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Legionella pneumophila is a Gram-negative opportunistic human pathogen that causes a severe pneumonia known as Legion-
naires’ disease. Notably, in the human host, the organism is believed to replicate solely within an intracellular compartment,
predominantly within pulmonary macrophages. Consequently, successful therapy is predicated on antimicrobials penetrating
into this intracellular growth niche. However, standard antimicrobial susceptibility testing methods test solely for extracellular
growth inhibition. Here, we make use of a high-throughput assay to characterize intracellular growth inhibition activity of
known antimicrobials. For select antimicrobials, high-resolution dose-response analysis was then performed to characterize and
compare activity levels in both macrophage infection and axenic growth assays. Results support the superiority of several classes
of nonpolar antimicrobials in abrogating intracellular growth. Importantly, our assay results show excellent correlations with
prior clinical observations of antimicrobial efficacy. Furthermore, we also show the applicability of high-throughput automation
to two- and three-dimensional synergy testing. High-resolution isocontour isobolograms provide in vitro support for specific
combination antimicrobial therapy. Taken together, findings suggest that high-throughput screening technology may be suc-
cessfully applied to identify and characterize antimicrobials that target bacterial pathogens that make use of an intracellular
growth niche.

Legionella pneumophila is a Gram-negative pathogen that causes
a severe pneumonia in humans known as Legionnaires’ disease

(1). Legionella bacteria grow inside protozoa and freshwater bio-
films. They adventitiously infect humans when aerosolized and
inhaled by susceptible hosts. The pneumonia may be severe and
result in permanent lung damage or death.

Interestingly, the same molecular machinery which allows L.
pneumophila to grow inside diverse protozoa also allows it to
grow intracellularly within pulmonary macrophages (2). Growth
within pulmonary macrophages is a prerequisite for and the cause
of human pneumonia. Indeed, L. pneumophila is not known to
grow extracellularly in the human body as high sodium concen-
trations found in extracellular compartments have been shown to
inhibit bacterial replication (3). No evidence for extracellular
growth has been found during examination of human biopsy or
autopsy specimens (4).

A reasonable prediction therefore would be that antimicrobials
that efficiently access intracellular compartments would prove
most efficacious in treating L. pneumophila. Not surprisingly, over
40 years of clinical experience treating Legionnaires’ disease sup-
port this assumption. Specifically, antimicrobials that show high
intracellular penetration, such as quinolones and later-generation
macrolides, are effective treatments (5). In contrast, polar antibi-
otics such as �-lactam agents and aminoglycosides are not. These
observations contrast with in vitro, axenic (extracellular) antimi-
crobial susceptibility data where both polar and nonpolar antibi-
otics generally demonstrate efficacy (6).

Traditionally, susceptibility testing involves growth of organ-
isms in medium in the presence of serial double dilutions of the
antimicrobial. The lowest 2-fold dilution of antimicrobial that
inhibits growth is called the MIC. The MIC is used to predict
clinical susceptibility or resistance of an organism based on anti-
microbial pharmacokinetic and pharmacodynamic properties.
For many antimicrobial-organism combinations, MIC breakpoints
for categorizing organism susceptibility and resistance have been de-

fined by consensus standards (e.g., those of the Clinical and Labora-
tory Standards Institute [CLSI] and the European Committee on An-
timicrobial Susceptibility Testing [EUCAST]). However, no formal
guidelines exist for Legionella. Nevertheless, susceptibility cutoffs
may practically be extrapolated based on guidelines for other
Gram-negative organisms. Yet, as mentioned previously, effects
on extracellular organisms (traditional antimicrobial susceptibil-
ity testing) may not reliably predict efficacy against intracellular
organisms.

Therefore, performing meaningful susceptibility testing on
pathogens that make use of an intracellular growth niche, such as
L. pneumophila, requires use of more complex testing systems, i.e.,
testing effects on intracellular growth. A number of studies have
examined the growth-inhibitory effects on L. pneumophila grown
in primary macrophages or macrophage cell lines (reviewed by Pe-
dro-Botet and Yu [7]). Experimentally, intracellular L. pneumophila
growth assays are technically laborious, requiring plating of serial
dilutions of macrophage lysates at different time points to quan-
tify antimicrobial effects on intracellular bacterial numbers.
Therefore, prior studies have generally tested a small number of
antimicrobials at a limited range of antimicrobial concentrations
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and explored antimicrobial synergy in an abbreviated fashion if
at all.

Here, we describe the use of high-throughput technology to
screen for the intracellular inhibitory effects of a large numbers of
antimicrobials. Based on initial findings, we apply additional au-
tomation to perform detailed examination of both intracellular
and extracellular effects of select antimicrobials both alone and in
two-dimensional and three-dimensional synergy tests.

MATERIALS AND METHODS
Macrophage infection and bacterial culture. The J774A.1 macrophage
cell line (American Type Culture Collection, Manassas, VA) was grown in
RPMI 1640 medium (Cellgro, Corning/Mediatech, Manassas, VA) con-
taining 9% iron-supplemented calf serum (Atlanta Biologicals, Flowery
Branch, GA) and 100 �g/ml thymidine. One day prior to intracellular
growth experiments, J774A.1 cells were replated, in the same medium
lacking phenol red, on white Corning 3570, 384-well microplates (Corn-
ing Life Sciences, Inc., Tewksbury, MA) to achieve approximately 90%
confluence. This plating density corresponds to 5 � 104 cells per well or
1.92 � 106 cells per 384-well dish.

The Legionella pneumophila serogroup 1 screening strain, Lp02::flaA::
lux, used in experiments was constructed in Bill Dietrich’s laboratory (8)
and provided to us by Andrew Olive (Harvard Medical School, Boston,
MA). This strain is a streptomycin-resistant, thymidine auxotroph (re-
sulting from mutational inactivation of the thymidylate synthase gene)
(9). It was further modified to constitutively express a bacterial lux operon
and through deletion of the flagellin gene (8, 10). Flagellin is translocated
in small amounts into the macrophage cytoplasm by the bacterial type IV
secretion system and induces pyroptosis of host cells (11). Use of a flagel-
lin mutant therefore prevents early macrophage cell death, which would
otherwise reduce intracellular growth and statistical robustness of the
intracellular growth assay. Prior to experiments, bacteria were passaged
for 1 day on buffered charcoal yeast extract agar supplemented with �-ke-
toglutarate and thymidine as previously described (10). Bacterial patches
were then resuspended in phosphate-buffered saline (PBS) and diluted in
tissue culture medium to infect J774A.1 cells at a ratio of approximately
one bacterium per macrophage (5 � 104 bacteria per well) in a 50-�l well
volume. Alternatively, for axenic growth testing, also performed in the
same 384-well format, bacteria were diluted to the same final concentra-
tion per 50-�l well volume in N-(2-acetamido)-2-aminoethanesulfonic
acid (ACES)-buffered yeast extract medium supplemented with 1.3 mM
ferric ammonium citrate, 2 mM dipotassium phosphate, 5.4 mM potas-
sium �-ketoglutarate, 9.1 mM sodium pyruvate, 3.3 mM L-cysteine, and
100 �g/ml thymidine and adjusted to pH 6.9 with potassium hydroxide.
Axenic medium was either used immediately or frozen for longer-term
use. Aged, nonfrozen medium led to variable growth efficiencies and
therefore was avoided (data not shown).

Primary screening. As previously described (10), compounds from
the ICCB-Longwood Screening Facility (Harvard Medical School, Bos-
ton, MA) known bioactive collection were added to macrophages using a
pin transfer robot, followed by immediate addition of bacteria and SY-
TOX Green to a 125 nM final concentration. To reduce false positives,
each antimicrobial test well was screened in duplicate. Only the result
from the test well with the least significant z score was tabulated. For the
primary screen, after 2 days of incubation, a log2-fold reduction of bacte-
rial luminescence was determined in comparison to values in the control
wells in the same screening plates in which macrophages were infected in
the absence of antimicrobial. The z-scores for luminescence, cytotoxicity,
and cytopreservation were determined as described in the legend of Table
S1 in the supplemental material. Luminescence and fluorescence for all
experiments were measured using an EnVision Multi-Label Reader
(PerkinElmer, Waltham, MA).

Dose-response testing. Levofloxacin, doxycycline, tetracycline, ami-
kacin, gentamicin, kanamycin, erythromycin, roxithromycin, ceftriax-
one, meropenem, chloramphenicol, florfenicol, and rifampin were pur-

chased from Sigma-Aldrich (St. Louis, MO). Ciprofloxacin, flumequine,
gatifloxacin, moxifloxacin, pefloxacin, minocycline, tigecycline, azithro-
mycin, clarithromycin, josamycin, clindamycin, and fusidic acid were
purchased from Thermo Fisher Scientific (Pittsburgh, PA). Compounds
were dissolved in dimethyl sulfoxide (DMSO) prior to use. An HP D300
high-performance digital dispensing system (Hewlett-Packard, Palo Alto,
CA) was used to dispense 2-fold or √2-fold serial dilutions of antimicro-
bials, alone or in combination, into 384-well plates containing macro-
phages or axenic growth medium, which were then infected or inoculated
with bacteria. DMSO itself (up to 0.8%) had no obvious effect on assay
performance (data not shown). Microplates used for macrophage and
axenic growth experiments were incubated in parallel at 37°C in 5% CO2

in a humidified atmosphere for 48 h prior to readout. Quantitation of
bacterial growth in axenic culture was also based on luminescent readout.

Dose-response curves were plotted, and 50% inhibitory concentra-
tions (IC50s) were calculated in Prism, version 6 (GraphPad Software,
Inc., San Diego, CA), based on nonlinear, four-parameter regression anal-
ysis. The lowest concentration of antimicrobial tested that led to �99%
growth inhibition relative to that of uninfected controls was considered
the MIC value in dose-response analysis.

Synergy testing. Two-dimensional synergy tests were generally based
on √2-fold serial dilution rather than standard doubling dilution matrices
to decrease the inherent error in MIC analysis. Isocontour-based isobo-
lograms were generated using the ListContourPlot function in Wolfram
Mathematica, version 10 (Champaign, IL), with x, y, and f input corre-
sponding to the concentrations of the first antimicrobial (x), second an-
timicrobial (y), and luminescence (f) normalized to values of the control
wells (set to 100%) in which no antibiotic was added.

The sum of the fractional inhibitory concentrations (FIC) of each
compound in combinations that led to �99% intracellular growth inhi-
bition was also calculated as described previously (13). Specifically, FICa

equals the concentration of antimicrobial a divided by the MIC of com-
pound a alone. FICb equals the concentration of antimicrobial b divided
by the MIC of compound b alone. The sum of the fractional inhibition
(�FIC) then equals FICa � FICb. For concave isobolograms, the lowest
determined �FIC was used to test for synergy. If a combination demon-
strated a convex isobologram, bowing out from the straight line connect-
ing the MICs of each individual antimicrobial, then the greatest �FIC
among data points marking the 99% inhibition boundary was used to test
for antagonism. Based on recent conservative recommendations for dou-
bling dilution schemes (14), �FIC values were interpreted as follows:
�0.5 indicates synergy, 0.5 to �4.0 indicates no interaction, and �4 in-
dicates antagonism. Results shown are representative of at least two dif-
ferent experiments, except for florfenicol and ceftriaxone combination
testing, which was done once.

For graphical three-dimensional (3D) synergy analysis, the isocontour
surface overlying all data points with less than 99% inhibition was drawn
with the Mathematica function, ListPlot3D. Colored shading was used
only to convey three-dimensionality on a two-dimensional surface.
Three-dimensional FIC analysis was performed similarly to two-dimen-
sional analysis, now summing the fractional inhibitory concentrations of
three antimicrobials that in combination led to �99% intracellular inhi-
bition. 3D synergy was considered to occur when �FIC was �0.5 and the
3D �FIC was less than any of the �FIC values for pairwise combinations
of antimicrobials in the same analysis. 3D synergy was performed only
using doubling dilution matrices because of the large number of condi-
tions tested (512 per experiment, in triplicate).

RESULTS

Previously we described a high-throughput screening approach
and pilot experiments with known bioactive libraries to identify
inhibitors of Legionella pneumophila intracellular growth in
J774A.1 macrophages (10). In this assay, intracellular growth
could be followed based upon constitutive expression of a bacte-
rial lux operon in the L. pneumophila test strain. Since L. pneumo-
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phila does not grow in tissue culture medium, an increase in light
output reflects intracellular replication. Prior studies confirm a
direct correlation among relative light unit (RLU) output, ge-
nome copies, and CFU determinations for intracellular growth
(10). Furthermore, as L. pneumophila grows intracellularly, it will
eventually kill the host cells. Through inclusion of the imperme-
able DNA-binding dye, SYTOX Green, in tissue culture medium,
we are also able simultaneously to monitor this eukaryotic cell
death in real time. Specifically, SYTOX Green enters into nonvia-
ble eukaryotic cells that have lost membrane integrity. On binding
nuclear DNA, this dye exhibits a large increase in fluorescence,
allowing nonviable eukaryotic cells to be easily quantified.

Therefore, intracellular L. pneumophila growth leads to in-
creased luminescence and fluorescence (eukaryotic cell death).
Active antimicrobials, in turn, are identified through their reduc-
tion of both luminescence and fluorescence signal. Notably, intra-
cellular growth inhibition can also occur through destruction of
host cells rather than through direct antibacterial activity. How-
ever, such adventitious inhibition of intracellular growth is readily
identified by a profile showing low luminescence and high fluo-
rescence.

We now extended our analysis to approximately 8,500 known
bioactives, among which were 238 known antimicrobials (Table 1;
see also Table S1 in the supplemental material). This allowed us to
broadly characterize effects of antimicrobials currently or previ-
ously marketed for human and veterinary use against intracellular
growth of L. pneumophila. Screening for each test compound was
performed in duplicate test plates to reduce false positives, as pre-
viously described (10). The correlation between duplicate known
antimicrobial test wells proved excellent (Fig. 1), with an R2 of
0.94, supporting highly robust, reproducible assay performance in
the 384-well, high-throughput format.

Although generally only one or two concentrations of each
antimicrobial were tested based on inclusion at preset concentra-
tions in known bioactive libraries, concentrations were often in
the range of MIC breakpoint susceptibility thresholds used to de-
termine efficacy against Gram-negative organisms (see Table S1
in the supplemental material). Moreover, we could also assess
fractional inhibition. Therefore, we predicted that the efficacy of
antimicrobials could be established from primary screening data.

Table 1 shows a summary of data for the 238 antimicrobials
identified within the known bioactive library screening set. Based
on the geometric nature of bacterial growth, we parsed inhibitory
effects in log2-fold scale increments. Specifically, compounds were
broadly categorized as having detectable, weak, moderate, strong,
or very strong activity based on observation of statistically detect-
able (z score of �3), �4-fold, �16-fold, �64-fold, or �256-fold
suppression of intracellular growth, respectively.

Notably, several general themes can be observed based on data
in Table 1 and in Table S1 in the supplemental material. Qui-
nolone- and rifampin-class antibiotics were almost universally
highly active, generally completely eliminating both bacterial
growth and bacterial replication-associated macrophage cell
death. Later-generation macrolides were generally highly active,
in contrast to relatively poor activity of erythromycin. Minocy-
cline and doxycycline appeared especially active among tetracy-
clines. Chloramphenicol and florfenicol were also potent. In con-
trast, polar antibiotics such as �-lactams and aminoglycosides
were inactive. Interestingly, several chemotherapeutics demon-
strated selectivity for L. pneumophila. For example, mitomycin C

showed very strong activity against L. pneumophila, presumably
based on its DNA cross-linking capability, at a concentration that
did not induce overt eukaryotic cell toxicity. Similarly, actinomy-
cin D (an RNA polymerase inhibitor) and several topoisomerase-
based chemotherapeutics also demonstrated various levels of ac-
tivity. Hinokitiol, a natural antimicrobial product used in topical
form and previously shown active against axenically grown L.
pneumophila, was also a potent inhibitor of L. pneumophila intra-
cellular growth (15–17). Folate pathway antagonists (such as tri-
methoprim and sulfamethoxazole) generally showed poor to no
activity. However, this result should be interpreted with caution as
the thyA (thymidylate synthetase) mutation in the L. pneumophila
screening strain background confers trimethoprim resistance
(18), and thymidine supplementation necessary for its growth
likely undermines folate pathway blockade.

Based on screening results, we next examined intracellular and
axenic growth inhibition in detail for representative antimicrobi-
als. For these experiments, we took advantage of HP D300 instru-
mentation, which facilitates large-scale serial dilution experi-
ments. Table 2 shows IC50 and IC99 data for parallel intracellular
and axenic growth experiments, respectively. The MIC is stan-
dardly defined as the concentration of antimicrobial that inhibits
visible growth in test wells. As we used a nonvisual assay for inhi-
bition, we considered the MIC equivalent to the IC99 for our anal-
ysis. Figure 2 shows corresponding dose-response curves for se-
lected antimicrobials.

Growth parameters allowed us to assign relative potencies for
antibiotics within given classes. Overall, quinolones showed ex-
tremely low MIC and IC50 values in both macrophage infection
and axenic growth assays. Notably, levofloxacin, moxifloxacin,
and gatifloxacin showed greater intracellular activity than cipro-
floxacin (Fig. 2A) and other quinolones tested (Table 2). Among
macrolides, azithromycin, josamycin, clarithromycin, and roxi-
thromycin had significantly lower intracellular MICs than eryth-
romycin. In contrast, the effects of macrolides on axenic growth
were similar. Among tetracyclines, minocycline showed the lowest
intracellular MIC, followed by doxycycline, tigecycline, and then
tetracycline. Minocycline’s and especially tigecycline’s axenic ac-
tivities were relatively less pronounced. Although the �-lactam
antibiotics, meropenem and ceftriaxone, showed excellent axenic
potency, intracellular growth inhibition was poor.

Interestingly, we noted that many antimicrobials modestly
stimulated luminescence at subinhibitory concentrations (i.e.,
above levels of the negative control, in which no antimicrobials
were added) (Fig. 2). The stimulation was either less pronounced
or absent in axenic growth experiments. In general, steeper dose-
response slopes were observed in intracellular than in axenic
growth inhibition studies, though this effect may also be partially
explained by the subinhibitory stimulation of luminescence in the
former. Based on comparisons with CFU determinations, this ef-
fect likely represents stimulation of lux operon expression rather
than an increase in bacterial replication (data not shown).

The intracellular effects of combinations of the individually
most potent antimicrobials were next examined in experiments in
which serial dilutions of two antimicrobials were tested alone and
in combination. Combinatorial effects are often represented as an
isobologram that connects the lowest concentrations of antimi-
crobial combinations that inhibit growth. However, as we had
both quantitative and qualitative data for each antibiotic combi-
nation, we chose to plot isobologram contours connecting points
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of equal percent intracellular growth inhibition (selected contour
plots are shown in Fig. 3A to F). Table 3 shows the corresponding
combinatorial fractional inhibitory concentrations (FIC) for all
antimicrobial combinations tested. Results from isocontour plots
were visually consistent with FIC analysis. Notably, pairwise com-
binations of azithromycin, rifampin, and minocycline demon-
strated concave isobologram contours and FIC values consistent
with synergy (Fig. 3 and Table 3). In contrast, levofloxacin in
combination with azithromycin, minocycline, or rifampin dem-
onstrated straight or slightly convex isobologram contours and
FIC values indicative of noninteraction (Fig. 3, Table 3, and data
not shown). Chloramphenicol showed noninteraction with mi-
nocycline, rifampin, azithromycin, or levofloxacin (Table 3 and
data not shown). However, it did show borderline synergy with
rifampin that straddled the 0.5 FIC cutoff in different experi-
ments. As in single antimicrobial dose-response analysis, subin-
hibitory concentration stimulation (i.e., isocontour values greater
than the 100% negative control) was also observed, most promi-

0 100000 200000 300000 400000
0

100000

200000

300000

400000

RLU B

R
LU

 A

FIG 1 Correlation between replicate antimicrobial screening wells. Each an-
timicrobial test compound from screening libraries was tested in duplicate in
two separate screening plates. Plotted are the relative light units (RLU) on day
2 after macrophage infection for the first replicate versus the second replicate
for each antimicrobial test compound listed in Table S1 in the supplemental
material.

TABLE 2 Inhibitory characteristics of antimicrobials

Antimicrobial

Growth inhibition profile (�g/ml)a

Breakpoint (�g/ml) Fractional potencym

Intracellular Axenic

IC50 (95% CI) MIC IC50 (95% CI) MIC

Ciprofloxacin 0.011 (0.010–0.012) 0.030 0.0033 (0.0027–0.0040) 0.016 1b,i 33
Levofloxacin 0.005 (0.005–0.006) 0.016 0.0039 (0.0037–0.0042) 0.016 2b 125
Gatifloxacin 0.0040 (0.0037–0.0043) 0.016 0.0040 (0.0038–0.0043) 0.016 2b 125
Moxifloxacin 0.0052 (0.0048–0.0055) 0.016 0.0073 (0.0068–0.0078) 0.016 0.5c,i 31
Pefloxacin 
0.017j 0.030 0.013 (0.012- 0.015) 0.060 NA
Flumequine 0.12 (0.11–0.14) 0.25 0.034 (0.031–0.037) 0.120 NA
Rifampin 0.002(0.002–0.003) 0.008 0.00015 (0.00015–0.00016) 0.00048 1c,h 125
Minocycline 
0.03j 0.128 0.047 (0.041–0.054) 4 4b 16
Doxycycline 0.090 (0.076–0.11) 0.250 0.013 (0.011- 0.015) 0.250 4b 8
Tigecycline 
0.12j 0.480f 0.71 (0.580.86) 16 2g 4.2
Tetracycline 0.11 (0.86–1.4) 4.0 3.5 (0.72–17.0) �16 4b 1
Erythromycin 0.37 (0.31- 0.43) 2.0 0.041 (0.036–0.047) 0.480 1c 0.5
Azithromycin 
 0.063j 0.25 0.010 (0.0091–0.012) 0.128 1c 4
Josamycin 0.069 (0.067–0.71) 0.25 0.073 (0.069–0.077) 0.480 2e 8
Roxithromycin 0.064 (0.061–0.066) 0.25 0.0045 (0.0041–0.0050) 0.128 �1d 4
Clarithromycin 0.021 (0.019–0.024) 0.128 0.0030 (0.0029–0.0031) 0.032 1d 8
Chloramphenicol 
 0.25j 1 0.042 (0.038- 0.045) 1 8b 8
Florfenicol 0.21 0.5 ND ND 2f 4
Clindamycin 
 1j 8 0.83 (0.72- 0.095) 8 0.5c 0.06
Fusidic acid 
 1j 4 0.0055 (0.0048–0.0063) 0.128 1d 0.25
Meropenem 1.7 (1.2–2.3) �16, 0.047 (0.042–0.052) 0.250 1b 	0.06
Ceftriaxone 0.39 (0.31–0.50) �16 0.015 (0.013- 0.017) 0.480 1b 	0.06
Amikacin 4.5 (1.2–17.2) �8 1.1(0.89–1.4) 4 16b �1
Gentamicin 
4k �8 
4k 8 4b �0.25
Kanamycin NAl �8 NAl �8 16b 	1
a The MIC is defined as the lowest concentration that confers greater than 99% reduction (IC99) in luminescent signal in all replicates. CI, confidence interval; ND, not done; NA,
not applicable.
b Susceptibility breakpoints are based on the Enterobacteriaceae CLSI standard (58).
c Susceptibility breakpoints are based on the S. aureus CLSI standard (58).
d Susceptibility breakpoints are based on the S. aureus EUCAST standard (59).
e Susceptibility breakpoints are based on reference 60.
f Susceptibility breakpoints are based on reference 36.
g Susceptibility breakpoints are based on U.S. FDA criteria (61).
h The EUCAST S. aureus rifampin breakpoint is 0.06 (59).
i The EUCAST breakpoints for ciprofloxacin and moxifloxacin are the same at 0.5�g/ml.
j Best-fit parameters do not allow unambiguous determination of the IC50. Confidence intervals are therefore not given.
k Approximate IC50 determined visually from dose-response graph as four parameter nonlinear regression interpolation was noninformative.
l Without activity at all concentrations tested.
m Fractional potency is the susceptibility breakpoint divided by the MIC for intracellular growth.
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nently with combinations including the protein synthesis inhibi-
tors, minocycline and azithromycin.

Based on synergy found in pairwise combinations of rifampin,
azithromycin, and minocycline, we asked whether three-way syn-
ergy among these antimicrobials might also be present. In three-
dimensional (3D) isobologram plots, indifference is indicated by a
planar surface connecting the MIC values found for the three an-
timicrobials individually. However, in 3D testing of rifampin, azi-
thromycin, and minocycline, a high degree of surface concavity
was observed instead (Fig. 4), suggesting synergy (19). Two-di-
mensional synergy along the axis planes for pairwise combina-
tions of the three antimicrobials was also evident as expected. Of
note, the 3D �FIC value was 	0.5 and also less than the �FIC for
axis planes (pairwise combinations) in the same experiment, sup-

porting the incremental effect from the triple-antimicrobial com-
bination (Table 3). Indeed, very low concentrations of azithromy-
cin, minocycline, and rifampin (16, 8, and 1 ng/ml or 8, 16, and 1
ng/ml, respectively; FIC of 0.325) were required for �99% growth
inhibition when these antimicrobials were used in three-way combi-
nation. This contrasted with the much larger concentrations (120,
120, and 8 ng/ml, respectively) needed to achieve comparable inhibi-
tion when each was used individually in the same experiment. There-
fore, 3D FIC data also support multidimensional synergy.

DISCUSSION

Here, we demonstrate use of a high-throughput screening tech-
nology to investigate the effects of 238 antimicrobials against in-
tracellular Legionella pneumophila. During primary screening we
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were able to both identify and quantify effects of antimicrobials.
Accordingly, based on the primary screening data set, we identi-
fied select antimicrobials for more in-depth dose-response analy-
sis. Here again, we took advantage of high-throughput screening
technology, applying HP D300 automation to perform high-res-
olution doubling and subdoubling dilution experiments, compar-
ing effects on both intracellular and axenic growth.

Notably, effectiveness against intracellular but not axenic (ex-
tracellular) growth was remarkably consistent with cumulative
observations of clinical efficacy (reviewed in reference 5). Specif-
ically, we observed potent intracellular activity of quinolones and
later-generation macrolides (7, 20), now recommended as first-
line therapies for Legionella. Among the quinolone class, we noted
a left-shifted intracellular dose-response curve for levofloxacin
compared to the curve for ciprofloxacin (Fig. 2A) although axenic
growth was similarly inhibited by both antimicrobials. Prior stud-
ies have documented clinical failure with ciprofloxacin, suggest-
ing the potential clinical superiority of levofloxacin (21, 22),
which is consistent with our in vitro findings.

Among macrolides, azithromycin, roxithromycin, josamycin,
and clarithromycin showed similar potent effects on intracellular
growth. In contrast, erythromycin showed relatively poor intra-
cellular activity, despite a reasonable axenic effect. Results are con-
sistent with prior observations of poorer clinical outcomes
associated with erythromycin (23), a macrolide no longer recom-
mended for Legionella therapy.

In our primary screen we also examined a very large number of
�-lactams, none of which demonstrated any activity, despite the po-
tency of two tested �-lactams (ceftriaxone and meropenem) under
axenic growth conditions. Results from intracellular growth assays

were again consistent with clinical observations. Notably, �-lactams
have been associated with a high frequency of treatment failure and
are not recommended for L. pneumophila treatment (5, 24).

Among tetracycline-class antibiotics, we noted the most left-
shifted intracellular dose-response curve for minocycline. Results
were consistent with robust effects of minocycline observed pre-
viously in a guinea pig infection model (25). Of note, doxycycline
is a designated alternative therapy for L. pneumophila in the treat-
ment guidelines of the Infectious Disease Society of America (26)
based on limited clinical observations (27). However, in vitro find-
ings suggest that minocycline might have greater potency. These
observations will need to be further explored and validated in vivo,
taking into account the pharmacokinetics, pharmacodynamics,
and safety profiles of the two agents. In contrast to minocycline
and doxycycline, tetracycline and tigecycline demonstrated sub-
optimal intracellular activity (Tables 1 and 2; see also Table S1 in
the supplemental material). Previously, tigecycline was noted to
inhibit axenic growth and human monocyte-derived macrophage
infection (28). However, macrophages used for the latter studies
appeared relatively nonpermissive for intracellular growth,
thereby potentially accentuating antimicrobial effects. In a guinea
pig model, tigecycline led to clinical cure in a substantial fraction
of animals; however, 12-day postinfection lung CFU counts were
4 logs higher than those in azithromycin-treated controls (29),
also suggesting lower efficacy.

Interestingly, fusidic acid, an elongation factor G turnover in-
hibitor, showed remarkably potent activity, however, under ax-
enic conditions only. Its clinical use, motivated by axenic MIC
testing, was described previously with a presumed curative effect
when used in combination with erythromycin (30). However, lack
of significant intracellular activity suggests that fusidic acid is un-
likely to provide clinical benefit.

Chloramphenicol showed reasonable intracellular activity, as
previously suggested in single-concentration experiments (31).

azithromycin

mino
cy

cli
ne

rif
am

pi
n

FIG 4 Three-dimensional synergy. The combinatorial effects of azithromy-
cin, minocycline, and rifampin were tested against intracellular growth of L.
pneumophila. The plotted surface contour overlies data points for antimicro-
bial combinations with 	99% intracellular growth inhibition relative to that
of the uninfected control wells. A high degree of surface concavity suggests
three-dimensional synergy. Concentrations along axes are in nanograms/mil-
liliter. A representative experiment is shown; the data set used for graph gen-
eration was based on 512 antimicrobial combinations tested in triplicate.

TABLE 3 Minimal fractional inhibitory concentration (FIC)
summations for pairwise and triple antimicrobial combinations

Drug combination FIC sum Interpretation

Rifampin � azithromycina 0.47 Synergy
Minocycline � azithromycina 0.43 Synergy
Rifampin � minocyclinea 0.41 Synergy
Chloramphenicol � azithromycin 0.53 No interaction
Chloramphenicol � rifampina 0.60 No interaction
Chloramphenicol � minocycline 0.75 No interaction
Florfenicol � rifampina 0.68 No interaction
Levofloxacin � minocyclinea 0.95 No interaction
Levofloxacin � azithromycina 1.6 No interaction
Levofloxacin � rifampina 1.36 No interaction
Levofloxacin � chloramphenicol 2.0 No interaction
Ceftriaxone � azithromycina,b 0.49 Synergy
Ceftriaxone � levofloxacina,b 0.88 No interaction
Azithromycin � rifampin � minocycline 0.325 Synergy

Axis planesc

Azithromycin � minocycline 0.383
Azithromycin � rifampin 0.375
Minocycline � rifampin 0.375

a FIC data are based on finer �2-fold serial dilution rather on than standard doubling
dilution matrices.
b FIC data for ceftriaxone combinations shown are for axenic rather than intracellular
growth inhibition. Ceftriaxone did not sufficiently suppress intracellular growth at all
concentrations tested, thus precluding intracellular FIC analysis.
c FIC values for the axis planes are calculated from within the three-dimensional data
set. Two-dimensional synergy FIC values for the same antimicrobial combinations
shown earlier in the table are from separate experiments.
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However, poor penetrance into lungs in the guinea pig model
(32), a trend to poorer outcome for patients in the original Le-
gionnaires’ outbreak (5), its association with idiosyncratic bone
marrow aplasia, and otherwise very limited clinical experience
(33, 34) indicated that it should not be used therapeutically. In-
terestingly, florfenicol appeared to have similar in vitro activity
based on our studies (Tables 1 and 2; see also Table S1 in the
supplemental material). However, florfenicol, currently approved
only for veterinary use (35), is not associated with bone marrow
failure, is immune to inactivation by chloramphenicol acetyl-
transferase (36), the most prevalent mechanism of chloramphen-
icol resistance, and achieves excellent penetration into bronchial
secretions (37). Therefore, it is potentially worthy of further study
for treatment of human pneumonia.

Prior limited in vitro examination of clindamycin demon-
strated partial intracellular inhibition of L. pneumophila, albeit
without endpoint determination of MIC values (38). Our dose-
response analysis suggests poor efficacy, with an MIC significantly
above typical susceptibility breakpoint cutoffs (Table 2). There is
limited clinical experience with use of clindamycin for L. pneumo-
phila, with anecdotal success (38), however, based on our results,
perhaps largely unrelated to antimicrobial efficacy.

Overall, our findings were consistent with those obtained using
traditional measures for intracellular growth, where assessed (re-
viewed in reference 7). However, because of the technical com-
plexity, prior analysis was often abbreviated and performed near,
and at some multiples of, the axenic MIC (39–42). This was par-
ticularly true for synergy experiments. In contrast, our approach,
aided by robotics, was to perform full single and multidimen-
sional dose-response analyses.

Our combinatorial analysis demonstrated synergy for pairwise
combinations of azithromycin, minocycline, and rifampin. In
contrast, noninteraction was found when levofloxacin was com-
bined with these other agents. Our results were consistent with
recent quantitative PCR (qPCR)-based intracellular growth inhi-
bition testing demonstrating synergy for rifampin-macrolide and
indifference for erythromycin (macrolide)-levofloxacin and ri-
fampin-levofloxacin combinations, albeit this prior qPCR analy-
sis was confined to a single MIC90 cutoff (43). However, our
results differed from those finding axenic synergy for ciprofloxa-
cin-azithromycin (44). It is possible that use of different quino-
lones or growth conditions account for these discrepant observa-
tions. Of note, antagonism was not observed for combinations
that might be used for community-acquired pneumonia therapy,
specifically, ceftriaxone-azithromycin and ceftriaxone-levofloxa-
cin (26).

To the best of our knowledge, triple-synergy testing results
have not previously been reported for L. pneumophila. Here, we
found that triple combinations of azithromycin, minocycline, and
rifampin were highly synergistic (Fig. 4) to the extent that approx-
imately 10-fold-lower concentrations of each antimicrobial were
required in combination than when each was used individually to
inhibit intracellular growth. Presumably, triple combinations may
thereby provide therapeutic benefit through enhancement of
time- and/or concentration-dependent killing in areas of L. pneu-
mophila lung consolidation and abscess formation where antibi-
otic penetrance may be poor. Our findings therefore provide a
rationale for further investigation of triple combinations of these
three agents or pairwise combinations among them for treatment
of severe Legionnaires’ disease.

Several potential limitations of our study should be noted.
First, we examined effects on a single Legionella strain. Therefore,
results may not necessarily be extrapolated to other Legionella
strains and species although prior comparisons suggest relative
homogeneity of responses to antimicrobials within the Legionella
genus (7). However, our goal was not to perform a comprehensive
examination of strains but rather to develop a screening strategy to
examine the potential of a large number of antimicrobials. As
such, after an initial screen, more traditional methods could then
be applied to examine the activity of select antimicrobials identi-
fied in the initial screen against any number of strains. In addition,
to allow generalization of this screening procedure to other bac-
terial pathogens, we have recently developed lux operon reporter
transposons (Y.-S. Kang and J. Kirby, unpublished data) that al-
low facile marking of Gram-negative strains of interest (45). No-
tably, the transposon constructs contain non-antibiotic-based se-
lectable markers that will not interfere with susceptibility testing.

Second, our primary and secondary analysis relied on technol-
ogy that requires stock antimicrobials in library plates destined for
robotic (10) or HP D300 transfer to be dissolved in DMSO. This
limited the stock concentrations and therefore determination of
clinically relevant upper bounds of dose-response curves for a very
small number of hydrophilic compounds, specifically aminogly-
cosides. Of note, Hewlett Packard has recently introduced new
D300 technology that will allow aqueous compound solutions to
be similarly dispensed, potentially addressing this issue in second-
ary analysis.

Third, high-throughput screening technology may be prone to
false-negative results with unstable antimicrobials as screening li-
braries may have undergone several freeze-thaw cycles prior to
use. For example, tigecycline was previously noted to require spe-
cial precautions against oxidative inactivation to preserve activity
(46). This instability likely accounts for negative primary screen-
ing results (Table 1) (screening concentration of 12 �g/ml), de-
spite an intracellular MIC of 0.48 �g/ml determined in follow-up
intracellular dose-response experiments (Table 2) using freshly
made antimicrobial solution.

Fourth, it is possible that results might have differed if other
host cells were used. However, we believe that J774A.1 macro-
phages provide a reasonable and advantageous model for the in-
tracellular growth compartment. Notably, the cell biology of in-
tracellular infection appears remarkably similar whether in cell
lines such as J774A.1, primary mammalian cells, or protozoa.
These observations suggest that J774A.1 provides a representative
model for intracellular growth compartments that need to be ac-
cessed by antimicrobials (47). In addition, the use of a trans-
formed continuous cell line itself provides benefit as we presume
that a protective apoptotic host cell response, that might otherwise
compromise the intracellular growth niche (48), is likely sup-
pressed during the process of transformation.

Fifth, use of a thymidine auxotroph screening strain and thy-
midine supplementation required for its growth may have led to
unanticipated effects on antimicrobial activity. To test this, we
complemented our screening strain with a thymidylate synthase-
expressing plasmid, pKB5 (18), thereby reestablishing thymidine
prototrophy. We compared dose-response curves for comple-
mented (no thymidine supplementation) and noncomplemented
(thymidine supplementation provided) strains. For compounds
tested (azithromycin, erythromycin, minocycline, ciprofloxacin,
moxifloxacin, tetracycline, rifampin, and tigecycline and eight
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novel antimicrobial hits from our larger screening effort), we
observed essentially identical dose-response curves (data not
shown), suggesting that thymidine auxotrophy and thymidine
supplementation are unlikely to have a pervasive effect on screen-
ing results. These findings notwithstanding, the choice of screen-
ing strain background should be carefully considered when
studies with other pathogens are initiated.

Sixth, our screening strategy was designed to detect intracellu-
lar growth inhibitors and at the same time to identify potential
false positives that limit replication through damage to host cells.
Such hits would have low luminescence and high fluorescence
(10). However, it is possible that some hits demonstrating this
pattern may instead inhibit bacterial replication directly, while
still allowing bacterial toxic effects on host cells to be manifest.
These hits might provide further insight into pathogenesis and
could be identified in secondary screening assays by the absence of
toxicity toward uninfected host cells.

Seventh, it may not be appropriate to extrapolate in vitro effec-
tiveness of synergy combinations to a clinical setting. There may
be drug-drug interactions or pharmacological considerations that
preclude combinatorial use. However, in vitro synergy results can
suggest a starting point for further investigation.

With these limitations in mind, we do believe that our model
system has several advantages in addition to automation. First,
our assay read-out for bacterial growth is a real-time, nondestruc-
tive assay. Second, we can also detect real-time effects on eukary-
otic cell toxicity that might adventitiously lower intracellular
growth. Third, real-time analysis allows multiple types of addi-
tional experiments to be performed simply. For example, revers-
ibility of antimicrobial effects can be modeled in single test wells,
by simple removal of antibiotics through medium exchange at
predetermined time points (49). Lastly, D300 automation makes
possible facile triple-synergy examination to the point that it
could reasonably be applied in a clinical laboratory setting in an
actionable time frame. Extended multidimensional synergy stud-
ies may in the future suggest combination strategies similar to
highly active antiretroviral therapy to optimize maximum thera-
peutic effect and potentially allow more rapid sterilization of in-
fection.

The examination of known antimicrobials against L. pneumo-
phila was part of a large screening effort to identify novel antimi-
crobials that target either the host cell or bacteria to limit intracel-
lular growth. One question in evaluation of our approach was to
determine how well primary screening results predict therapeutic
efficacy of known antimicrobials. Presumably, reliability in pre-
dicting such effects would portend favorably for identifying new
antimicrobials. Through our analysis, we show that our screening
assay did reliably predict effectiveness of antimicrobials known to
be active clinically against Legionella (50). Primary screening data
were also reasonably predictive of potency observed in dose-re-
sponse studies, suggesting that primary screening potency could
be used to prioritize compounds for further study.

In addition, our screening strategy for identifying antimicro-
bials that penetrate efficiently into intracellular compartments
and inhibit growth of L. pneumophila likely has broader relevance.
Specifically, a subset of novel antimicrobials identified will likely
also inhibit other bacterial pathogens of medical importance that
reside at least transiently in an intracellular niche. Among many
examples, there is mounting evidence that Staphylococcus aureus
(51) persists in an intracellular niche, which may underlie its vex-

ing ability to recrudesce at late times after treatment. It is our hope
that compounds identified through our screening strategy will be
more likely to kill pathogens that make residence both inside and
outside eukaryotic cells.
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