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Mpycobacterium avium-intracellulare complex (MAC) causes an intractable intracellular infection that presents as chronic pul-
monary disease. Currently, therapy consists of ethambutol and macrolides and takes several years to complete. The neuroleptic
phenothiazine thioridazine kills mycobacteria by inhibiting the electron transport chain. In several experiments with bacterial
populations of up to 10'> CFU/ml, we failed to isolate any bacteria resistant to 3 times the MIC of thioridazine, suggesting the
absence of resistant mutants at bacterial burdens severalfold higher than those encountered in patients. In the hollow-fiber
model of intracellular MAC (HFS-MAC), thioridazine achieved an extracellular half-life of 16.8 h and an intracellular half-life of
19.7 h. Thioridazine concentrations were >28,000-fold higher inside infected macrophages than in the HFS-MAC central com-
partment (equivalent to plasma). Thioridazine maximal kill was 5.20 * 0.75 log,, CFU/ml on day 7 (+* = 0.96) and 7.19 =* 0.31
log,, CFU/ml on day 14 (+* = 0.99), the highest seen with any drug in the system. Dose fractionation studies revealed that thior-
idazine efficacy and acquired drug resistance were driven by the peak concentation-to-MIC ratio, with a 50% effective concentra-

tion (ECs,) of 2.78 = 0.44 for microbial killing. Acquired drug resistance was encountered by day 21 with suboptimal doses,
demonstrating that fluctuating drug concentrations drive evolution faster than static concentrations in mutation frequency
studies. However, the thioridazine EC;, changed 16.14-fold when the concentration of fetal bovine serum was changed from 0%
to 50%, suggesting that intracellular potency could be heavily curtailed by protein binding. Efficacy in patients will depend on
the balance between trapping of the drug in the pulmonary system and the massive intracellular concentrations versus very high

protein binding of thioridazine.

ycobacterium avium complex (MAC) infection leads to re-

lentless chronic pulmonary disease in immunocompetent
people and disseminated disease in immunocompromised pa-
tients. In the United States, the incidence of pulmonary MAC now
surpasses that of tuberculosis, making it the most important my-
cobacterial infection in North America (1, 2). Both disseminated
and pulmonary diseases are predominantly intracellular. In pul-
monary MAC, immunohistochemistry has revealed intracellular
MAC in monocyte-lineage cells in alveoli and infected multinu-
cleated giant cells in necrotic lesions (3). The bacterial burden in
the lung is unclear but likely is similar to that of Mycobacterium
tuberculosisin cavitary pulmonary disease at about 10° CFU/ml. In
disseminated disease, the burden of organisms in the blood is
variable, ranging from 1 to 10* CFU/ml (4, 5). Current therapy
consists of a backbone of macrolide and ethambutol, with the
occasional addition of a rifamycin. Microbiologic success is
achieved in roughly half of the patients treated for disseminated
MAGC, unless patients achieve immune reconstitution. In patients
with pulmonary MAC, microbial response rates are also poor, and
therapy duration is several years. Given that the treatment for both
pulmonary and disseminated disease lasts at least a year and mi-
crobial response rates are poor, it is imperative to design therapy
regimens with agents that achieve high intracellular levels and
rapidly kill MAC.

Thioridazine, a phenothiazine derivative, has been shown to
have efflux pump inhibiting activity in vitro and ex vivo (6-8). In
the past, we have demonstrated that thioridazine has excellent
efficacy against all 3 metabolic populations of the extracellular M.
tuberculosis predominant in cavitary pneumonia (9). However, it
achieved optimal microbial killing at concentrations that we con-
sidered toxic to tuberculosis (TB) patients. Nevertheless, given
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that thioridazine kills M. tuberculosis and could have high intra-
cellular concentrations in the lungs because of lysosomal trapping
(10), we were interested in determining if it had efficacy against
the more intracellular MAC. We were interested in identifying the
pharmacokinetics/pharmacodynamics (PK/PD) of thioridazine
against this intracellular pathogen in order to help design optimal
doses and dose schedules in the future and, if possible, look at
congeners. Therefore, we tested its efficacy using a PK/PD design
in our hollow-fiber model of disseminated MAC (HFS-MAC)
(11-14).

MATERIALS AND METHODS

Microorganisms and chemicals. MAC (ATCC 700898) stock cultures
were stored in Middlebrook 7H9 broth and 10% glycerol at —80°C. Bac-
terial stock was thawed and incubated at 37°C in a water bath in Middle-
brook 7H9 broth with 10% oleic acid-albumin-dextrose-catalase
(OADC) under shaking conditions for 4 days to achieve exponential-
phase growth for each experiment. Methicillin-resistant Staphylococcus
aureus (MRSA) (ATCC 29213) was cultured in Mueller-Hinton broth at
37°C overnight for the protein binding studies. Hollow-fiber cartridges
were purchased from FiberCell (Frederick, MD). RPMI 1640 was pur-
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chased from Sigma (St. Louis, MO), and fetal bovine serum (FBS) was
purchased from SAFC Biosciences (St. Louis, MO) and Sigma. FBS was
heat inactivated and filtered prior to use. Thioridazine hydrochloride in
powder form was obtained from Sigma. The drug was serially diluted
using distilled water to the drug concentrations required for study.
Throughout all experiments, thioridazine was shielded from direct light.

Assay to identify effect of thioridazine protein binding on microbial
kill. In order to determine the effect of the extent of protein binding on
thioridazine’s effect on microbial killing, we cultured MRSA in non-cat-
ion-adjusted Mueller-Hinton broth to attain exponential-phase growth
to a turbidity of a 0.5 McFarland standard. Triplicates of the culture were
then inoculated into 3 sets of prewarmed RMPI with either 0% FBS, 2%
FBS, or 10% FBS to achieve a final desired bacterial burden of 10° CFU/ml.
Cultures were coincubated with thioridazine at concentrations of 0, 10,
20, 30, 40, 50, 80, and 100 mg/liter for 6 h under vigorous shaking condi-
tions at 37°C. Following incubation, cultures were serially diluted and
spread on Mueller-Hinton agar. The cultures were then incubated for 36
h at 37°C and CFU were counted. Protein binding was calculated as the
percent change in the potency of thioridazine. Potency is defined as the
concentration of thioridazine mediating 50% of maximal killing (EC,).

We also wanted to determine the effect of thioridazine protein binding
on intracellular infection. Human-derived THP-1 macrophages (ATCC
TIB-202) were cultured in prewarmed RPMI 1640 medium and 10% FBS.
The THP-1 cells were activated using 10~ uM phorbol myristate ester for
72 h in 12-well plates until they were adherent, as described in the past
(11-14). The adherent cells, which were 1 X 10° THP-1 cells/ml, then
were infected with 5 X 10* CFU/ml of MRSA in log-phase growth, which
was added to the wells to reach a multiplicity of infection of 1 bacteria to
20 macrophages. After incubation for 1 h at 35°C under 5% CO,, bacteria
were washed off twice with warm RPMI 1640 with streptomycin. Thior-
idazine in RPMI 1640 plus one of four different amounts of FBS then was
added to the wells, making final concentrations as high as 32 mg/liter and
2-fold dilutions down to 0.25 mg/liter in triplicate. The amounts of FBS in
RPMI that were tested were 0%, 2%, 10%, and 50%. The cultures then
were incubated for 2 h at 35°C under 5% CO,, after which the macro-
phages were examined under a microscope. The cells were then washed
twice in warm RMPI, ruptured using 0.5% Triton X-100, and then serially
diluted in saline and cultured overnight on Muller-Hinton agar at 35°C
under 5% CO, for colony counts. The relationship between microbial
effect and thioridazine was performed using an inhibitory sigmoid max-
imal kill (E,,,) model, and the EC,,s under the different percentages of
FBS were compared.

Determination of MIC and mutation frequency. The thioridazine
MIC for MAC was determined using the agar dilution method on two
different occasions. Mutation frequencies to 3 times the MIC were also
determined on agar supplemented with thioridazine. Twenty-four sets of
agar each were inoculated with 200 pl of exponential-growth-phase MAC
at the following bacterial burdens of inoculum: 8.0 log,, CFU, 9.0 log,
CFU, 11.0log,, CFU, and 12.0 log, , CFU. The cultures were incubated for
14 days at 37°C, after which colonies were counted. The lower limit of
detection of MAC colonies in this assay was 0.3 log,, CFU/ml.

Exposure effect study of extracellular MAC. In order to study the
activity of thioridazine against extracellular MAC, bacteria on day 4 of
log-phase growth were adjusted to a bacterial density of 1.5 X 10° CFU/
ml. Bacterial suspension in broth was treated with thioridazine at concen-
trations of 10, 20, 25, 30, 40, 50, and 60 mg/liter for 7 days in 24-well plates.
Cultures were washed, serially diluted, spread on agar, and incubated at
37°C under 5% CO, for 14 days, and then colonies were counted.

Thioridazine exposure-effect of intracellular MAC. THP-1 macro-
phages were cultured as described above in RPMI 1640 medium plus 10%
FBS. A culture of 1.5 X 10° CFU/ml was used to infect 1.5 X 10° macro-
phages/ml by coincubating overnight at 37°C under 5% CO,, giving a
bacillus-to-macrophage multiplicity of infection of 1:10. The infected
macrophages were washed twice with warm RPMI 1640 and 10% FBS by
centrifugation at 100 X g for 5 min and then examined in a hemocytom-
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eter for cell counts and viability after staining with trypan blue. This re-
sulted in an intracellular infection with a bacillary burden of 3.75 log,,
CFU/ml. The infected cells were treated in triplicate with 10, 20, 25, 30, 40,
50, and 60 mg/liter of thioridazine in 24-well plates for 7 days. Cell lysis
was performed using 0.5% Triton X-100, and lysate was plated on agar
and incubated for 14 days at 37°C under 5% CO..

Dose-effect and dose fractionation studies in the HFS-MAC. The
HFS-MAC has been described in detail in the past (11, 12, 14). The system
is used to mimic the human concentration-time profiles of antibiotics in
the central and peripheral compartments, which circulate media but are
cell free. We inoculated 20 ml of MAC-infected THP-1 monocytes into
each hollow-fiber system. In a pilot study we used RPMI with 10% FBS as
the circulating media. The study failed (see Results); therefore, we per-
formed several studies to optimize the model. First, we performed studies
with MRSA in RPMI with different percentages of FBS to delineate the
role of protein binding described above. We then changed the percentage
of FBS based on the MRSA study results. Second, we preconditioned hol-
low-fiber systems with once-daily thioridazine doses under the control of
a computerized syringe pump, starting 3 days prior to inoculation of
infected MAC. Third, thioridazine concentrations were changed 10-fold
and targeted to achieve peak concentrations of 0, 3.5, 7, 10.5, 14, 17.5, 35,
and 70 mg/liter, and thioridazine was administered daily for 14 days at a
half-life of 17 h based on the drug’s highly variable late disappearance
half-life in patients after multiple doses (i.e., between 17 and 25 h) (15). In
order to validate that intended concentration-time profiles had been
achieved, the central compartment of each HFS-MAC unit was sampled at
0, 1, 5, 8, 16, and 24 h after the last dose of the experiment. We also
simultaneously sampled the infected macrophages in the peripheral com-
partment of the HFS-MAC at each of these time points. The samples were
then used to identify both extracellular and intracellular thioridazine
pharmacokinetics. For bacterial burden and macrophage cell counts, the
peripheral compartment was sampled as described for the pilot study on
days 0, 3, 5, 7, and 14, and cultures were performed as described for the
pilot study.

Dose fractionation studies next were performed using EC,, EC5,, and
ECq, exposures, identified in dose-effect studies based on recommenda-
tions for performance of PK/PD studies (16). This step was performed to
break the colinearity of C, , /MIC, area under the concentration-time
curve (AUC)/MIC, and the percentage of time the concentration persists
above the MIC (%Ty¢). Each of the exposures was administered using
one of three dose schedules: single dose once a week, the single dose
divided equally into two doses and administered every 3.5 days, or the
single dose divided equally into seven doses and administered daily. Treat-
ment duration was 21 days. The PK/PD index (either C,,, /MIC, AUC/
MIC, or %T\;c) linked to effect was chosen using Akaike information
criteria (AIC) (17). Experiments were performed twice.

Measurement of thioridazine concentration. Samples from the HFS-
MAC central compartment were analyzed for thioridazine content using a
qualified liquid chromatography-tandem mass spectrometry method.
The full method and assay characteristics have been described in detail in
our prior publications (9). There was no modification of the published
method.

Pharmacokinetic and pharmacodynamic modeling. To calculate in-
tracellular concentrations, the number of THP-1 macrophages in each
1-ml sample was counted using an automated Coulter counter, which also
gave the cell volumes in each sample. Since the cells were spun and super-
natant removed, suspended, and lysed in 1 ml phosphate-buffered saline
(PBS), the total cell volume was calculated by multiplying the number of
cells in each sample by the volume of each cell. Thioridazine intracellular
and extracellular concentrations next were comodeled in ADAPT 5. First,
a one-compartment, two-compartment, and three-compartment model
was assumed, and model parameters were generated. The best compart-
mental model was then chosen using AIC, Bayesian information criteria,
and parsimony. Pharmacokinetic parameter estimates in each model were
then used to calculate the AUC in each hollow-fiber system. The relation-
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FIG 1 Intracellular and extracellular pharmacokinetics of thioridazine in the HFS-MAC model. (A) Model-predicted concentrations of thioridazine correlated
well with observed concentrations. (B) Thioridazine concentration-time profiles achieved extracellularly. (C) Thioridazine concentration-time profiles achieved
intracellularly. It should be noted that the log-scale ranges are different, with extracellular concentrations below 2 log, , mg/liter and intracellular concentrations
that are >6 log,, mg/liter. (D) Ratio of intracellular to extracellular thioridazine peak and AUC concentrations.

ship between total bacterial burden and thioridazine exposure was exam-
ined using the inhibitory sigmoid E, ., model, whose parameters include

‘max

maximal kill (E_ ), the ECs, bacterial burden in nontreated systems
(E.on)> and the Hill slope, or H.

Con)

RESULTS

The thioridazine MIC for MAC was 25 mg/liter. In mutation fre-
quency studies, no MAC resistant to 3 times the thioridazine MIC
was isolated from a total MAC burden of either 7.9 log,, CFU, 8.7
log,, CFU, 10.9 log,, CFU, or 11.7 log,, CFU. Time-kill studies
conducted over a 7-day period against extracellular MAC in the
test tube showed an E, ,, of 2.6 log,, CFU/ml and an EC;,, of 33.68
mg/liter (¥ = 0.946), whereas against intracellular bacilli in 12-
well plates the observed E,, ,, was 3.2 log,, CFU/ml with an EC, of
10.53 mg/liter (©* = 0.999) for a similar duration of exposure,
demonstrating greater potency against intracellular bacilli.

In the pilot HFS-MAC study for thioridazine, we used RPMI
broth with 10% FBS, and there was no bacterial killing for any of
the 7 doses with peak concentrations of up to 100 mg/liter over 14
days of daily therapy. This implied either high protein binding or
thioridazine stickiness to HFS-MAC. MRSA killing assays identi-
fied an EC5, 0f 13.72 = 0.669 with 0% FBS, 21.82 = 0.806 with 2%
FBS, and 30.960 * 2.138 with 10% FBS. Thus, potency fell 59%
with 2% FBS and >90% with 10% FBS. The FBS in our HFS-TB
MAC therefore was reduced to 2% FBS for subsequent HFS-MAC
studies.

The thioridazine concentrations assayed at each of the 6 time
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points in the optimized HFS-MAC were best described by a two-
compartment model. The elimination rate constant was 0.042 *=
0.071 h™" and the volume was 6.12 = 2.45 liters in the extracellu-
lar compartment (similar to plasma), while the elimination con-
stant was 0.035 = 0.06 h ™" and the volume 0.16 = 0.17 liters inside
the infected macrophages. The observed concentrations versus
model predicted concentrations are shown in Fig. 1A. The con-
centration-time profiles achieved extracellularly and intracellu-
larly are shown in Fig. 1B and C, and reveal that very high concen-
trations were achieved intracellularly compared to extracellularly.
The ratios of intracellular-to-extracellular peak concentrations
and AUC,_,, are shown in Fig. 1D and were >20,000-fold.

The effect of these high thioridazine concentrations on THP-1
cells, based on cell counts, is shown in Fig. 2. The macrophages
were examined under the microscope on each sampling day and
did not show any visible differences from those in non-thiorida-
zine-treated hollow-fiber systems throughout the study. The HFS-
MAC bacterial exposure-response results are shown in Fig. 3. The
day zero bacterial burden was 5.38 log,, CFU/ml. In this case, the
inhibitory sigmoid E,,,, relationship was expressed as C,,,,./MIC
(see below). The maximal killing (E,,,,,) on day 3 was 3.55 * 0.59
log,, CFU/ml, on day 5 was 4.58 = 0.75 log,, CFU/ml, and on day
7 was 5.20 * 0.74 log,, CFU/ml, which are the highest rates of
killing at these time points we have encountered in the HFS-MAC
(11, 12). The exposure-effect relationship for bacterial burden on
day 14 was described by an inhibitory sigmoid E,,,, model with
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FIG 2 Effect of thioridazine treatment on THP-1 counts. The lowest counts
on day 21 were actually due to the second lowest thioridazine concentrations.

on 0£6.96 * 0.17 log,, CFU/mL, E,,,
of 7.19 = 0.30 log,, CFU/ml, H of 2.75 * 0.33, and an EC;, that
was a C,p,,/MIC of 0.53 = 0.022 mg/liter (* = 0.996). Based on
this, the EC,, was a C,,,,,/MIC 0f 0.32 and the ECg, a C,,,,,/MIC of
0.88, which were the exposures used in the dose fractionation
studies.

Dose fractionation study results are shown in Fig. 4. Figure 4A
shows that each of the doses administered had considerable mi-
crobial killing until day 7. However, after that there was a rebound
due to emergence of a drug-resistant subpopulation. The effect of
thioridazine on intracellular microbial killing was examined on
day 7, at the end of the first dosing interval. Results are shown in
Fig. 4B, which shows that the once-a-week regimen was associated
with the most microbial killing on day 7 at the lowest dose, and at
all doses the daily therapy regimen was associated with the worst
microbial effect. Thus, this pattern of microbial killing was con-
sistent with a C,,,,,/MIC linked effect, since for each weekly cumu-
lative AUC/MIC (i.e., either EC,,, ECs,, or ECg), the once-a-
week dose which had the highest C,,,/MIC had the best microbial
killing. Indeed, the C,,,,,/MIC was also chosen based on the lowest
AIC score. Acquired drug resistance, defined as growth at 2X
MIC, was observed as early as day 7 in the dose fractionation
study. Five of the isolates resistant to 2X MIC were selected and
shown to grow in broth supplemented with thioridazine concen-
trations of 3 times the MIC (i.e., 75 mg/liter). Since the daily reg-
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FIG 3 Thioridazine dose-effect study in the HFS-MAC. Shown is the thior-
idazine microbial kill at different time points during the course of the study,
modeled using an inhibitory sigmoid E,,,, model for each day.
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FIG 4 Thioridazine dose scheduling studies in the HFS-MAC. (A) The differ-
ent thioridazine dosing regimens. There is decreased microbial response be-
yond day 7 in each dosing regimen. (B) Effect of thioridazine intracellular
microbial killing on day 7. The once-daily dosing regimens are associated with
the poorest response; for the lowest dose the twice-a-week effect is poorer than
that of once-a-week treatment but better than daily therapy. Since the C

max/

MIC ratio change in that order while the cumulative AUC/MIC is the same
within each dose and the %7y is in the reverse order, this is an C,,, /MIC-

driven drug. The purple hatched line indicates limits of detection of the assay.

All counts below limits of detection were considered 0.

imen always had the worst bacterial burden after day 7 when the
total population in the HFS-MAC was being replaced by the thi-
oridazine-resistant subpopulation, suppression of resistance
emergence was also inferred to be driven by C,,,,/MIC.

Since studies had been performed in HFS-MAC that used 2%
FBS because of the failure of the 10% FBS studies, we wanted to
further characterize the effect of protein binding on intracellular
microbial killing. We utilized an assay for intracellular MRSA for
quick readout, with results shown in Fig. 5. Figure 5A shows in-
hibitory sigmoid E,,,, curves for 0%, 2%, 10%, and 50% FBS.
Testing of the null hypothesis that there was no difference in the
ECs, by percent FBS revealed that the null hypothesis should be
rejected and that the ECjys were statistically different (P <
0.0001). The different ECss are shown in Fig. 5B; the EC,, for
50% FBS was 16.4-fold higher than that with 0% FBS. Thus, de-
spite the very high intracellular concentrations, microbial killing
could still be constrained by high protein binding.

DISCUSSION

First, on literature review we found that one study had examined
the in vitro activity of phenothiazines against MAC (8) and a cou-
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FIG 5 Effect of change in FBS concentration on MRSA killing by thioridazine. (A) Inhibitory sigmoid E, ., comparisons for different percentages of FBS. (B)

Change in EC,,, with percent FBS.

ple of others that looked at the role of thioridazine as an efflux
pump inhibitor for MAC (18, 19), as well as a review article (20),
but we found no antimicrobial PK/PD studies of thioridazine and
MAC or studies on the intracellular pharmacokinetics of the drug.
Here, we show the intracellular pharmacokinetics of thioridazine
in response to dynamic extracellular concentrations, which have
hitherto never been described before. The hollow-fiber system
design, and the repetitive sampling it allows, made this study of
intracellular pharmacokinetics possible (21-23). We found that
the intracellular pharmacokinetic system differs from the extra-
cellular one by virtue of high thioridazine penetration rates into
macrophage and a somewhat lower elimination rate intracellu-
larly. The physiological explanation could be the phenomenon of
lysosomal trapping. Daniel and Wojcikowski have shown that un-
der steady-state conditions the highest uptake of thioridazine in
tissues coincubated with the drug occurred in adipose tissue, liver,
lungs, kidneys, brain, and heart, in that descending order, and
attributed it to lysosomal trapping, since this is the same order of
lysosomal richness of these tissues (10, 24-31). The same mecha-
nism could be responsible for the high thioridazine concentration
in infected macrophages. This suggests that the intracellular
pathogen will be exposed to higher concentration-time profiles
than extracellularly, a phenomenon also observed with macrolides
such as azithromycin and accounting for the remarkable efficacy
of the macrolides in the treatment of pneumonia (32).

Second, our studies show that thioridazine is highly protein
bound, which limits its effect. We had to alter our experimental
design when thioridazine failed to work at high protein concen-
trations. The central role of protein binding in PK/PD sciences is
well known and could explain some of the failures of thioridazine
as an effective antimicrobial agent in vivo to date (12, 16, 33, 34).
When we increased the percentage of FBS, and therefore protein
content of the culture media, there was a dramatic increase in ECs,
for the killing of intracellular MRSA. This suggests that protein
binding could still pose a challenge in use of thioridazine as an
anti-infective, especially in the case of disseminated MAC.

Third, despite the effect of protein binding, a case can still be
made for examination of thioridazine use in chronic pneumonia
caused by MAC. While this is an area of considerable controversy,
the most comprehensive analysis on the subject found that there is
negligible protein binding of any drug in lung epithelial lining
fluid in pneumonia (35). This could explain why many highly
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protein-bound drugs such as rifampin are still highly effective in
the treatment of cavitary pneumonias. In addition, thioridazine
and other phenothiazines accumulate and concentrate severalfold
in the lungs based on animal studies and autopsy studies of poi-
soning victims (36-39). Thus, it could be that normal doses
achieve the high lung concentrations required for the treatment of
pulmonary MAC, overcoming any potential drawbacks of protein
binding. Thioridazine efficacy was C,,,,/MIC linked, which was
the same PK/PD driver as that in the extracellular tuberculosis
model (9). This means that thioridazine could be administered on
a more intermittent dosing schedule for pneumonia, thereby po-
tentially limiting dose-related toxicity while maximizing efficacy.
However, due to a lack of population pharmacokinetic analysis
studies with thioridazine, we could not perform formal computer-
aided clinical trial simulations to derive optimal doses for efficacy
in patients. Future studies on population pharmacokinetic analy-
sis and identification of thioridazine penetration and protein
binding in lungs and epithelial lining fluid in patients similar to
that performed for several other high-protein-bound drugs used
to treat cavitary pneumonia will be needed to identify optimal
doses for efficacy in patients (40-42).

Fourth, in our in vitro studies using standard assays to identify
the prevalence of resistant mutants, we repeatedly found no resis-
tant mutants with up to ~12 log,, CFU of MAC. This is remark-
able, given that resistance was described using a low concentration
of 3 times the MIC. This 3 X MIC threshold was chosen in order to
capture resistance from efflux pump induction, which tends to be
low level. On the other hand, resistance emerged quickly in the
hollow-fiber system in which the MAC encountered dynamic
concentrations of thioridazine. This illustrates several issues. The
first is that oscillation of the stressor, as happens in the pharma-
cokinetic system made possible by the hollow-fiber system, leads
to higher mutation rates related to adaptive evolution, while in a
constant stressor environment, such as that with static concentra-
tions, mutations are more often deleterious (43—46). Indeed, “the
shape, size, variance, and asymmetry of environmental fluctua-
tion have different but predictable effects on evolutionary dynam-
ics” (47). The HFS-MAC and its predecessor, the HFS-TB, give us
the ability to precisely shape, size, and vary chemical stressors such
as antibiotics and capture the resulting evolutionary adaptation.
In the case of MAC and thioridazine, this led to dramatic differ-
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ences in the emergence of resistance compared to the standard
assay.

The Achilles’ heel of thioridazine use is its high rates of neuro-
logical and cardiac toxicity. The toxicity is mainly driven by one of
thioridazine’s metabolites, especially thioridazine 5-sulfoxide.
This metabolite is highly arrhythmogenic and can lead to heart
block (48, 49). Because of the concentration-related toxicity, thi-
oridazine used to be one of the most commonly used drugs for
suicide. These factors led to abandonment of thioridazine use in
psychiatry. Thus, thioridazine use as an antibiotic could be cur-
tailed for the same reasons. In our hollow-fiber study, we found
that high-dose thioridazine use did not lead to death of the THP-1
cells; however, their growth was suppressed (Fig. 2). This is be-
cause THP-1 cells are in fact a leukemia cell line from an acute
monocytic leukemia patient, and it has been well documented that
phenothiazines, even at micromolar concentrations, suppress
proliferation of leukemic cells but have no influence on viability of
normal lymphocytes (50). Thus, this mechanism is not expected
to lead to adverse events. Examination of the possible use of thio-
ridazine in pulmonary MAC will require a balance between several
factors. Nevertheless, while we think thioridazine could be effec-
tive for the treatment of pulmonary MAC, a more practical use of
our findings could be the development of congeners that can
achieve the same high intracellular concentrations and target
Crax/MIC values but with metabolites that do not have the asso-
ciated toxicity.
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