective as post-exposure therapies are ongoing [1]. Attempting to
identify and license new antibiotics is a costly and time-consuming
process, with conservative estimates of >10 years and US$800 mil-
lion [2]. Furthermore, considering current pricing policies for an-
tibiotics, there is little incentive for pharmaceutical companies to
develop new therapies for diseases such as tularemia where natu-
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ral occurrence is relatively low (approximately 200 cases per year
in the USA [3]). Repurposing licensed drugs provides significant ad-
vantages over de novo discovery as the pharmacology and toxicol-
ogy of these drugs is well established, reducing the cost and effort
required for drug development. Well-known examples of repurpos-
ing include teicoplanin (from Gram-positive bacterial infections to
Ebola virus therapy) and azithromycin (from bacterial infections to
Zika virus therapy). There has been a considerable effort to re-
view ‘old’ antibiotics to determine whether modern advances in
medicine can enable these drugs to be used safely [4], but perhaps
other licensed therapies also have an unknown antimicrobial effect
and could be used to treat tularemia.

One drug that has received some attention for potential antimi-
crobial use is disulfiram (DSF), which was discovered accidently in
the 1940s [5]. DSF (tetraethylthiuram disulfide) given via the oral
route has been used for many years in the management of alcohol
dependence. DSF and its metabolites [e.g. diethyldithiocarbamate
(DCC)] blocks the metabolism of alcohol by inhibiting aldehyde de-
hydrogenase (ALDH) and therefore results in extreme ‘hangover’
symptoms when consumed with alcohol, hence its use as an anti-
alcoholism drug. There are some restricted claims in the literature
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of the antimicrobial action of DSF and its metabolites against
certain bacteria, specifically in vitro against Staphylococcus aureus
[6,7] and in vitro and in vivo against Mycobacterium tuberculosis
[8,9].

Intracellular parasites are well known to suffer extensive gene
loss [10-12]. One of the authors (JBPL) has previously formulated
the hypothesis that in addition to the loss of whole pathways and
biosynthetic capabilities, intracellular parasites lose genetic redun-
dancy, i.e. the ability to perform the same function using multiple
related versions of the same gene, be they paralogues or xeno-
logues [13]. In that work, it was noted that E tularensis had a
specific case of predicted loss of genetic redundancy that could
have pharmacological implications. i.e. the loss of paralogues of the
ALDH-like family. In humans, this protein is the substrate and me-
diator of the toxicity of DSFE.

Hence, in the current study, we tested whether DSF, and its
metabolite DCC, is an antimicrobial with anti-tularemia activity.

2. Materials and methods
2.1. Bioinformatics

The SUPERFAMILY definition of domain ALDH-like superfamily
was used (accession no. SSF53720), based on release 1.75 [14]. All
of the proteins for the species described above that contained at
least one instance of the ALDH-like superfamily domain were ex-
tracted. The total number of genes for each species was extracted
from GenBank, and the taxonomic tree from NCBI taxonomy [15].
Protein sequences were aligned using MAFFT v.7.305 [16] with de-
fault parameters. Mapping of secondary structure elements was
based on the crystal structure of human ALDH2 (PDB: 5L13) [16].

2.2. Reagents

All reagents were purchased from Sigma-Aldrich (Poole, UK) un-
less otherwise stated. Before use, DSF was dissolved in dimethyl
sulfoxide (DMSO), whereas its metabolite DDC and doxycycline
were dissolved in sterile distilled water prior to dilution in mod-
ified cysteine partial hydrolysate (MCPH) broth or Leibovitz (L)-15
medium (Gibco, Loughborough, UK).

2.3. Bacterial strains and culture

Francisella tularensis subsp. tularensis strain SCHU S4 and F. tu-
larensis subsp. holarctica strain HN63 were obtained from the US
Army Medical Research Institute of Infectious Diseases (Frederick,
MD). Both strains were cultured on blood-cysteine-glucose agar
(BCGA) and in MCPH broth [17]. Bacterial numbers were deter-
mined by enumeration of serially diluted bacteria on agar plates.
All experiments with E tularensis were carried out in a Class Il mi-
crobiological safety cabinet complying with British Standard 5726.
Staphylococcus aureus strain ATCC 29213, grown on Luria-Bertani
agar, was used for quality control.

2.4. Minimum inhibitory concentration (MIC) assays

MICs for DSF and DDC were determined by the broth microdilu-
tion method in accordance with Clinical and Laboratory Standards
Institute (CLSI) guidelines [18], using MCPH broth as this better
supported F. tularensis growth (data not shown). Owing to the low
solubility of DSF in water, the highest concentration that could be
used in MIC assays was 32 pg/mL with 5% DMSO. Plates were incu-
bated at 37°C for 24 h and were read using a Multiskan® EX plate
reader (Thermo Fisher Scientific) at 620 nm. The MIC was the low-
est concentration of antibiotic resulting in <10% growth compared
with MCPH broth containing no antibiotic. Doxycycline was used

as a control, with the S. aureus MICs for doxycycline within the
acceptable quality control limits.

2.5. In vitro cell infection assay

The non-adherent human monocytic cell line THP-1 [European
Collection of Authenticated Cell Cultures (ECACC), Public Health
England, Porton Down, UK] was grown in RPMI 1640 medium
(Gibco) containing 10% fetal bovine serum (FBS) and 2 mM L-
glutamine at 37°C in 5% CO,. Prior to infection, THP-1 cells were
centrifuged (300 x g; 15 min) and were resuspended in RPMI 1640
medium, counted and re-adjusted to the required cell concentra-
tion of 1x 106 cells/mL. Cells were activated with phorbol 12-
myristate 13-acetate (PMA) at a final concentration of 100 ng/mL,
were plated into 24-well plates at 1 mL/well and were incubated
overnight to produce an adherent monolayer.

A loop of E tularensis SCHU S4, grown overnight on BCGA
plates, was suspended in L-15 medium to give an optical density
at 590 nm (ODsgg) of 0.2 (approximately 1 x 10° CFU/mL) and then
10-fold dilutions were made in L-15 medium to prepare the inocu-
lum. RPMI medium was removed from the THP-1 cells and was
replaced with 1 mL of approximately 1 x 10 CFU/mL F tularensis
SCHU S4 to give a multiplicity of infection (MOI) of 1. Following in-
cubation for 45 min at 37°C, bacteria were removed, the cells were
washed with 1 mL of sterile phosphate-buffered saline (PBS) and
then 1 mL of antibiotic or L-15 medium was added per well. DSF
was tested at 8 ng/mL (27 pM) and 4 pg/mL (13.5 pM), and DDC
was tested at 32 pg/mL (144 pM) and 16 pg/mL (72 pM) (equating
to 4 x and 2 x MIC, respectively) in comparison with doxycycline
added at 1 pg/mL (2.25 pM, equating to 4 x MIC). Cells were incu-
bated overnight at 37°C (except for the 0 h time point) and were
then lysed by addition of 1 mL of distilled water for 5 min. Ten-
fold dilutions of the lysed cell suspensions were made in PBS and
then 100 pL of lysate was plated onto BCGA plates in triplicate.
Following overnight incubation, the antibiotic/control-treated cells
were lysed with water and dilutions were plated onto BCGA plates.
Plates were incubated at 37°C for 5 days and the bacteria were
enumerated. All treatments were conducted in triplicate within as-
says, and assays were conducted on three separate occasions, ex-
cept for doxycycline which was evaluated in the second and third
assays only.

2.6. Statistical analysis

Graphs were constructed and statistical analysis was performed
using GraphPad Prism v.6.0 (GraphPad Software Inc., La Jolla, CA).
Intracellular assays were analysed using one-way analysis of vari-
ance (ANOVA) with Newman-Keuls multiple comparison. Differ-
ences with a P-value of <0.05 were considered statistically signifi-
cant.

3. Results
3.1. Bioinformatics

To confirm the hypothesis that there is a loss of copies in the
ALDH-like domain-containing proteins in the genome of F. tularen-
sis relative to related species, a list of representative species was
compiled and the total number of proteins containing that domain
as well as the complete number of protein-coding genes in that
genome was calculated. Francisella tularensis has a single protein
containing the ALDH-like domain, whereas all other genomes con-
tain multiple proteins with the domain (Fig. 1A). The observation
that, in a genome that suffers extensive gene loss, one copy of
this domain is retained argues for its importance for the organism,
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Fig. 1. (A) Plots of the total number of proteins (centre) and proteins containing the aldehyde dehydrogenase (ALDH)-like domain (#SSF3720, right) in bacteria phyloge-
netically close to Francisella tularensis, and ordered according to their taxonomic relationship (left). (B) Multiple sequence alignment of human ALDH1 and ALDH2 as well
as ALDH from E tularensis. Conserved positions are highlighted with a dark background. The active site is shown in the red frame with the catalytic cysteine in yellow.
Secondary structure elements are denoted by bars («-helices) and arrows (B-sheets). The catalytic cysteine is conserved in all species of Francisella found in GenBank (see

Supplementary Fig. S1).

further suggesting that targeting this function can be deleterious
for its survival [13].

Next we investigated whether the remaining copy of the do-
main could be a substrate for DSF binding. The action of DSF on
human mitochondrial ALDH is mediated by a characteristic se-
quence FNQGQC(301)C(302)C(303), derived from the enzyme ac-
tive site region, with modifications at Cys(302) [19]. The E tularen-
sis ALDH-like protein (Fig. 1B) has conserved the target cysteine,
suggesting that DSF will be able to bind to inhibit the function of
ALDH-like protein in E tularensis.

3.2. Minimum inhibitory concentration assays

DSF had antimicrobial activity against the two strains of E tu-
larensis tested in the study, with MICs of 2 pg/mL and 0.5 pg/mL
for strains SCHU S4 and HN63, respectively. Similar MICs were ob-
tained with doxycycline (1 pg/mL and 0.25 pg/mL for strains SCHU
S4 and HNG63, respectively). The DSF metabolite DDC also had an-
timicrobial activity, with MICs of 8 pg/mL and 2 pg/mL for strains
SCHU S4 and HNG63, respectively.

3.3. In vitro cell infection assay

Prior to starting the cell infection assays, it was necessary to
identify a suitable macrophage cell line as these drugs have been
reported to be cytotoxic to some cell lines [20]. A cytotoxic effect
of DSF and DDC was observed on three murine cell lines tested

(J774A.1, RAW264.7 and MH-S). Specifically, cells were observed to
be detached from the plate surface following overnight incubation
in the presence of the drugs and, when tested for viability by try-
pan blue exclusion, showed a higher proportion of dead cells in
comparison with the untreated control cells (data not shown). In
comparison, human-derived THP-1 cells did not show any visible
cytotoxic effects following overnight incubation with the drugs and
were therefore selected for use in the cell infection assay.

A significant reduction (P < 0.05) in the number of intracellular
bacteria present in THP-1 cells was seen in all treatment groups
compared with the untreated control group, except for the 2 x MIC
DSF-treated group. Treatment with 4 x MIC DDC was the most ef-
fective treatment (P < 0.01) and reduced the level of bacteria com-
parable with that seen in doxycycline-treated cells (Fig. 2).

4. Discussion

Evolutionary reasoning and comparative genomics suggested
that E tularensis would be susceptible to the antimicrobial action
of DSF, an anti-alcoholism drug. To test this hypothesis, the in
vitro activity of DSF was evaluated using MIC and intracellular as-
says. MIC assays indicated that the in vitro activity of DSF against
E tularensis is comparable with doxycycline, a recommended pro-
phylactic antibiotic for E tularensis exposure and used to treat
tularemia. Francisella tularensis HN63 strain was more suscepti-
ble to DSF and doxycycline than SCHU S4 strain. The reasons for
this are unclear as this key cysteine region is fully conserved in
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Fig. 2. Antibacterial activity of disulfiram (DSF) and its primary metabolite di-
ethyldithiocarbamate (DDC) on the intracellular growth of Francisella tularensis.
THP-1 cells were infected with E tularensis at a multiplicity of infection (MOI) of
1 and were incubated with DSF or DDC at 2 x or 4 x MIC for 24 h. Intracellular
growth within untreated THP-1 cells is shown from time zero (t=0) to 24 h (t=24)
(medium control). Doxycycline at 4 x MIC was used as a control. Asterisks indicate
significant differences: * P < 0.05; ** P < 0.01. ns, no significant difference (P >
0.05). MIC, minimum inhibitory concentration.

all E tularensis strains available in GenBank. Intracellular assays
demonstrated that DSF and its metabolite DDC could decrease the
bacterial load within F tularensis-infected THP-1 cells following
overnight incubation in comparison with untreated control cells.
The relatively low F tularensis MICs and the intracellular activity
demonstrated in this study suggest that DSF should be further in-
vestigated as a putative tularemia therapy.
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