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Abstract

Bacterial pathogens must resist host innate immunity to cause disease. While Gram-negative
bacteria have a protective outer membrane, this membrane is subject to host-induced damage that
makes these pathogens vulnerable. We developed a high content screening platform that identifies
compounds that cause the killing of the bacterial pathogen Salmonella entericain macrophages.
This platform enables the rapid discovery of compounds that work in concert with the macrophage
to prevent pathogen survival, as most hit compounds are not active in standard microbiological
media and are not pro-drugs. We describe within the platform and the compounds it has found, and
consider how they may help us discover new ways to fight infection.
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Introduction

“Have you done anything useful yet?” Stan Falkow greeted new trainees this way. And it
was perfect, both warm and thought provoking. In Stan’s lab, | learned the power of
applying genetics to probe host-pathogen relationships, and this has perhaps led to
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something useful. My own lab is exploiting chemical genetics to disrupt bacterial survival in
cultured, infected cells. Other researchers carried out pioneering in-cell chemical genetics
screens for compounds that prevent the cellular invasion, replication and/or survival of
Listeria monocytogenes or Mycobacterium tuberculosis using libraries of drugs with known
activities [1,2]. We built upon these ideas and screened compounds of unknown activity for
their ability to disrupt an established infection by a Gram-negative bacterial pathogen [3].
How Gram-negative bacteria survive within host cells is of particular interest because these
pathogens have an outer membrane that is a significant barrier to environmental insults, host
defenses and antibiotics. To find new ways to interfere with infections caused by Gram-
negative bacterial pathogens, we developed a quantitative, high-content screening platform
for chemicals that prevent the replication and/or survival of Salmonella entericain
macrophages.

The crucial factor of soluble innate immunity

To colonize a host, microbes must contend with prophylactic and induced innate immune
molecules that make host tissues inhospitable. For instance, serum complement inserts pores
into Gram-negative bacterial outer membranes, increasing their susceptibility to antibiotics
[4]. Pathogens that survive attack and colonize tissues generally cause damage that the host
detects. As the pathogen multiplies, the host senses and responds to molecular signatures
unique to microbes. Host recognition of a combination of tissue damage and microbial
molecular signatures increases the volume, diversity, and potency of antimicrobials. Soluble
innate immune factors are present in all body fluids and also within cells; soluble and
cellular innate immunity are normally so effective that most pathogens are eliminated before
they multiply and/or cause damage in healthy mammals.

Standard microbiological media, such as Luria-Bertani (LB) and Mueller-Hinton Broth
(MHB), were not developed with the intention of modeling conditions bacteria experience
during infection [5-7]. While efforts have been made to generate microbiological media that
mimics infection conditions, the complexity and dynamics of mammalian systems can only
be approximated [8]. Therefore, researchers have attempted to identify compounds that kill
microbes in synergy with innate immunity in media, blood components, or insect models.
For instance, media conditioned with AMPs or blood synergize with certain antibiotics to
reduce the survival of Gram-negative bacteria, including clinical isolates [9,10]. These
observations suggest that rapid, broth-based screens of compound libraries in plates could
identify small molecules that synergize with innate immunity. An insect model system, the
larva of the wax moth Galleria mellonella, may also be useful for identifying antimicrobials
that are effective in the context of innate immunity. Soluble insect innate immunity has
significant evolutionary conservation with mammals [11], and hurdles to wax moth larvae as
a model system are being overcome, particularly with regard to fungal infections [12].
Pseudogymnoascus destructans, the fungus that causes bat white-nose syndrome, was
injected into the wax moth larval body cavity followed by a drug library. Two fairly potent
inhibitors of fungal colonization were identified [13]. The wax moth larval model has
potential as a high-throughput screening platform to identify new chemicals that prevent
microbial colonization [14,15] and may synergize with innate immunity. However, while
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these approaches have demonstrated value in identifying antimicrobials, their common
shortcoming is that they cannot recapitulate a normal infection process.

Professional phagocytes, including macrophages, are responsible for engulfing and
destroying microbes. They therefore contain vesicles packed with endogenous and inducible
innate immune molecules that are quickly delivered to microbe-containing vesicles, called
phagosomes. Within phagosomes, a key activity of soluble innate immunity is to damage the
microbial envelope, which increases pathogen susceptibility to both host antimicrobial
defenses and to clinical antibiotics. For example, antimicrobial peptides (AMPs) damage
bacterial outer membranes based on charge distortions, disrupting both barrier function and
the activity of efflux pumps, which export of toxic metabolites, anti-microbial agents of host
origin, and antibiotics. The AMP-mediated weakening of the outer membrane is
demonstrated by the observation that the antibiotic azithromycin is not effective against
Gram-negative bacteria in broth unless an AMP is present [16]. In addition to outer
membranes, host defenses damage bacterial cell walls, proteins, and lipids with lysozyme,
proteases, and redox-reactive agents [17]. These observations suggest that the phagosomes
of macrophages provide an environment that could be exploited to identify small molecules
that synergize with innate immunity to blunt infection.

A model Gram-negative pathogen

We used macrophages to develop a quantitative, high-content screening platform that
identifies compounds that synergize with innate immunity to disrupt an established infection
by a Gram-negative bacterium [3]. We use Salmonella enterica serovar Typhimurium
(Salmonella), an excellent model pathogen for multiple reasons. First, a number of
Salmonella serovars cause natural infections of humans and other animals. Sa/monella
animal and cell culture infection models are well developed and described, including those
for studying gut-limited infection and systemic infection [18]. A strong international
Salmonella research community provides a wealth of genetic, biochemical, and on-line tools
useful for establishing gene or compound mechanism of action [19]. Decades of research
have revealed that Sa/monella, like many pathogens, resides extra- or intracellularly,
depending on the host organism and the stage of infection [20]. During systemic infection,
Salmonella resides largely within cells of the monocyte lineage, including macrophages. In
these cell types, the bacterium replicates within phagosomes that are packed with diverse
soluble host defense molecules that damage but often do not kill the pathogen [21-23].
Thus, Salmonella infection of cultured macrophages incorporates key innate immune
challenges faced by microbes.

From standard assay to high content screen

A classical experimental model for infection biology is the gentamicin protection assay, in
which cultured cells are exposed to a bacterium that they engulf or by which they are
invaded. Subsequent incubation allows for bacterial replication. To prevent the replication of
the remaining extracellular bacteria, or of bacteria released from dying host cells, cells are
treated with an antibiotic (e.g., gentamicin) that does not readily cross membranes and thus
does not compromise intracellular replication. After a sufficient period of time, the host cells
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are monitored for bacterial load, traditionally by lysing the host cells and plating for
bacterial colony forming units (CFU). The variant of the protocol we use relies upon
RAW?264.7 cells [24], a well established macrophage-like cell line that is easy to work with,
and enables a virulent Sa/lmonella strain [25,26] to accumulate 10-20 fold, supporting four or
more rounds of replication.

To make the gentamicin protection assay amenable to automated microscopy, we
miniaturized it in 384-well glass bottomed plates (Fig 1). We infect the RAW264.7 cells
with an equivalent of 30 bacteria per host cell using a virulent Sa/monella strain harboring a
chromosomal sifB...gfp reporter [3]. The sifB promoter is induced when Salmonella become
established in the macrophage phagosome [27], likely in response to a combination of
changes in pH, osmolarity, and nutrient availability [28]. After 45 minutes of infection, the
cultures are treated with a dose of gentamicin that is sufficient to diminish the replication of
extracellular Sa/monella without blunting the replication of intracellular Sa/monella (as
micropinocytosis may deliver the antibiotic to Sa/monellain vesicles). Test or control
compounds are added two hours after infection, and at 18 hours plates are processed for
automated imaging. To each well, we add the vital dye MitoTracker, which fluoresces based
on voltage across the mitochondrial inner membrane. We fix the cells, incubate them with
the DNA probe DAPI, and image the plates on an automated fluorescent microscope for
GFP, MitoTracker and DAPI. A MATLAB-based algorithm identifies macrophages based on
DAPI and MitoTracker red and calculates bacterial load within macrophages based on GFP
signal. The Z’-factor, a measure of robustness of the screening platform, at 0.48, is
consistent with other cell-based screens [29-31], and we verified hits in a 96-well format,
which had a Z’ factor of 0.59. We refer to this entire screening process as SAFIRE, Screen
for Anti-infectives using Fluorescence microscopy of /ntracellulaR Enterobacteriaceae).

Key features of the SAFIRE assay

Based on optimization of the pilot screen and on experimentation since carrying out the
screen of the Maybridge HitFinder library, the following features of the protocol appear to
be critical.

. Host cells enable robust bacterial replication. The RAW?264.7 cells permit
Salmonella to accumulate 10-20-fold within the cell, generating a sufficiently
large signal-to-noise ratio for a GFP reporter.

. Bacteria are detected with a GFP reporter that is specifically induced inside the
phagosome. A chromosomal s/ifB::gfp reporter [27] minimized background from
extracellular bacteria, compared to a chromosomal, constitutive rosM.::gfo
reporter [32].

. Compounds are added to cells after infection has been established. This approach
avoids chemicals that prevent macrophages from engulfing the bacteria [1].

. A mitochondrial marker identifies macrophage area. Red fluorescence from
MitoTracker more precisely identifies host cells than does the use of just a DNA
marker and the assumption that the nucleus is in the center of the cell [33].

Curr Opin Microbiol. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Detweiler

Page 5

. Bacterial signal (GFP) is quantified within macrophages. An alternative is to
quantify signal across the well, an approach prone to identifying compounds that
enhance lysis of host cells and bacterial release [34].

. Compounds that are toxic to the host cells are easy to identify based on reduced
numbers of macrophages.

Biological Validation of Hits — the Crucial Secondary Screen

While detecting bacteria by GFP is amenable to high content screening, it also has the
potential to identify compounds that reduce GFP signal without reducing bacterial survival.
Chemicals may interfere, for instance, with gfp transcription, translation, protein folding or
fluorescence. We therefore test SAFIRE hits in traditional colony forming unit (CFU)
assays, in which lysed macrophages are plated, and recovered bacterial colonies are
enumerated. A comparison of CFU and SAFIRE data reveals correlation between the two
assays, with a slope of 0.7 (Fig 2). The trendline crosses the Y axis at 34, confirming that
CFU is a more stringent criterion than GFP signal. Clinical antibiotics, as expected, reduce
both GFP and CFU and thus fall in the upper right corner. Most of the top ~50 compounds
we have been studying also derive from this space.

Bioinformatic Analyses of Hit Compounds

The structures of validated hits are checked against several databases for known activities
and/or similarity to chemicals with known activities. We typically use ChemSpider,
PubChem, and ChEMBL [35]. Hit compounds are also examined for similarity to each
other, as chemical libraries typically feature analogs that can inform structure activity
relationships.

What does SAFIRE/CFU identify?

Compounds identified by a SAFIRE/CFU approach fall into two classes, those that have
antibacterial activity in standard microbiological media, and those that are only antibacterial
within the host (Fig 3). The first class of compounds include clinical antibiotics. The 14,400
chemicals screened from the Maybridge HitFinder library were ranked based on a
combination of SAFIRE and CFU results. The only clinical antibiotic in the Maybridge
HitFinder library, chloramphenicol, was the 51-highest ranked compound. The top 60
compounds were repurchased and 58 were validated with SAFIRE. Only chloramphenicol
prevented Sa/monella growth in in Mueller Hinton Broth; all other hit compounds prevented
Salmonella growth and/or survival only upon treatment of infected host cells [3]. We used a
variety of secondary screens to group compounds based on what they may do, much like
establishing phenotypic complementation groups in classical genetics [36]. Outlined below
are several different classes of compounds we have found or anticipate finding. Since
compounds may have multiple targets, these classes are not mutually exclusive.

Bacterial efflux pump modulators.

We hypothesized that a subset of the hit compounds identified by SAFIRE/CFU may inhibit
bacterial efflux pumps. Sal/monellaencodes nine efflux pumps and at least two of them are
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required for bacterial survival and replication within macrophages: the AcrAB pump of the
resistance-nodulation-development (RND) family [37], and MacAB, an ABC-type pump
[38]. In a secondary screen, we used a 96-well assay to distinguish compounds that prevent
the accumulation of Hoechst 33342, an efflux pump substrate, as these compounds may
inhibit efflux [39]. Three compounds that prevented Hoechst accumulation were
subsequently shown to prevent the glucose-dependent export of substrates of the AcrAB
efflux pumps. These data indicate that the compounds are efflux pump modulators (EPMs),
as the pumps require energy for activity [40]. Subsequent experiments demonstrated that the
compounds bind AcrB with affinities comparable to antibiotics exported by AcrAB.
Moreover, in macrophages, the EPMs potentiated antibiotics that are established pump
substrates. Attempts to increase the potency of these compounds with medicinal chemistry
are underway.

Compounds that synergize with innate immune defenses to kill bacteria.

We predict that antibacterial activity of hit compounds in macrophages may be enabled by
soluble innate immune defenses. Indeed, the efflux pump modulators, which we screened for
based on a different rationale, appear to reduce bacterial load in macrophages in a manner
synergistic with host innate immunity: EPM treatment increases bacterial sensitivity to
AMPs [3]. This makes sense in part because AMPs are established substrates of efflux
pumps, including AcrAB in Enterobacteriaceae [41], and may be exported by bacteria
residing in the phagosome. AMPs also weaken the outer membrane and may thereby give
the EPMs or other chemicals access to their bacterial targets. To identify such compounds,
we use secondary screens for functional synergy with AMPs, which also reveals whether a
compound may act in the bacterial cytosol, at the bacterial inner cell membrane, or at the
outer membrane.

Compounds with activity in the bacterial cytosol -—The AMP polymyxin B
nonapeptide (PMBN) damages bacterial outer membranes sufficiently to enable molecules
of modest size to diffuse into the periplasm and find their targets. For example, PMBN
allows hydrophobic antibiotics such as novobiocin, to cross the inner membrane and reach
an intracellular target, DNA gyrase [42]. In testing whether some compounds reach the
cytosol with help from an AMP, it may be of value to combine an AMP with an enzyme that
degrades the cell wall, possibly enabling more bulky compounds to access a cell membrane
or cytosolic target. Alternatively, other AMPs, or different concentrations of PMBN, could
be tested to see whether they allow chemicals access to bacterial targets.

One method to establish whether AMPs allow compounds they potentiate to enter bacterial
cells is to incubate bacteria with the AMP and the compound, followed by liquid
chromatography with tandem mass spectroscopy [43,44]. Most of the compounds we found
in the HitFinder library have significant hydrophobicity and may cross bacterial cell
membranes, suggesting the utility of this approach.

Bacterial cell membrane disruptors -—Hydrophobic hit compounds that potentiate
AMPs may also or alternatively intercalate into the bacterial cell membrane based on protein
or phospholipid binding. Whether their potency in SAFIRE reflect that they reduce bacterial
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membrane integrity can be established through a variety of membrane disruption assays,
including those that monitor ion and/or proton flux, ATP production, and the access of small
molecules (e.g., propidium iodide) to the cytosol. Membrane disrupting chemicals may also
target host cell membranes, as suggested by host cell toxicity and release of cytoplasmic
enzymes. While SAFIRE assays avoid particularly host-toxic compounds, they can identify
chemicals that disrupt host cell membranes at higher concentrations than at which we
screen, typically 10 — 25 uM. Whether a compound targets a moiety(s) conserved between
bacteria and mitochondria can be established by monitoring inner membrane function in
macrophages treated with escalating doses of compound. Chemicals that preferentially
damage bacterial inner membranes may be of future interest as a tool or for therapeutic
development.

Inhibitors of Gram-positive bacterial growth in broth -—Some of the compounds
identified by SAFIRE/CFU that appear to act in the bacterial cytosol or at the cell membrane
may well have potency in standard microbiological media against Gram-positive bacteria,
which lack the outer membrane barrier. This observation would indicate that the compound
targets a process that is evolutionarily shared across bacteria, much like most clinical
antibiotics. The mechanism of action of compounds with broad-spectrum activity are
perhaps most easily studied in Gram-positive model bacteria, avoiding the need to use
membrane damaging agents or mutations that weaken the outer membrane to allow the
compound to access target(s).

Inhibitors specific to Gram-negative bacteria

If hit compounds lack Gram-positive antibacterial activity, they may act on proteins or
processes that are unique to Gram-negative bacteria. For example, the set of hit compounds
potentiated by AMPs may include those that damage the outer membrane and thereby allow
AMPs to access and kill bacteria at lower concentrations. Secondary screens for outer-
membrane damage include assays that monitor access to the periplasm of nitrocefin, a beta-
lactam that is cleaved by a periplasmic beta-lactamase to produce a yellow product [45]. In
addition, high-resolution microscopy methods, such as SIM and TEM may also reveal that
these compounds cause outer membrane shedding or blebbing. To establish whether
compound treatment alter the structure of lipopolysaccharide, SDS-PAGE gels are useful
[46]. Compounds with activity unique to Gram-negative bacteria may also include those that
prevent the deployment of Type Three Secretion systems (T3SS) needed by many pathogens
for virulence [47]. For instance, Sa/monella survival in macrophages requires a functional
T3SS to manipulate the host cell. Inhibitors of T3SS can be detected by monitoring T3SS-
dependent protein secretion under specialized broth conditions [48]. Such compounds could
become useful experimental tools and/or may have potential for development into narrow-
spectrum antibiotics.

Chemicals that target the host

Structural observations of hit compounds from the Maybridge screening library suggest that
perhaps half of the compounds found by SAFIRE/CFU target the host. Some of the
chemicals are, or resemble, compounds previously demonstrated to contribute to bacterial
clearance, such as those that are neuro-active [49,50] or reduce estrogen receptor activity
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[51]. We have also found that SAFIRE/CFU identifies compounds that stress host cells and
trigger host antimicrobial defense responses, specifically, autophagy [52]. Along these lines,
an in-cell screen of a drug library for inhibitors of Mycobacterium tuberculosis identified
Toll-like receptor agonists and protein kinase inhibitors previously known to restrict intra-
vesicular bacteria [2]. Since there are many more molecular surfaces within the much larger
and more complex host cell, it may well be that, depending on the library, many of the
chemicals that reduce Sa/monellaload in macrophages target the host [53,54]. Target
identification needs to be followed up by experiments establishing whether a particular
target molecule contributes to decreased bacterial survival in host cells.

Finally, hit compounds may include pro-drugs that become modified and activated in the
tissue culture media and/or the host cell. One way to identify pro-drugs is to screen for
antibacterial activity that is facilitated by incubation in host cell cytosolic lysates. However,
if pro-drugs target the bacteria and/or host pathways that help clear bacteria, more
sophisticated approaches will be needed to identify them.

Perspectives

Target identification may be the most difficult part of screens for unknown chemicals that
disrupt the host pathogen interaction. Multiple secondary screens are needed to group
compounds, followed by more complicated analyses of a few compounds to establish targets
and demonstrate their relevance. However, as with most complex biological screens,
following up on all hit compounds is not likely worth the effort for most research
laboratories. Instead, focusing on the low hanging fruit identified by key secondary screens
may be the most efficient way to move science forward. In addition, varying the primary
screen is likely to allow for the identification of different kinds of hit compounds. Possible
SAFIRE maodifications include incorporating multidrug-resistant Sa/monella clinical
isolates, identifying hit compounds that increase instead of decrease bacterial load, and
screening in other cell types or with other intracellular pathogens. It will also be important to
explore compound libraries that cover new chemical territory, including synthetic and
natural products. Since variations on complex screens will not yield what is wanted, but
rather what is asked for, in-cell screening is best viewed as a discovery process, not simply a
means to an end.

One question is whether the time and expense of in-cell screens are worth the effort when
simpler, whole-cell plate-based assays could be used to identify a specific class of
compounds. For instance, the compounds we found that inhibit bacterial efflux pumps could
have been identified by screening the same library for Hoechst exclusion [55]. However,
SAFIRE can show us unanticipated roles for pathogen and host pathways in maintaining the
host-pathogen relationship, roles that will be missed if we only look for what we already
know. Thus, SAFIRE as a primary screen may reveal new druggable bacterial and host
targets. The macrophage phagosome is likely more complicated than recognized, and
continued probing for chemicals that lead to bacterial death in macrophages will contribute
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to a broader understanding of how host-pathogen relationships are sustained and can be
disrupted.

In conclusion, the conditions under which a screen is conducted determine what will be
found. The more realistic the model system, the more likely its use will facilitate discovery
of new hit compounds even in libraries that have been well-interrogated with target-based
biochemical or whole-cell bacterial screens. In addition, realistic model systems have the
potential to suggest new microbial targets. Sa/lmonella enterica naturally infect and replicate
within macrophages, which represent the contribution of innate immunity to pathogen
clearance. While our molecular understanding of infection biology remains limited, and our
need for new antimicrobials grows, infection screens are likely to reveal new biology and
new avenues for antibiotic discovery.
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Figure 1. The SAFIRE-CFU screening platform for discovery of chemicals that interfere with

bacterial replication or survival in host cells.

A) Macrophage-like cells (RAW264.7) in a 384-well dish are infected with virulent
Salmonella containing chromosomal s/fB..gfp (0 h). Gentamicin is added (45 minutes)
followed by compounds (2 h). At 17.5 h post-infection, cells are incubated with MitoTracker
Red CMXRos, and then fixed in the presence of DAPI (18 h). Automated imaging and
MATLAB analyses calculate bacterial signal (green) within macrophage area (red).
Validation is performed with the same assay in a 96-well format (not shown). B) To identify
SAFIRE hits that prevent bacterial survival, macrophages are lysed and plated for

enumeration of colony forming units (CFU).
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Figure 2. Comparison of compound activity (25 uM) in SAFIRE versus CFU assays.
The SAFIRE values of the 133 compounds with a > 25%decline in CFU are plotted.

Antibiotic controls (red): 2 ug/ML rifampicin (triangle), 2 pg/mL ampicillin (square), and
0.2 pg/mL ciprofloxacin (diamond).Trendline, y = 0.697x + 33.876.
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Figure 3. Hit compounds identified by SAFIRE-CFU.
A) Depending on the library screened, hits may include antibiotics or chemicals with

antibiotic activity. B) Most hit compounds, like vehicle, do not prevent bacterial growth in
standard microbiological media. C) Some of these hits act on bacteria in the host setting. D)
Other hits stimulate the host cell to kill bacteria. Pro-drugs activated by the tissue culture
medium, host cell, and/or bacteria could also be identified.
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