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ABSTRACT Brucella is an intracellular bacterial pathogen that causes chronic sys-
temic infection in domesticated livestock and poses a zoonotic infectious risk to hu-
mans. The virulence of Brucella is critically dependent on its ability to replicate and
survive within host macrophages. Brucella modulates host physiological pathways
and cell biology in order to establish a productive intracellular replicative niche.
Conversely, the host cell presumably activates pathways that limit infection. To iden-
tify host pathways contributing to this yin and yang during host cell infection, we
performed a high-throughput chemical genetics screen of known inhibitors and ago-
nists of host cell targets to identify host factors that contribute to intracellular
growth of the model pathogen Brucella neotomae. Using this approach, we identi-
fied the p38 mitogen-activated protein (MAP) kinase pathway and autophagy ma-
chinery as both a linchpin and an Achilles’ heel in B. neotomae’s ability to coopt
host cell machinery and replicate within macrophages. Specifically, B. neotomae in-
duced p38 MAP kinase phosphorylation and autophagy in a type IV secretion system-
dependent fashion. Both p38 MAP kinase stimulation and an intact autophagy machin-
ery in turn were required for phagosome maturation and intracellular replication.
These findings contrasted with those for Legionella pneumophila, where chemical in-
hibition of the p38 MAP kinase pathway and autophagy factor depletion failed to
block intracellular replication. Therefore, results from a chemical genetics screen sug-
gest that intersections of the MAP kinase pathways and autophagy machinery are
critical components of Brucella’s intracellular life cycle.
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Brucella is a facultative, intracellular, Gram-negative pathogen that causes chronic
systemic infection in mammals. Humans become infected through ingestion of

contaminated milk, percutaneous blood exposure, or inhalation of aerosolized organ-
isms from birthing farm animals. Infection is associated with prolonged and debilitating
fever, hepatosplenomegaly, lymphadenopathy, and potentially life-threatening sequelae,
including endocarditis, osteomyelitis, and meningitis (1).

The VirB-based type IV secretion system (T4SS) is a major virulence determinant of
Brucella spp. (2–5) and is required for intracellular replication in host macrophages. VirB
mutants also show dramatically reduced virulence in experimental models. The VirB
operon encodes a multiprotein molecular syringe, induced by phagosomal acidifica-
tion, that translocates effector proteins from the bacterial cytoplasm across the pha-
gosomal membrane into the host cell cytoplasm. Effectors have multiple effects on the
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host cell that ultimately result in altered maturation of the bacterial phagosome and
establishment of a productive intracellular growth niche.

After internalization, Brucella-containing vacuoles (BCVs) mature along an endo-
somal route marked by the recruitment of late endosomal markers, Rab7 and lysosome-
associated membrane protein 1 (LAMP-1) (6, 7). The BCV then diverges from canonical
endosomal maturation, taking on properties of the endoplasmic reticulum (ER), where
intracellular replication begins (3, 8, 9). In contrast, the BCVs of T4SS mutants fail to
avoid end-stage endosomal maturation, and bacteria are degraded within mature lyso-
somal compartments.

The relationship between autophagy and host cell infection remains to be fully
defined. For example, Brucella melitensis 16M was found to induce the maturation of
microtubule-associated protein 1A/1B light chain 3-I (LC3-I) to LC3-II and the corre-
sponding formation of LC3 puncta (10), markers of autophagosome formation. Fur-
thermore, early BCVs were enclosed in multiple membranes, a morphological feature of
autophagosomes, and 3-methyladenine, an indirect autophagy inhibitor, blocked in-
tracellular replication. Similarly, Brucella abortus strain 1308 was found to colocalize,
early during infection, with the autophagosome marker monodansylcadaverine (11),
and intracellular replication was similarly inhibited by 3-methyladenine (6, 12). How-
ever, although B. abortus BCVs were noted to have multilaminar features suggestive of
autophagosomes late during infection (9), an association with LC3 was not evident.
Furthermore, deletion or small interfering RNA (siRNA) knockdown of many but not all
autophagy machinery components still supported formation of multilaminar BCVs, and
intracellular replication was not affected (9).

We reasoned that we could use a chemical genetics screen to identify host pathways
coopted by Brucella to orchestrate these curious cellular events. For this screen, we
turned to the model Brucella pathogen Brucella neotomae. B. neotomae, which natively
infects desert pack rats, is highly related to select-agent Brucella species (B. melitensis,
B. abortus, and B. suis) and also shares similar host cell infection dynamics and type IV
secretion system-dependent intracellular replication and pathogenesis (5, 13). How-
ever, in contrast to B. melitensis, B. abortus, and B. suis, it is not a select agent and is
categorized as a biosafety level 2 pathogen, making it a useful model for high-
throughput experiments. Therefore, B. neotomae was used to screen a large number of
known bioactive agents to identify host cell pathways relevant to intracellular infection.
Analysis of screening hits led to the identification of the p38 mitogen-activated protein
(MAP) kinase (MAPK) pathway as a critical mediator of T4SS-dependent cell intracellular
replication at least in part through regulation of autophagy-dependent BCV formation.

RESULTS
Chemical genetics screen identifies pathways that inhibit intracellular growth

of B. neotomae. A high-throughput screen was developed to identify inhibitors of B.
neotomae intracellular growth in THP-1 human macrophages. Although direct bacterial
growth inhibition assays were initially considered, they did not offer sufficient robust-
ness in a high-throughput screening (HTS) format. Instead, we took advantage of the
novel observation of the ability of B. neotomae to kill and permeabilize THP-1 macro-
phages after a productive intracellular growth cycle. To enable real-time, nondestruc-
tive quantification of host cell death, we incorporated the impermeant nucleic acid
binding dye SYTOX green in the assay medium, as we previously described (14–16).
SYTOX green permeates dead cells and binds to nuclear DNA. The large increase in
fluorescence upon DNA binding provided a real-time, quantitative readout of host cell
death and, therefore, an indirect measure of B. neotomae intracellular replicative capacity.

Assay optimization in a 384-well plate format resulted in a mean Z= of 0.70 � 0.05
comparing azithromycin-treated wells (positive growth inhibition control, i.e., no cyto-
toxicity) with untreated control wells (negative control) at 48 h postinfection in three
separate experiments (see Fig. S1A in the supplemental material). A total of 9,685 known
bioactive compounds were then screened in duplicate for anticytotoxicity activity indica-
tive of reduced bacterial growth. Z-scores between two replicates showed high corre-
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lation (R2 � 0.83) (Fig. S1B). Compound libraries included known kinase inhibitors,
G-protein-coupled receptor inhibitors and agonists, antimicrobials, chemotherapeutics,
ion-channel-active agents, and FDA-approved drugs with a variety of mechanisms of
action.

Hits (n � 1,717) were categorized based on the average replicate Z-scores as strong
(Z � 7) (n � 364), medium (5 � Z � 7) (n � 543), or weak (3 � Z � 5) (n � 810). After
removal of duplicates, the remaining 236 strong hits were divided into seven broad
functional categories based on mechanism of action (Table S1 and Fig. S1C). For the
purposes of our study, we excluded known direct antimicrobials from further analysis,
although we noted an unexpected activity of many prototypically Gram-positive anti-
microbials (e.g., fusidic acid), a characteristic shared with other fastidious intracellular
pathogens such as Legionella pneumophila (15). Furthermore, in contrast to L. pneu-
mophila, we also noted a relative efficacy of polar antibiotics (aminoglycosides and
�-lactams among strong hits), potentially suggesting increased access to Brucella
intracellular compartments. We instead focused subsequent investigation on hits that
may potentially limit intracellular growth through action on the host cell. Forty-nine
remaining compounds with previously described host cell targets were advanced to
secondary screening (Table S1).

Hits were first tested for their ability to inhibit intracellular growth using a recom-
binant B. neotomae strain constitutively expressing a bacterial luminescence operon. In
previous studies, luminescence was found to correlate highly with intracellular CFU (5).
However, the dynamic range of the luminescence assay was compressed relative to
CFU counts (5). Although the luminescence assay in general provides an underestimate
of the magnitude of intracellular replication compared with CFU data, it was used
preferentially for most experiments described below as it provided a facile, real-time,
non-host-cell-destructive way to examine large numbers of experimental variables.

Eleven compounds were confirmed as strong hits in a secondary orthogonal screen
using this bacterial luminescence assay (Z-scores less than or equal to �7) and were the
subject of further study in this work (Table S1). These hits consisted of eight kinase
inhibitors, two ion channel modulators, and a proton pump inhibitor. Known activities
of hits are as follows: CDK4/cyclin D1 and calcium/calmodulin-dependent protein kinase II
inhibitor (arcyriaflavin A), PDK1 inhibitor (BX912), I�B kinase inhibitor (IKK-16), cyclin-
dependent kinase (CDK)/glycogen synthase kinase 3� (GSK-3�) inhibitor (indirubin-3=-
monoxime [I3M]), CSF1R inhibitor (Ki20227), JAK inhibitor (CYT387), Rho kinase inhibitor
(Rhodblock6), Jun N-terminal protein kinase (JNK) inhibitor (SP600125), H�/K�-ATPase
proton pump inhibitor (esomeprazole), small-conductance Ca2�-activated K� channel
blocker (NS8593), and ATP-sensitive K� channel opener (pinacidil). Several additional
hits were also confirmed (Table S1), in particular multiple adenosine receptor agonists
in G-protein-coupled receptor libraries, and will be the subject of future work.

For subsequent analysis, J774A.1 murine macrophage host cells, except where
otherwise indicated, were used preferentially for analysis based on simpler protocols for
propagation that did not require differentiation using exogenous agents (calcitriol for
THP-1 cells). Levels of intracellular growth inhibition in J774A.1 cells determined by CFU
and luminescence measurements were highly correlated (Fig. 1A). As expected, all
compounds significantly decreased both bacterial replication, as assessed by lumines-
cence, and host cell cytotoxicity, as assessed by SYTOX green fluorescence, in the same
assay wells (48 h postinfection; P � 0.05 by analysis of variance [ANOVA] and Dunnett’s
post hoc comparisons to dimethyl sulfoxide [DMSO]-infected controls) during infection
of both THP-1 and J774A.1 cells (Fig. S1D), using the same inhibitor concentrations as
the ones in Fig. 1A. These linked observations for luminescence and fluorescence
readouts are presumptively based on decreased intracellular replication-associated
cytotoxicity, which was the foundation of the original high-throughput, chemical
genetics screening assay. Similar significant inhibition of intracellular growth by all
inhibitors was also observed during infection of primary murine bone marrow-derived
macrophages (BMDM) (Fig. 1B) (P � 0.0001 for ANOVA and all post hoc comparisons),
indicating that observations extend beyond continuous macrophage cell lines. To rule
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out effects on initial phagocytosis as an alternative explanation for reduced intracellular
bacterial counts at 48 h postinfection, we assessed microscopically the median number
of bacteria taken up by infected J774A.1 cells at 4 h postinfection in the presence of the
same concentration of compounds (Fig. S1F). There was no significant difference in
intracellular bacterial counts compared to DMSO controls (P � 0.99 in post hoc com-
parisons), except for a significant increase in uptake with arcyriaflavin A and pinacidil
treatments (P � 0.0001 and P � 0.001, respectively). Therefore, decreased phagocytosis
did not appear to contribute to observed intracellular growth defects.

Hits showed various degrees of relative selectivity (Table 1) for intracellular growth
inhibition compared with toxicity toward host cells based on ratios of the 50% cytotoxicity
concentration (CC50) to the 50% intracellular growth inhibitory concentration (IC50).
Furthermore, hits were also relatively selective for inhibiting intracellular bacterial
growth compared with extracellular (axenic) replication in bacterial growth medium,
with the exception of esomeprazole, SP600125, and NS8593, which had detectable axenic
inhibitory activity at concentrations only 2- to 4-fold above the intracellular IC50. Complete
axenic bacterial growth inhibition (i.e., MIC) was observed for only two compounds
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FIG 1 Chemical genetics screen identifies pathways that inhibit intracellular growth of B. neotomae. (A) Inhibitory
effects of selected small molecules on intracellular replication in J774A.1 host cells at 48 h postinfection. Both B.
neotomae (Bn) luminescence and CFU were measured in parallel. Data shown are means � SD from at least two
independent experiments, 3 replicates for luminescence data and 2 replicates for CFU data. Concentrations of the
following tested compounds were in general above the IC50 (Table 1) and substantially below the CC50: arcyriaflavin
A (3.6 �M), BX912 (3.6 �M), IKK16 (3.2 �M), I3M (3.6 �M), Ki20227 (2.0 �M), CYT387 (1.4 �M), Rhodblock6 (6.9 �M),
SP600125 (10.2 �M), esomeprazole (10.2 �M), NS8593 (4.7 �M), and pinacidil (10.2 �M). (B) Inhibitory effects of
selected small molecules on intracellular replication in primary murine bone marrow-derived macrophages (BMDM)
at 48 h postinfection based on luminescence signals. Data shown are means � SD from 4 replicates. Saponin (0.2%)
and 0.3% DMSO in the absence of infection were used as positive and negative cytotoxicity controls, respectively.
Significant suppression of luminescence was observed for all inhibitors in comparison with the DMSO control
(P � 0.0001 by ANOVA and Dunnett’s post hoc multiple-comparison tests). (C) Effect of kinase target siRNA on
intracellular growth of B. neotomae in J774A.1 host cells as assessed by luminescence. Data points represent means �
SD from at least three independent experiments. Significant suppression of luminescence (*, P � 0.001) was observed
for siRNA knockdowns compared to the NTsi control. (D) Effect of siRNA knockdowns on mRNA expression assayed
using same experimental protocol as the one described for panel C. Data points represent means � SD from three
independent samples and were normalized to the �-actin level within each sample and then to expression in
untreated controls.
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(NS8593 and indirubin-3-monoxime) at the highest concentration tested (100 �M).
Therefore, inhibition of intracellular growth could not be accounted for by either host
cell destruction (thereby eliminating the intracellular growth niche) or direct antibac-
terial activity, with rare exceptions. Instead, intracellular growth limitation was presum-
ably caused by nonlethal perturbations to the host cell.

We reasoned that the kinase inhibitor hits, in particular, modulate host cell signaling
pathways to limit intracellular growth. To verify the involvement of putative kinase
inhibitor targets (our most selective hits), we tested effects of siRNA-mediated inhibi-
tion of CDK1, CDK4, CSF1R, and JAK1 expression on intracellular replication. These
siRNA kinase knockdowns led to a significant 1.9- to 3.2-fold decrease (P � 0.001) in B.
neotomae luminescence signals at 48 h postinfection (Fig. 1C) in comparisons to
treatment with the commercially available nontargeting Dicer siRNA control (NTsi)
(Table S2), which was determined bioinformatically by the manufacturer not to interact
with the mouse or human transcriptome. Efficient suppression of mRNA expression by
siRNA constructs was confirmed by quantitative reverse transcription-PCR (Fig. 1D).
Screening hits such as proton pump inhibitors, e.g., esomeprazole, were initially
intriguing and were repeatedly identified as weak to strong hits (data not shown).
However, these drugs are concentrated in acidic phagosomes and presumptive direct
bacterial inhibitors, as described for Helicobacter pylori (17), and were therefore not
further studied.

MAPK p38 is induced by and modulates intracellular infection. Based on the
master regulatory role of several targeted kinases, we questioned whether their sig-
naling would converge on common mitogen-activated protein kinase (MAPK) pathways
that in turn would modulate B. neotomae infection. We first explored the relationship
of MAP kinase activation and B. neotomae infection in J774A.1 cells. In particular,
phosphorylation of p38 MAPK was stimulated at 4 h postinfection during wild-type (wt)
B. neotomae infection, with further incremental stimulation at 24 h and 48 h (Fig. 2A),
in comparison to uninfected controls. Phosphorylation of extracellular signal-regulated
kinase (ERK), however, was not similarly stimulated. In contrast, ΔvirB4 mutant infection
did not induce p38 phosphorylation.

To examine potential connections with inhibitor targets, we measured MAPK activity
in the presence or absence of siRNA inhibition of targeted genes. At 48 h postinfection,
B. neotomae markedly induced the phosphorylation of p38 (Fig. 2B) in host cells
transfected with the NTsi control. In contrast, in host cells transfected with siRNAs targeting
kinase target expression, B. neotomae-induced p38 phosphorylation was suppressed, while

TABLE 1 Compound potency, cytotoxicity, and selectivity

Compound Target

Mean IC50

(�M) � SD
in J774 cellsa

Mean IC50

(�M) � SD
in THP cellsa

Mean IC50

(�M) � SD,
axenicb

MIC
(�M)d

Mean CC50

(�M) � SD
in J774 cellsa

Selectivityc

Intracellular
vs J774 cells

Axenic vs
intracellular

Ki20227 CSF1R 0.3 � 0.1 1.2 � 0.5 �100 �100 45.8 � 1.7 147.7 �333
CYT387 JAK 0.8 � 0.3 0.5 � 0.04 �100 �100 5.5 � 0.3 6.8 �125
Arcyriaflavin A CDK4 2.2 � 0.3 2.1 � 0.2 �100 �100 �100 �44.6 �45.5
Indirubin-3-

monoxime
CDK/GSK-3� 2.4 � 0.1 0.13 � 0.07 27.8 � 4.5 100 �100 �42.6 11.6

IKK16 I�B kinase 2.4 � 0.4 5.0 � 0.1 �100 �100 12.7 � 0.3 5.2 �41.7
BX912 PDK1 4.3 � 1.1 1.5 � 0.1 �100 �100 53.7 � 9.0 12.6 �23.3
Rhodblock6 Rho kinase 11 � 5.8 3.6 � 1.8 �100 �100 �100 �9.2 �9.1
SP600125 JNK 9.3 � 1.1 8.4 � 4.9 19.3 � 4.3 �100 �100 �10.7 2.1
NS8593 K� channel 13.1 � 0.4 3.8 � 0.4 43.2 � 6.1 100 �100 �7.6 3.3
Pinacidil K� channel �15 11.5 � 2.2 �100 �100 �100 �6.7 �6.7
Esomeprazole H�/K�-ATPase 4.5 � 0.1 3.8 � 1.0 24.6 � 2.9 �100 54.8 � 6.9 12 5.5
aIC50, concentration that leads to 50% bacterial growth inhibition by a luminescence assay within either THP or J774A.1 cells; CC50, concentration that leads to 50%
death of J774A.1 host cells as measured by a SYTOX green cytotoxicity assay.

bConcentration that leads to bacterial growth inhibition of 50% by a luminescence assay in bacterial growth medium.
cSelectivity is the CC50/IC50 ratio (relative effect on intracellular growth of B. neotomae compared to cytotoxicity for J774A.1 host cells) or the IC50 axenic/IC50 J774
ratio (relative effect on intracellular growth in J774A.1 host cells compared to axenic, extracellular growth).

dMIC where there was completion inhibition of B. neotomae luminescence compared with the positive control (100 �g/ml gentamicin).
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conversely, ERK phosphorylation was stimulated. We also examined the effects of the
direct p38 MAPK pathway inhibitor SB203580. Similar to observed effects of high-
throughput screening target inhibition, SB203580 suppressed infection-induced p38
phosphorylation, effects observable at concentrations of as low as 1 �M, with almost
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FIG 2 Effect of p38 MAPK inhibition on B. neotomae trafficking and intracellular growth. (A) Phosphospecific Western blots were performed
after mock infection (uninfected) or infection of J774A.1 cells with the B. neotomae wild-type (B. neotomae) or ΔvirB4 mutant strain for the
indicated times. (B) MAP kinase phosphorylation observed 48 h after infection of J774A.1 cells in the presence of target siRNA or NTsi.
Results shown are representative of data from two independent experiments (see also Fig. S1 in the supplemental material). (C) Effects of
SB203580 on MAPK signaling in B. neotomae-infected J774A.1 cells at 48 h postinfection. (D to F) For J774A.1 cells infected with B. neotomae
(D), J774A.1 cells infected with L. pneumophila (Lp) (E), and THP-1 cells infected with B. neotomae (F), effects of p38 inactivation by SB203580
on intracellular growth were assessed based on bacterial luminescence. Data points represent means � SD from assays performed in
triplicate. (G) LAMP-1 colocalization with BCVs in J774A.1 cells treated with DMSO or SB203580. Data shown represent means � SD
obtained from two experiments, with at least 100 BCVs scored under each condition per experiment (P � 0.05 for 24-h and 48-h
comparisons). (H) Colocalization of BCVs (red) with LAMP-1 (green) and mTurquiose2::calreticulin (blue) after treatment with SB203580 at
the indicated times after infection of J774A.1 cells. Bars, 5 �m. For all panels, * designates a significant difference between treatment
conditions and the DMSO control (see also Fig. S2 in the supplemental material).
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complete suppression at 10 �M, as assessed by Western blotting (Fig. 2C). ERK
phosphorylation was also similarly stimulated at low concentrations of the inhibitor,
while MEK phosphorylation was stimulated only at higher concentrations.

Based on p38 pathway stimulation during T4SS-competent infection, we tested
whether the p38 inhibitor SB203580 would block intracellular bacterial replication (Fig.
2D). As little as 1 �M SB203580 was observed to inhibit intracellular growth by approxi-
mately 3-fold, as assessed by luminescence (P � 0.0001), and 100-fold, as assessed by CFU
enumeration (Fig. S2A). Furthermore, by confocal microscopy, SB203580 decreased the
mean area occupied by BCVs in confocal microscopy images by �10-fold at 48 h postin-
fection (Fig. S2B and S2D). However, at 24 h postinfection, the mean percentages of
infected J774A.1 cells treated with either SB203580 or DMSO were not statistically
different (Fig. S3C) (P � 0.86). These results suggested that inhibitor effects resulted
from interference with intracellular replication rather than a defect in bacterial uptake.

Furthermore, growth inhibition appeared pathogen specific, as up to 10 �M SB203580
did not similarly affect intracellular growth of L. pneumophila in J774A.1 cells (Fig. 2E).
THP-1 cells were less sensitive to inhibition, as 1 or 2 �M SB203580 did not affect
intracellular growth, whereas 5 �M and 10 �M significantly decreased luminescence by
�53% and 67%, respectively (Fig. 2F), perhaps explaining the nondetection of
SB203580 during the chemical genetics high-throughput screening effort using the
THP-1 cell line. Similar inhibition of luminescence was observed in J774A.1 cells using
the structurally related inhibitor SB202190 (Fig. S2E) (IC50 of 4 �g/ml).

We next characterized phagosome maturation in the presence of SB203580. Previ-
ously, we noted that later during maturation, but before extensive replication, B.
neotomae phagosomes excluded the late endosomal and lysosome-associated marker
LAMP-1 and increased the association with the endoplasmic reticulum-associated
marker calreticulin (5). Larger replicative BCVs (�2 �m in diameter) at 24 and 48 h
postinfection, however, demonstrated higher associations with LAMP-1, as discussed
further below. SB203580 treatment increased the colocalization of small BCVs (�2 �m
in diameter) with LAMP-1 at 24 and 48 h (Fig. 2G). At 48 h postinfection, SB203580 also
reduced the colocalization of BCVs with calreticulin, a marker of the endoplasmic
reticulum (Fig. 2H). These alterations in phagosome maturation were associated with
suppression of intracellular replication such that BCVs contained one or only small
numbers of organisms (Fig. 2H). Taken together, these observations suggested a
potential link between eukaryotic signal transduction, particularly p38 stimulation, and
T4SS-dependent phagosome maturation and intracellular growth of B. neotomae.

Autophagy is required for B. neotomae intracellular replication and trafficking.
As other Brucella species were noted to either induce autophagy or reside in phago-
somes with morphological properties of autophagosomes (9, 10, 18), we next ques-
tioned whether screening hits may affect the relationship, if any, of B. neotomae with
autophagy. Autophagy is associated with the processing of microtubule-associated
protein 1A/1B light chain 3 (LC3) into a form that associates with autophagosomal
membranes and coalescences into LC3 puncta observed by immunofluorescence mi-
croscopy (19, 20). Notably, B. neotomae infection significantly induced LC3 puncta at 6 h
postinfection relative to either uninfected macrophages or host cells infected with the
ΔvirB4 T4SS mutant (P � 0.0001) (Fig. 3A). In addition, although almost all BCVs
overlapped LC3B at 6 h postinfection, induction of LC3 puncta appeared as a more
global response, as many additional LC3 puncta were present throughout the cyto-
plasm that were not associated with BCVs (Fig. 3B). Interestingly, most confirmed hits
significantly reduced the formation of LC3 puncta (P � 0.0001), with the exception
of arcyriaflavin A, NS5893, and pinacidil (Fig. 3A and B). These results suggested the
general convergence of kinase inhibitor hits on B. neotomae-induced autophagosome
formation.

We next considered whether autophagy is required for intracellular replication. We
transfected J774A.1 cells with siRNAs targeting ATG5, ATG12, LC3B, and Sequestome-
1/p62, whose gene products play critical roles in autophagosome formation (21, 22).
The first three are involved in elongation of the phagophore; LC3 plays additional roles
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FIG 3 Autophagy is required for B. neotomae intracellular replication and trafficking. (A) Mean numbers of LC3 puncta per infected J774A.1 host
cell � SD at 6 h postinfection, scored across at least 50 macrophages under each condition in two independent experiments. ui, uninfected; B.
neotomae, cells infected with wild-type bacteria; ΔvirB4, cells infected with the T4SS mutant. All other conditions include cells infected with B.
neotomae in the presence of the indicated compounds. * indicates a P value of 0.0001 compared to B. neotomae infection alone. (B) Colocalization

(Continued on next page)
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in closure of the autophagosomal membrane and as a cargo adaptor (23); and p62, a
docking protein, captures and delivers cellular content to autophagosomes (24) and
has been further noted for its crucial role in targeting bacterial pathogens, including
Salmonella enterica serovar Typhimurium, Shigella flexneri, and Listeria monocytogenes,
to autophagosomes (25–27). Treatment with 30 nM each siRNA depleted the respective
proteins to nearly undetectable levels by Western blotting (Fig. S3A). In these siRNA
knockdowns, intracellular bacterial luminescence was significantly suppressed at 48 h
postinfection by 2.65- to 3.16-fold (P � 0.0001) in comparisons with the NTsi control
(Fig. 3C). Furthermore, the area occupied by BCVs was �10 times larger in the NTsi
control than in autophagy knockdown host cells at 48 h postinfection (P � 0.001) (Fig.
S3C). Importantly, at 4 h postinfection, the mean number of BCVs in infected J774A.1
hosts did not significantly differ between autophagy knockdown and the NTsi con-
trol (Fig. S3D) (P � 0.9), nor did the percentage of infected J774 cells differ at 24 h
postinfection (P � 0.3 by ANOVA) (data not shown). Taken together, these results
suggested that autophagy knockdown interfered with intracellular replication rather
than initial infection of J774A host cells. In contrast, intracellular growth of L. pneumo-
phila did not appear to be significantly affected at 48 h postinfection by the same siRNA
knockdowns (Fig. 3D) (P � 0.3 by ANOVA), suggesting that the findings were largely
specific to B. neotomae.

To determine whether autophagy deficiency altered subsequent phagosome mat-
uration, we performed several assessments. Colocalization of B. neotomae wt and ΔvirB4
strains with LAMP-1 and LC3B was assessed by confocal microscopy over a 48-h time
course. Under control conditions, LAMP-1 colocalization decreased, starting at 4 h
postinfection, in nonreplicative or prereplicative BCVs. In contrast, in autophagy siRNA
knockdowns, high LAMP-1 colocalization was relatively maintained at all time points
(inclusive of nonreplicative/prereplicative BCVs), notable at the 24- and 48-h time points
(Fig. 3E and F).

siRNA inhibition was also associated with the absence of induction of LC3 puncta
induction and a lack of association of LC3B with BCVs at all time points (Fig. 3G). We
also found that the percentage of J774A. 1 cells containing at least one replicative BCV
(rBCV) (phagosomes of �2 �m) with LAMP-1 colocalization (9) was significantly lower
in siRNA-treated host cells at 48 h postinfection (Fig. 3H and Fig. S3E). The frequency of
colocalization of both LC3B and LAMP-1 with BCVs at 48 h postinfection was signifi-
cantly reduced (Fig. 3I), associated with the corresponding loss of replicative capacity.

Linkage between p38 and autophagy pathways. As T4SS-dependent growth of B.
neotomae was similarly affected by inhibition of both autophagy and the p38 pathway,
we next questioned whether these two processes might cooperatively enable intracel-
lular infection. We first examined the effect of autophagy inhibition on MAPK activation.
In siRNA autophagy-inhibited host cells, wild-type B. neotomae infection failed to
induce p38 phosphorylation, while ERK and MEK phosphorylation was stimulated (48 h
postinfection) (Fig. 4A). In contrast, phosphorylation of MAPK was unaffected by
autophagy inhibition in the ΔvirB4 mutant and uninfected controls. Furthermore, the
modest stimulation of p38 phosphorylation by tumor necrosis factor alpha (TNF-�) did

FIG 3 Legend (Continued)
of LC3 (green) and B. neotomae (red) at 6 h postinfection in J774A cells. Host cells were treated with DMSO or the indicated compounds, except for
the single panel showing infection with the ΔvirB4 mutant. Bars, 5 �m. (C and D) For B. neotomae (C) or L. pneumophila (D), J774A.1 host cells treated
with the indicated siRNAs were infected with the respective luminescent bacterial species. Data shown are means � SD of relative bioluminescence
for 4 replicates per data point. (E) Colocalization of B. neotomae (red) and LAMP-1 (green) 24 and 48 h after infection of J774A.1 cells. The inset shows
a region, designated by arrows, enlarged to highlight colocalization events. Bars, 5 �m. (F) Time course of colocalization of B. neotomae in
phagosomes of �2 �m in diameter with LAMP-1 during infection of siRNA-transfected J774A.1 host cells expressing LAMP-1::mTurquoise2. *

designates a significant difference between all siRNA treatments and NTsi. (G) Colocalization of B. neotomae wild-type or ΔvirB4 BCVs (red) with
LAMP-1 (green) and LC3B (blue) in J774A.1 host cells transfected with targeting siRNA or NTsi at the indicated times postinfection. Bars, 5 �m. (H)
Mean percentages of J774A.1 cells � SD containing any replicative BCVs (defined as phagosomes of �2 �m in diameter) colocalizing with LAMP-1
at 48 h postinfection, based on 100 scored host cells under each condition from quadruplicate independent experiments. (I) Mean percentage of
replicative BCVs colocalizing with both LAMP-1 and LC3B � SD 48 h after infection of J774A.1 cells, based on a minimum of 41 BCVs scored under
each condition in triplicate independent experiments. * designates significant differences between siRNA and NTsi treatments (see also Fig. S3 in the
supplemental material).
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not appear to be blocked by siRNA autophagy knockdowns (Fig. S4E). The data
suggested that these autophagy-deficient host cells are not defective in response to all
stimuli but defective in response to B. neotomae specifically. Both B. neotomae wt and
ΔvirB4 infections modestly stimulated Akt serine 473 phosphorylation. However, au-
tophagy suppression did not further modulate Akt phosphorylation levels. Therefore,
autophagy suppression by siRNA and abolition of T4SS function both inhibited B.
neotomae-induced p38 phosphorylation and intracellular growth, suggesting connec-
tions among p38 MAP kinase signaling, autophagy, and virulence.
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FIG 4 Linkage between p38 and autophagy pathways. (A) Changes in MAPK signaling in autophagy-defective
J774A.1 cells at 48 h postinfection. (B) Colocalization of B. neotomae (red), LAMP-1::mTurquoise2 (pseudo-
colored green), and LC3B (pseudocolored blue) in J774A.1 cells at the indicated times postinfection with
DMSO treatment or at 48 h postinfection with SB203580 treatment. Arrowheads highlight BCVs colocal-
izing with LC3B and LAMP-1. Arrows indicate regions magnified in insets. Bars, 5 �m. (C) Quantification
of dual colocalization of LC3B and LAMP-1 with BCVs in J774A.1 host cells. Data points are the means �
SD from three separate experiments, and 100 colocalization events were scored under each condition per
experiment. Colocalization was significantly reduced (*) by SB203580 treatment at all concentrations
tested in post hoc comparisons with the DMSO control (P � 0.0002).
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We then examined the formation of LC3B puncta in the presence of the p38
inhibitor SB203580. p38 inhibition blocked the formation of LC3B puncta and de-
creased colocalization of B. neotomae with LC3B at all time points examined (Fig. 4B
and C). Similar findings were observed in primary BMDM from BALB/c mice. LC3 puncta
were induced by B. neotomae at 4 h postinfection (Fig. S4A and B), and LC3 was found
to colocalize with BCVs at both early and late time points (Fig. S4A and D). In turn,
intracellular bacterial growth, formation of LC3 puncta, mean BCV area, and LC3B and
LAMP-1 colocalization with BCVs were significantly suppressed by treatment of BMDM
with 10 �M SB203850 (Fig. S4A to D). Therefore, linkage of intracellular growth,
autophagy, and the p38 MAP kinase pathways was also maintained during infection of
primary macrophages.

Rab7 is required for BCV maturation, p38 phosphorylation, and intracellular
growth. Previously, Rab7, a GTPase involved in late endosome and autophagosome
maturation (28), was implicated as a required factor in maturation of the B. abortus BCV
into a replicative phagosome (8). Therefore, we examined the relationship of Rab7 with
B. neotomae infection. High Rab7 colocalization with BCV was noted at 6 h postinfection
(�75% � 8%), as assessed by confocal microscopy (Fig. 5A and B and Fig. S5A).
However, treatment with 2 �M SB203580 reduced this colocalization by half (Fig. 5B)
(P � 0.0001). There was similarly high Rab7 colocalization with ΔvirB4 BCVs at 6 h
postinfection (P � 0.99) and a not significantly different level of inhibition by SB203580
(P � 0.3). Therefore, T4SS status did not appear to affect Rab7 recruitment.

To investigate the contribution of Rab7 to intracellular replication, we infected
J774A host cells transfected with Rab7 siRNA (Rab7si) and the NTsi-treated control.
Rab7si transfection substantially reduced Rab7 protein, as assessed by Western blotting
(Fig. 5G), and in turn significantly suppressed B. neotomae intracellular replication at
48 h postinfection by up to 70%, as assessed by luminescence (P � 0.01 for all com-
parisons with NTsi) (Fig. 5C). By confocal microscopy, Rab7 siRNA treatment suppressed
the formation of LC3 puncta during both early and late infection (Fig. 5D), the
association of BCVs with LC3 at all time points (Fig. S5B and D), and the high association
of replicative BCVs with calreticulin notable at 24 h postinfection (Fig. 5D). Conversely,
Rab7 siRNA treatment significantly enhanced (P � 0.01) colocalization with LAMP-1 at
late time points (Fig. 5E and F). It further reduced p38 phosphorylation and reciprocally
stimulated ERK and MEK phosphorylation (Fig. 5G). It also induced the accumulation of
p62 and depletion of the 56-kDa ATG5-ATG12 conjugate (detected with anti-ATG5
antibody), associated with autophagy inhibition (29, 30). Therefore, Rab7, p38, and
autophagy proteins appear to act in a mutually cross-stimulatory and dependent fashion to
promote phagosome maturation and intracellular growth of B. neotomae.

DISCUSSION

A chemical genetics screening approach identified host pathways important for
intracellular replication of B. neotomae. Several classes of small molecules with known
biological function were identified that significantly inhibited intracellular replication
without affecting the viability of host cells. Inhibitor targets potentially could act at the
host-pathogen interface and therefore might provide insight into the Brucella intracel-
lular life cycle.

The identification of several kinase inhibitors suggested potential convergence of
common signal transduction pathways on Brucella biology. In particular, we found that
B. neotomae both stimulated phosphorylation of p38 throughout infection and was
dependent on p38 activation for intracellular growth. Furthermore, induction of p38
phosphorylation by B. neotomae was dependent on an intact T4SS, suggesting links
among T4SS, p38, and intracellular growth.

Our results are consistent with the previously observed dependence of intracellular
growth of B. melitensis on p38 and JNK pathways in primary human monocytes based
on suppressive effects of the inhibitors SB203850 and SP600125, respectively (31),
although we also noted here direct antibacterial activity of SP600125, which may have
been contributory. Notably, several strains of B. abortus, B. melitensis, and B. suis were
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FIG 5 Rab7 is required for BCV maturation, p38 phosphorylation, and intracellular growth. (A) Representative confocal
microscopy images of Rab7 (green) colocalization with BCVs (red) at 6 h postinfection in J774A.1 cells treated with DMSO
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also noted previously to stimulate p38 phosphorylation in J774 cells (32, 33), although
activation was examined only during the first 4 h postinfection for all species and up to
24 h postinfection for B. suis, rather than throughout an extended 48-h infection period
as in our studies. These previous investigations noted that the lipopolysaccharide
O-chain was not responsible for this stimulation, while the dependence on T4SS was
not examined. Nevertheless, the stimulation of p38 across the genus suggests potential
generalizability of our findings, a presumption that would need to be confirmed in future
experiments with highly pathogenic, zoonotic species.

Of particular interest was the additional tripartite association of p38 phosphoryla-
tion, autophagy, and intracellular growth. B. neotomae was noted to induce LC3 puncta
within 4 h postinfection. This was similar to previous descriptions of induction of LC3
puncta for B. melitensis and B. abortus. Here we also found that p38 inhibition;
treatment with kinase inhibitors, with the exception of arcyriaflavin A; and infection
with a T4SS mutant all abrogated the formation of LC3 puncta, suggesting that
autophagy induction was a downstream cell biological link between T4SS-dependent
host signaling and maturation of a replicative intracellular growth niche. Furthermore,
supporting autophagy as a key process intertwined with B. neotomae pathogenesis,
siRNA knockdowns of autophagy proteins substantially inhibited intracellular growth.

However, contradictory evidence for the importance of autophagy during Brucella
infection was described previously. Specifically, B. abortus was shown to form replica-
tive phagosomes in HeLa cells depleted for autophagy proteins, ATG5, LC3, and ULK1,
using siRNA knockdowns; in bone marrow-derived macrophages isolated from cre-
floxed C57BL/6J mice deleted for ATG5 and ATG16; and in ATG4B-null mice (9).
Furthermore, intracellular growth of B. melitensis in mouse embryonic fibroblasts was
unaffected by deletion of ATG5, with a concomitant absence of the formation of LC3
puncta at the 10-h time point reported, as assessed by visualization of green fluores-
cent protein (GFP)-LC3 (18).

The differing potential contributions of autophagy to successful infection, both
positive for B. neotomae, B. melitensis (10), and B. abortus (6, 12) and indifferent for B.
abortus (9) and B. melitensis (18), ultimately may relate to a number of factors, including
bacterial species or strain, host cell type, and experimental variables. For example, the
intracellular biology of Brucella in a cervical carcinoma cell line (HeLa) and embryonic
fibroblasts may be very different from that in macrophages, presumably the predom-
inant site of organism multiplication in mammals. In macrophages isolated from floxed
mice, cre expression was induced from the lysosome M locus that is turned on during
macrophage differentiation (34). However, it is possible that Atg5 and Atg16 were de-
leted from only a subset of the macrophage population (9), without reported assess-
ment of deletion efficiency, potentially affecting observations. Furthermore, Atg4B
knockouts (Atg4B is one of four related Atg4 paralogs) are only partially defective for
autophagy (35). In addition, siRNA inhibition in this and previous studies may also have
been partial and transient, especially during later time points using transiently trans-
fected host cells. Of note, we observed both recapitulation of p38-dependent induction
of LC3 puncta and abrogation of intracellular growth with p38 inhibition during

FIG 5 Legend (Continued)
two groups of conditions, each of whose members are significantly different (P � 0.001 by Tukey’s multiple-comparison
test [*]) in pairwise comparisons to each member of the second group, i.e., for all pairwise comparisons of colocalization
between DMSO and SB203580 treatment conditions during either B. neotomae or ΔvirB4 mutant infection. In contrast,
there was no significant difference in colocalization between B. neotomae and ΔvirB4 mutant infections under either DMSO
or SB203580 treatment conditions. (C) Mean bacterial luminescence � SD from three independent experiments using
J774A.1 host cells treated with different concentrations of Rab7si. (D) Representative confocal images of BCVs (red)
colocalizing with LC3B (green) and mTurquiose2::calreticulin (blue) in J774A.1 host cells transfected with 50 nM NTsi or
Rab7si. Bars, 5 �m. (E) Representative images of BCVs (red) colocalizing with LAMP-1 (green) and mTurquiose2::calreticulin
(blue) at 48 h postinfection in host cells transfected with 50 nM NTsi or Rab7si. Bars, 5 �m. (F) Mean percent colocalization
of LAMP-1 with BCVs � SD 48 h after infection of J774A.1 host cells from three independent experiments, with �100 BCVs
analyzed under each condition per experiment (*, P � 0.01 for Rab7 siRNA compared with the control). (G) Effect of Rab7si
transfection on MAPK signaling and autophagy protein expression 48 h after infection of J774A.1 host cells. NTsi was
transfected at 50 nM (see also Fig. S4 in the supplemental material).
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infection of primary bone marrow-derived macrophages from BALB/c mice, indicating
that our observations were not limited to continuous cell lines. Our observations are in
contrast to those of Starr et al., who observed what were called autophagosomal BCVs
(aBCVs) at later stages of infection with B. abortus 2308 (9). These phagosomes
colocalized with LAMP-1 and were associated with multilaminar membranes morpho-
logically suggestive of autophagosomes (9). However, in contrast to our findings, these
aBCVs did not colocalize with LC3B, generally considered a defining feature of autopha-
gosomes (36). Taken together, these data indicate that the role of autophagy in Brucella
infection may be nuanced.

Mechanistically, our observations of p38-dependent autophagy induction by B.
neotomae are consistent with previously observed relationships of p38 and autophagy.
For example, in RAW macrophages, interferon gamma (IFN-�)-induced autophagy was
blocked by treatment with SB203850 and also, interestingly, by JAK inhibition, remi-
niscent of our JAK inhibitor screening hit, CYT397 (37). Furthermore, p38 itself was
found to phosphorylate LAMP-2A in lysosomes and thereby activate autophagic ma-
chinery (38). In addition, ER stress-induced autophagy induction was found to be a
p38-dependent process (38–40). The JNK pathway was also found to stimulate au-
tophagy (41) and may coordinately activate autophagy along with p38 in response to
stress. Although not investigated here, the identification of the screening hit SP600125,
a known JNK inhibitor, is potentially suggestive of an additional contributory role of this
alternative MAP kinase pathway in B. neotomae-induced autophagy, with caveats of
potential direct antibacterial activity mentioned above.

We believe that the chemical genetics screen proved to be a powerful approach to
identify pathways operating at the pathogen-host interface. There were additional
pathways of interest that will be the subject of future studies and were not investigated
here in the interest of focus, for example, the strong hit sirolimus that inhibits the mTOR
pathway, further potential biology of interest related to the several cell cycle hits
identified, and multiple adenosine G-protein-coupled receptor agonistics. One poten-
tial implication of the observed intersection with major cellular signaling pathways is
that B. neotomae replication is somehow tethered to and perhaps takes advantage of
the physiological state of the host cell.

The contrast with the relative insusceptibility of L. pneumophila to cell pathway
inhibition is instructive. Although both organisms replicate within an endoplasmic
reticulum-associated intracellular niche, the pathways to that niche and the niches
themselves are markedly different. L. pneumophila avoids passage through an endo-
somal, low-pH compartment, and L. pneumophila-containing vacuoles (LCVs) depart
from canonical endosomal maturation at the point of uptake (42). In contrast, Brucella
requires acidified endosomal passage for T4SS induction and subsequent phagosomal
maturation (2). Perhaps reflective of these differences, we noted contrasting physio-
logical dependencies in this study, notably that siRNA-mediated autophagy protein
inhibition and p38 inhibition by SB203850 had minimal to no effect on L. pneumophila
replication, in marked contrast to their effects on B. neotomae. Our findings are
consistent with previous observations indicating that L. pneumophila produces effec-
tors that inhibit rather than promote autophagy (43). Furthermore, Rab7si did not affect
intracellular replication of L. pneumophila (42), in contrast to the substantial inhibition
noted for B. neotomae and previously for B. abortus (8). The latter observations may
merely reflect a delay or reduced progression to a late endosomal niche that induces
the VirB T4SS (44) rather than a direct role in phagosome maturation; however, it is
possible that known additional contributions of Rab7 to autophagosome formation
may also be contributory (28). Finally, intracellular B. neotomae appeared more sensitive
to polar antibiotics than L. pneumophila, based on screening results for aminoglyco-
sides and �-lactams, which essentially have no activity against intracellular growth of
L. pneumophila (15). These results suggest that these antibiotics have greater access to
intracellular Brucella, perhaps based on a prolonged association of phagosomes with
endosomal compartments during Brucella’s intracellular life cycle.

Additionally, differences in outputs from chemical genetics screens between B.
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neotomae and L. pneumophila are also worthy of comment. We performed a screen for
inhibition of L. pneumophila intracellular growth against the same set of known
bioactives (16). In contrast to the current B. neotomae screen, we identified essentially
no compound other than known antimicrobials that inhibited intracellular growth in
the L. pneumophila screen (L. Chiaraviglio and J. E. Kirby, unpublished data). These
observations likely reflect the extreme degeneracy in effector function previously noted
for L. pneumophila, in which any one blow to a participatory host pathway is compen-
sated for by redundant mechanisms (45). These differences also likely explain the
capacity of L. pneumophila to complement T4SS-defective B. neotomae but not the
converse (5). Lacking this degeneracy, B. neotomae provided an excellent model for
discovery at the pathogen-host interface using a chemical genetic approach. A larger
screen of chemical libraries with compounds of unknown function may potentially
identify novel therapeutics that would disrupt infection by this high-consequence
genus and could potentially be leveraged to reduce the prolonged treatment course
required for organism eradication.

Based on observations in this study, we propose a model for the B. neotomae
intracellular life cycle (Fig. 6). Specifically, B. neotomae traffics through the early and late
endosomes, the latter associated with Rab7 recruitment. During this transit, B. neo-
tomae presumptively induces a VirB4-dependent BCV transformation associated with
p38 phosphorylation and autophagosome formation. MAP kinase induction and au-
tophagosomal maturation appear to be at least partially mutually dependent events
that are required for the formation of a productive intracellular replicative niche in
macrophages. Taken together, these results highlight B. neotomae as a tractable model
whose intracellular replicative capacity is inherently sensitive to host cell biology and
signal transduction dynamics.

 dBCV
rBCVs 

Rab7 
LAMP1 
Calreticulin 
LC3B 
T4SS Effector

ΔT4SS
autophagy

p38

p38 activation p38 inhibition

FIG 6 Model of B. neotomae intracellular infection. BCVs initially mature along the endocytic pathway, a
process dependent on Rab7 and associated with accumulation of LAMP-1. Endosomal maturation
induces the expression of the VirB T4SS. The ensuing translocation of virulence factors into the host cell
stimulates p38 phosphorylation and autophagy. MAP kinase induction and autophagolysosomal matu-
ration are associated with the formation of a replicative BCV (rBCV). Association with endoplasmic
reticulum compartments occurs at an early stage of rBCV maturation but for B. neotomae appears to be
superseded by autophagosomal transformation of the fully developed rBCV. If such maturation is
inhibited either by blocking p38 phosphorylation either directly (SB203580) or indirectly (depleting Rab7
[interference with upstream signal transduction events or T4SS deletion]) or by blocking autophagy
either directly (autophagy protein knockdown) or indirectly (p38 inhibition or T4SS deletion), terminal
endocytic maturation into a lysosomal, degradative BCV (dBCV) occurs instead. Core signal transduction
pathways downstream of several hits identified in a chemical genetics screen link Brucella replicative
capacity with the host cell physiological state.
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MATERIALS AND METHODS
Bacterial strains, cell lines, and reagents. The tdTomato fluorescent B. neotomae strain 5K33 (5) or

luminescent strains of B. neotomae (5) and Legionella pneumophila (46) were used for the detection of
intracellular growth of B. neotomae or L. pneumophila in macrophages. B. neotomae and L. pneumophila
strains were passaged at 37°C in a humidified 5% CO2 incubator on Trypticase soy broth (TSB) medium
(BD, Franklin Lakes, NJ) supplemented with 50 �g/ml of nourseothricin and on buffered charcoal yeast
extract (BCYE) medium (47) including 100 �g/ml of thymidine, respectively.

THP-1 human monocyte and J774A.1 murine macrophage cell lines, both obtained from the
American Type Culture Collection (Manassas, VA), were grown in RPMI 1640 (Corning, Tewksbury, MA)
supplemented with 10% fetal bovine serum (FBS) (Gemini Bio-Products, West Sacramento, CA) and
iron-supplemented calf serum (Gemini Bio-Products), respectively.

For all studies, infections were performed at an estimated multiplicity of infection (MOI) of 1 bacterium per
plated macrophage. Key reagents are listed in Table 2.

High-throughput screening. The day before infection, 15,000 THP-1 cells, treated with 100 nM calcitriol
(Cayman Chemical, Ann Arbor, MI), were seeded into 384-well, white microplates (catalog number 3570;
Corning) in a 30-�l well volume. Immediately preceding infection, robotic pin transfer of 100 nl of
screening compounds dissolved in DMSO stock solutions was performed using a custom Epson robotic
platform in duplicate, with final compound concentrations usually at either 4 �g/ml or 20 �M. Library
arrays were obtained from the ICCB-Longwood collection of known bioactive compounds from Biomol
(now Enzo Life Sciences, Farmingdale, NY), Microsource (Gaylordsville, CT), Sigma-Aldrich (St. Louis, MO),
Biofocus (Saffron Walden, UK), Enzo Life Sciences (Farmingdale, NY), Prestwick (Illkirch, France), and
Chembridge (San Diego, CA).

Host cells were then infected with B. neotomae at an estimated MOI of 1 for a total well volume of
60 �l with a final SYTOX green concentration of 200 nM and incubated for 2 days. A 50-�g/ml final
concentration of azithromycin was used as a positive control for complete B. neotomae growth sup-
pression. The negative control was medium with 0.3% DMSO instead of test compounds.

Host cell viability was determined at 2 days postinfection by quantifying SYTOX green (Thermo Fisher
Scientific, Waltham, MA) fluorescence using an Envision multiplate reader (PerkinElmer, Waltham, MA),
with excitation and emission filters of 485/14 and 535/25 nm, respectively, using a dichroic mirror with
a cutoff of 505 nM, as described previously (15). The Z= statistic was calculated as Z= factor � 1 � [3 	
(	p � 	n)]/|�p � �n|, with the mean (�) and standard deviation (SD) (	) calculated for 20 positive-control
(p) and negative-control (n) wells, respectively, from three independent experiments. A Z= value of
between 0.5 and 1.0, as observed during our assay validation, is generally considered to indicate a robust
screening assay (48). The Z-score was calculated as Z-score � (fluorescence of test well � �p)/	p, with
�p and 	p determined from 16 positive controls on the same screening plate and averaged for duplicate
assays to prioritize compounds for further analysis.

For secondary screening using cherry picks of library compounds, plates were set up similarly except
that intracellular replication was monitored directly by measurement of bacterial luminescence rather
than indirectly through effects on host cell viability. Percent intracellular growth inhibition (see Table S1
in the supplemental material) was normalized to values for positive (azithromycin) and negative (DMSO)
growth controls, and Z-scores were calculated as described above for the primary high-throughput
screen.

Dose-dependent growth inhibitor activity or cytotoxicity for J774A.1 cells. Dose-response
analysis was performed using 2-fold serial dilutions prepared with the previously validated HP D300
digital dispensing system (49). Final concentrations of each compound ranged from 0.075 �M to 100 �M.
Bacterial growth was measured using luminescence, and cytotoxicity was measured using SYTOX green
fluorescence, as previously described (14).

B. neotomae or L. pneumophila infection of cultured macrophages for microwell assays. J774A.1
cells were plated in a 50-�l volume at 105 cells/well in 96-well plates (Greiner Bio-One, Monroe, NC) in
RPMI 1640 medium containing 9% iron-supplemented calf serum and incubated for 24 h. Wells were
washed two times with phosphate-buffered saline (PBS) without Ca2� or Mg2�. Luminescent B. neotomae
or L. pneumophila cells were added to an MOI of 1. After 4 h, 100 �g/ml of gentamicin was added for 1 h
to kill extracellular bacteria. Wells were then washed with PBS three times to remove antibiotic, and fresh
RPMI medium was added to each well. Intracellular growth was monitored by measurement of lumi-
nescence periodically or by lysis of host cells with 0.1% saponin and CFU enumeration after plating serial
dilutions on solid medium.

Colocalization of B. neotomae with organelle markers. To investigate BCV maturation, macro-
phages were plated in 12-well plates containing 1.5 thickness, 12-mm-round coverslips (Warner Instru-
ments, Hamden, CT) at a density of 2 	 105 cells per well. After 24 h, host cells were infected with B.
neotomae constitutively expressing the tdTomato fluorescent protein. Plates were immediately centri-
fuged at 930 	 g for 10 min to synchronize bacterial uptake and incubated at 37°C with 5% CO2.
Gentamicin treatment was performed as described above, and host cells were incubated for the
indicated times and then fixed with 4% paraformaldehyde for 30 min at room temperature. Cell
membranes were permeabilized with PBS containing 0.3% Triton X-100 for 15 min at room temperature
and then blocked with PBS containing 2% goat serum (Gemini Bio-Products, West Sacramento, CA). The
permeabilized cells were probed with primary antibodies (1:100) and then incubated with Alexa
Fluor-conjugated secondary antibody (1:300) for 1 h at 37°C. Coverslips were mounted with ProLong
gold (Invitrogen, Carlsbad, CA) and visualized with a Zeiss LSM 880 confocal microscope (Carl Zeiss
Microscopy, Thornwood, NY) using enhanced green fluorescent protein (eGFP) settings for detecting
Alexa Fluor 488, tdTomato settings for tdTomato, DAPI (4=,6-diamidino-2-phenylindole) settings for Alexa
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TABLE 2 Strains and key resources used in this studya

Reagent or resource Source or reference Catalog no. or identifier

Antibodies
Rabbit monoclonal anti-p38 antibody Cell Signaling Technology 9212
Rabbit monoclonal anti-p-p38 antibody (Thr180/Tyr182) Cell Signaling Technology 9211
Rabbit monoclonal anti-p44/42 (ERK1/2) antibody Cell Signaling Technology 9102
Rabbit monoclonal anti-p-p44/42 (ERK1/2) antibody (Thr202/Tyr204) Cell Signaling Technology 9101
Rabbit monoclonal anti-MEK1/2 antibody Cell Signaling Technology 9122
Rabbit monoclonal anti-p-MEK1/2 antibody (Ser217/221) Cell Signaling Technology 9121
Rabbit monoclonal anti-Akt antibody Cell Signaling Technology 9272
Rabbit monoclonal anti-p-Akt antibody (Ser473) Cell Signaling Technology 9271
Rabbit monoclonal anti-ATG5 antibody Cell Signaling Technology 2630
Rabbit monoclonal anti-ATG12 antibody Cell Signaling Technology 2011
Rabbit monoclonal anti-LC3 antibody Cell Signaling Technology 2775
Rabbit monoclonal anti-p62 antibody Cell Signaling Technology 5114
Rabbit monoclonal anti-�-actin antibody Cell Signaling Technology 4967
Rat monoclonal anti-LAMP-1 antibody (1DB4) Santa Cruz sc-19992
Mouse monoclonal anti-Rab7 antibody (B-3) Santa Cruz sc-376362
Mouse monoclonal anti-cathepsin D antibody (D-7) Santa Cruz sc-377299
Goat anti-rabbit IgG(H�L)-Alexa Fluor 488 Invitrogen, Thermo Fisher A-11070
Goat anti-mouse IgG(H�L)-Alexa Fluor 488 Invitrogen, Thermo Fisher A-11017
Chicken anti-rat IgG(H�L)-Alexa Fluor 488 Invitrogen, Thermo Fisher A-21470
Goat anti-rabbit IgG(H�L)-Alexa Fluor 350 Invitrogen, Thermo Fisher A-11069
Goat anti-rabbit IgG(H�L) secondary antibody-HRP Thermo Fisher 31460
Goat anti-mouse IgG(H�L) cross-adsorbed secondary antibody-HRP Thermo Fisher 31432
Protease/phosphatase inhibitor cocktail (100	) New England Biolabs 5872

Small molecules
Arcyriaflavin A Santa Cruz sc-202470
BX912 Sigma SML1086-5MG
IKK16 (IKK inhibitor VII) APExBIO B1586
Indirubin-3-monoxime Enzo BML-CC207-0001
KI20227 Enzo ENZ-CHM204-0001
CYT387 (momelotinib) APExBIO A4143
Rhodblock6 Sigma R1283-5MG
SP600125 Sigma S5567-10MG
Esomeprazole Fisher 50-148-627
NS8593 Alomone Labs N-196
Pinacidil Santa Cruz sc-203198
SB202190 Cayman 10010399
TNF-� ProSpec Cyt-252

Critical commercial kits
Pierce BCA protein assay kit Thermo Fisher 23225
SuperSignal West Femto maximum-sensitivity substrate Thermo Fisher 34095
Lipofectamine RNAiMax transfection reagent Thermo Fisher 13778100

Bacterial strains
B. neotomae BEI Resources 5K33

B. neotomae-Lux 5 NA
B. neotomae-TdTomato 5 NA

Legionella pneumophila
L. pneumophila 02fla-Lux 46 NA

Experimental models: cell lines
J774A.1 ATCC ATCC TIB-67
J774A.1(mTurquoise2::calreticulin) 5 NA
J774A.1(LAMP-1::mTurquoise2) 5 NA
THP-1 ATCC ATCC TIB-202
L-929 ATCC ATCC CCL-1

Software
GraphPad Prism 7.0 GraphPad Software
Image Lab Bio-Rad
Inkscape 0.92.3 Inkscape
Zen2.1 Zeiss
Illustrator CS6 Adobe

aSee Tables S2 and S3 in the supplemental material for detailed oligonucleotide lists. NA, not applicable.
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Fluor 350, and enhanced cyan fluorescent protein (eCFP) settings for mTurquoise2. The image analysis
program Zen 2.1 (Zeiss, Jena, Germany) was used for colocalization analysis. For rBCV (replicative BCV)
quantification, only BCVs of �2 �m in diameter were scored in order to standardize comparisons.

Isolation and culture of mouse bone marrow-derived macrophages. BMDM were isolated from
femurs of 6-week-old BALB/c mice (Charles River Laboratories, Wilmington, MA) as previously described
(50). Briefly, bone marrow was initially cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 9% FBS, glutamine, nonessential amino acids, and 20% L-929 cell culture supernatant for
6 days in non-tissue-culture-treated petri dishes. BMDM were collected in chilled PBS and seeded in
12-well plates at 5 	 105 cells per well. After overnight incubation, cells were infected for colocalization
experiments as described above.

siRNA-mediated silencing in J774A.1 cells. For siRNA knockdown, specific siRNA oligonucleotides
(listed in Table S2) were designed on the Integrated DNA Technologies (IDT) website, except for the
negative control, which was purchased from Integrated DNA Technologies (Skokie, IL), and Rab7si, which
was purchased from Thermo Fisher Scientific. J774A.1 cells were plated in 6-well plates for Western
blotting, 12-well plates for immunofluorescence, or 96-well plate for intracellular growth experiments at
a density of 5 	 105, 2 	 105, or 105 cells per well, respectively. Cells were treated with 1 to 50 nM siRNA
using Lipofectamine RNAiMax transfection reagent (Invitrogen, CA) according to the manufacturer’s
protocol. After 72 h, transfected J774A.1 cells were washed with PBS three times and infected with B.
neotomae expressing tdTomato or the bacterial luminescence operon.

Alternatively, RNA was purified from transfected cells using the RNeasy minikit (Qiagen, Germantown,
MD) for reverse transcriptase quantitative PCR (qPCR) analysis. Equivalent amounts of cellular RNA were
analyzed based on Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA) measure-
ments. cDNA synthesis was performed using Moloney murine leukemia virus (M-MuLV) reverse tran-
scriptase with a random primer mix (New England Biolabs, New Bedford, MA). The DyNAmo HS SYBR
green qPCR kit (Thermo Fisher Scientific) was used for qPCR reactions. Cycling and detection were
performed on a CFX 384 real-time PCR detection system (Bio-Rad, Hercules, CA), with an initial 95°C
denaturation step for 5 min followed by 40 cycles of 95°C for 15 s and 60°C for 40 s. The relative
expression level of mRNA in transfectants compared to controls was estimated from the cycle threshold
(CT) values using the 2
��CT method (51), which includes normalization to the �-actin mRNA expression
level within each sample.

Western blotting. J774A.1 macrophage cells were seeded in 6-well plates at a density of 106 cells
per well and then infected. After 4 h, extracellular bacteria were killed with gentamicin as described
above. At 48 h postinfection, the host cell lysate was prepared in 1	 radioimmunoprecipitation assay
(RIPA) buffer (Cell Signaling Technology, Danvers, MA) containing 1	 protease/phosphatase inhibitor
cocktail (Cell Signaling Technology). Cell lysates were stored for 30 min on ice and centrifuged at
12,000 	 g for 15 min at 4°C to remove insoluble material. Protein was quantified with the Pierce
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Whole-cell lysates were then boiled
for 5 min in sample loading buffer, and 5 to 10 �g of cellular protein per well was loaded onto a 8 to 16%
precast SDS-PAGE gradient gel (Bio-Rad, Hercules, CA), electrophoresed at 100 V for 90 min, and then
transferred using a Mini-Transblot cell (Bio-Rad) to a 0.45-�m nitrocellulose membrane (Bio-Rad) at 50 to
100 mA for 2 h.

Membranes were blocked with 5% bovine serum albumin (BSA) (Santa Cruz Biotechnology, Dallas,
TX) in Tris-buffered saline with 0.1% Tween 20 for 1 h at room temperature and incubated with primary
antibodies (1:1,000 in BSA blocking buffer) at 4°C overnight. Following incubation with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:10,000 in 5% nonfat dried milk blocking buffer) for
1.5 h at room temperature, membranes were immersed in SuperSignal West Femto maximum-sensitivity
substrate (Thermo Fisher Scientific) for 5 min and imaged on a Bio-Rad ChemiDoc system.

Statistical analysis. Graphing and statistical analysis were performed using GraphPad Prism 7
(GraphPad Software, La Jolla, CA). Unpaired Student’s t test was used for two-group comparisons,
analysis of variance (ANOVA) followed by Dunnett’s post hoc test was used for all multigroup compar-
isons to control conditions, and ANOVA followed by Tukey’s post hoc test was used for pairwise
multigroup comparisons (used only in Fig. 5B). When ANOVA and post hoc methods were used,
significant P values for post hoc comparisons are reported only if the ANOVAs were also significant.
Statistical details can be found in relevant sections of Results and in the figure legends. A P value of
�0.05 was considered statistically significant.

Ethics statement. Murine experimental work was approved by the Beth Israel Deaconess Medical
Center IACUC, protocol number 097-2017. All vertebrate animal experiments were performed according
to the NIH Guide for the Care and Use of Laboratory Animals (52).
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