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SUMMARY
Selective and targeted removal of individual species or strains of bacteria from complex communities can be
desirable over traditional, broadly acting antibacterials in several contexts. However, generalizable strategies
that accomplish this with high specificity have been slow to emerge. Here we develop programmed inhibitor
cells (PICs) that direct the potent antibacterial activity of the type VI secretion system (T6SS) against specified
target cells. The PICs express surface-displayed nanobodies that mediate antigen-specific cell–cell adhe-
sion to effectively overcome the barrier to T6SS activity in fluid conditions. We demonstrate the capacity
of PICs to efficiently deplete low-abundance target bacteria without significant collateral damage to complex
microbial communities. The only known requirements for PIC targeting are a Gram-negative cell envelope
and a unique cell surface antigen; therefore, this approach should be generalizable to a wide array of bacteria
and find application in medical, research, and environmental settings.
INTRODUCTION

The application of traditional antibiotics can have many undesir-

able consequences. Most notably, their activity can promote the

emergence of resistance and disrupt health-beneficial microbial

communities (Bush et al., 2011; Looft and Allen, 2012; Sommer

and Dantas, 2011). Because these drawbacks are a direct result

of off-target effects, the scientific community has sought to

develop alternative antimicrobial strategies, with a focus on

enhanced and tunable selectivity. Recent examplesof such efforts

include bacteriophage-harboring programmable Cas9 and bacte-

ria that deliver Cas9 or regulated toxins by conjugation (Hamilton

et al., 2019; López-Igual et al., 2019; Ram et al., 2018). Although

these and other strategies hold promise, there are many hurdles

to overcome prior to their widespread implementation. For

instance, phage-based approaches suffer from the rapid evolution

of resistance in target populations; the particles can be rendered

inactive in transit to the target site (e.g., in the gastrointestinal [GI]

tract), and the often narrow host range of phage can lead to chal-
Cell Host
lenges in identifying clones active against a particular bacterium

(Chan et al., 2013; Loc-Carrillo and Abedon, 2011). Selective anti-

bacterial methodologies relying on conjugation circumvent some

of these limitations. In particular, a donor strain derived from spe-

cies evolved to transit the GI tract can be utilized (López-Igual

et al., 2019). However, a disadvantage of these approaches is

the relatively low efficiency of plasmid transfer (Ronda et al., 2019).

We sought to develop a generalizable platform for selectively

depleting target bacteria withinmixed communities. Recent find-

ings by our laboratory and others have revealed potent mecha-

nisms of contact-dependent antagonism between bacteria

(Aoki et al., 2005; Cao et al., 2016; Hood et al., 2010; Souza et

al., 2015; Whitney et al., 2017). Among these, the type VI secre-

tion system (T6SS) is a widespread pathway that catalyzes the

delivery of antibacterial toxins between neighboring Gram-nega-

tive cells (Cherrak et al., 2019). A hallmark of this system is its ca-

pacity to target cells indiscriminately, a behavior attributable to

its promiscuous delivery mechanism and toxins that disrupt

broadly conserved cellular processes (Coulthurst, 2019). We
& Microbe 28, 313–321, August 12, 2020 ª 2020 Elsevier Inc. 313
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Figure 1. Cell–Cell Adhesion Mediated by Surface-Expressed

Nanobody–Antigen Pairs Promotes Targeted Killing via the T6SS in

Liquid Medium

(A) Schematic of the strategy to achieve programable and selective cell killing.

Bacteria with unique surface antigens (shapes) and a programmed T6S+ in-

hibitor cell (PIC, pink) are represented.

(B) Growth of E. cloacaeDrhsA rhsIA rhsB rhsIB tae4 tai4 (Dei x3) under contact-

promoting (solid) or well-mixed (liquid) growth conditions in co-culture with the

indicated donor E. cloacae strain (n = 3 technical replicates ± SD). E. cloacae

DicmF is deficient in T6SS activity because of a lack of a required structural

component.

(C) Impact of E. cloacae PICs expressing the indicated cell surface-displayed

nanobody on growth of a T6S-susceptible strain (E. cloacae Dei x3, containing

deletions of the T6SS effector genes rhsA, rhsB, and tae4 and their corre-
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reasoned that if the antibacterial activity of the T6SS could be

specifically directed toward target cell populations, these

properties of the system could facilitate its development into a

flexible, alternative antibacterial platform.

Beyond the requirement for a Gram-negative target cell, the

only known barriers to T6S-based intoxication are close

(<200 nm) and long-term (>min) cell–cell association (LeRoux

et al., 2012). The stringency of these requirements is illustrated

by the observation that cells susceptible to the T6SS of a strain

under conditions of dense co-cultivation on solid media, where

intimate cell–cell contacts are enforced, are fully protected

from the system in liquid media, where cell–cell contacts are

transient (Hood et al., 2010). Therefore, we posited that selective

T6S-based depletion of bacteria could be achieved by promot-

ing the specific adhesion of a T6S+ inhibitor cell to the targeted

population. The antigens expressed on the surface of a bacterial

cell are variable and can resolve the identity of these organisms

at multiple taxonomic levels. In this study, we demonstrate that

this principle can be exploited to achieve selective and program-

mable T6S-based killing by generating strains expressing

surface-displayed antibodies directed at unique cell surface epi-

topes of target cell populations.

RESULTS

Nanobody–Antigen Pairs Enable Programmable T6S-
Mediated Killing in Liquid Medium
To test the hypothesis that specific adhesion of a T6S+ cell to a

defined target population can promote selective killing under

fluid conditions, we took advantage of the observation that bac-

teria are able to present functional camelid-derived single

domain antibodies (nanobodies) on their cell surface (Fleetwood

et al., 2013) (Figure 1A). For proof-of-concept studies, we utilized

characterized nanobody (Nb)–antigen (Ag) pairs in conjunction

with a previously developed autotransporter display system

(Piñero-Lambea et al., 2015). Elegant work by Glass et al.

demonstrated that cognate Nb–Ag pairs displayed by this sys-

tem facilitate specific cell–cell adhesion, allowing bacterial cell

patterning (Glass and Riedel-Kruse, 2018).

We began by examining the feasibility of this approach to pro-

mote intraspecific killing by the g-proteobacterium Enterobacter

cloacae. This bacterium is genetically tractable, its T6SS is active

under standard laboratory conditions, and three toxic substrates

of its T6SS, RhsA, RhsB, and Tae4, have been described (Rus-

sell et al., 2013; Whitney et al., 2014). Although it is a member

of the normal human gut microbiota, E. cloacae is also consid-

ered an opportunistic pathogen and an emerging antibiotic resis-

tant threat (Band et al., 2016; Mezzatesta et al., 2012).

In wild-type bacteria, self-intoxication by the T6SS is prohibited

by immunity proteins encoded by genes adjacent to those encod-

ing the effectors they inactivate (Russell et al., 2011). Therefore,we

generated a susceptible target strain for these studies by deleting

rhsA, rhsB, tae4, and their adjacent cognate immunitygenes, rhsIA,

rhsIB, and tai4 (Dei x3). As expected, this strain was susceptible to

T6S-based intoxication by the parent strain when cell–cell
sponding immunity genes) expressing cognate or orthogonal antigens during

co-culture in liquid medium (n = 2 biological replicates with 3 technical repli-

cates each, ± SD). See also Figure S1.
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Figure 2. PICs Achieve Potent and Specific Killing of a Cognate Antigen-Expressing Species in Liquid Culture and under Aggregation-Pro-

moting Conditions

(A) Growth of E. coliMG1655 expressing the indicated antigens during co-culture in liquid mediumwith PICs expressing cognate or orthogonal nanobodies. (n = 2

biological replicates with 3 technical replicates each, ± SD).

(B) Survival of Ag-Y-expressing E. coli grown to stationary phase in pure culture, thenmixed with the indicated PIC. The control PIC expressed the empty surface-

display construct used for nanobody presentation (n = 2 biological replicates with 3 technical replicates each, ± SD).

(C) Viable CFUs (percentage of control PIC-treated cultures incubated without PEG 8000) of Ag-Y expressing E. coli after 6 h growth with the PICs indicated in

liquid medium amended with the indicated concentration of PEG 8000 (n = 3 technical replicates, representative of 2 biological replicates, ± SD).

(D) Quantification of aggregate sizes (number of aggregates counted containing the indicated number of cells) observed by phase contrast microscopy of cultures

grown with indicated concentration of PEG 8000 as described in (D). See also Figure S2.
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contacts are enforced by growth on solid media but not in liquid

media, where contacts are transient (Figures 1B and S1A).

Next, we introduced nanobody and antigen expression sys-

tems into the parent and T6S-susceptible strains, respectively.

To facilitate mismatched control experiments, we utilized two

characterized Nb–Ag pairs: Nb-X–Ag-X and Nb-Y–Ag-Y (Glass

and Riedel-Kruse, 2018). We found that in liquid cultures, the

growth of antigen-expressing T6S-susceptible strains was spe-

cifically inhibited by parental strains expressing cognate but not

non-cognate nanobodies (Figures 1C and S1B). This inhibition

was not observed when the T6SS of the nanobody-expressing

strain was inactivated (Figure S1C). Immunoblotting analysis

and cell surface accessibility assays ruled out the possibility

that T6S inactivation interfered with nanobody expression or

localization (Figures S1D andS1E). Together, these data suggest

that cell adhesion via Nb–Ag interactions can direct the antibac-
terial activity of the T6SS at target cells. We henceforth refer to

E. cloacae strains expressing nanobodies that promote adhe-

sion to target cells as PICs (programmed inhibitor cells).

To determine whether our approach could be utilized more

broadly, we tested the capacity of PICs to deplete Escherichia

coli. E. coli does not possess immunity factors against

E. cloacae T6S effectors; therefore, the strain is likely to be inher-

ently susceptible to RhsA, RhsB, Tae4, as well as other, yet unde-

scribed effectors thatE. cloacaemight deliver. Byusing co-culture

on solid media, we confirmed E. coli susceptibility to T6S-medi-

ated intoxication by E. cloacae (Figure S2A). Congruent with the

intraspecies competition assays described above, we found in

this interspecies mixture that PICs inhibited target cell growth in

liquid media only when they possessed an active T6SS and ex-

pressed a matched nanobody (Figures 2A and S2A–S2C).

The magnitude of the growth inhibitory effect of PICs targeting
Cell Host & Microbe 28, 313–321, August 12, 2020 315
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E. coli (PICNb-X, 570-fold; PICNb-Y, 220-fold) was significantly

higher than that observed for a self-derived strain sensitized

only to RhsA, RhsB, and Tae4 (PICNb-X, 6.4-fold; PICNb-Y, 3.3-

fold), suggesting E. cloacae indeed utilizes T6S effectors beyond

those that we have identified. PICs could be inhibiting the prolifer-

ation of E. coli by inducing bacteriostasis, killing, or by a combina-

tion of thesemechanisms.We found thatwithin 30min of addition,

PICs reduced the colony-forming units (CFU) of stationary phase

non-growing target cells by 16.1-fold (Figures 2B and S2D). This

experiment indicates PICs kill E. coli, though it does not rule out

a mixed mechanism that also involves bacteriostasis. These

data demonstrate the capacity of programmable cell–cell adhe-

sion to promote efficient interspecies killing by the T6SS.
Polymer-Mediated Aggregation Can Enhance PIC
Activity
The specificity of PICs is dependent on fluidity; cell–cell contacts

that occur independently of Nb–Ag interactions lead to indis-

criminate killing (Figure S2A). However, in many natural environ-

ments, high-molecular-weight linear polymers are present that

can affect the degree to which cells aggregate by both chemical

and physical mechanisms (Ding et al., 2015; Preska Steinberg

et al., 2019; Secor et al., 2018). To quantitatively describe the

sensitivity of the system to polymer-mediated aggregation, we

used a high-molecular-weight polymer (PEG 8000) to systemat-

ically vary the degree of cell aggregation through a process

termed depletion aggregation (Schwarz-Linek et al., 2010; Secor

et al., 2018). With this method, we identified a concentration of

the polymer that enhances the efficiency of PICs without observ-

ably impacting their specificity (5.0%) (Figure 2C). As expected,

at high concentrations of the polymer (>10%w/v), cellular aggre-

gation is enhanced independently of Nb–Ag interaction, and un-

der these conditions, PIC targeting is indiscriminate (Figures 2C,

2D, and S2E). A previous report similarly demonstrated that the

high-molecular-weight linear polymer polyvinylpyrrolidone can

also induce T6S-mediated targeting by Vibrio fischeri in liquid

media; however, the authors of this study attributed the effect

they observed to an increase in viscosity (Speare et al., 2020).

Our findings suggest that PIC efficacy could benefit from natural

polymer-mediated aggregation. However, a threshold effect ex-

ists, wherein conditions that strongly promote aggregation could

generate off-target effects.
PICs Function Efficaciously in Multi-strain and Multi-
species Mixtures
A critical feature of our approach is its potential to distinguish

target from non-target cells. As a first step toward addressing

the specificity of the system, we exposed PICs to fluorescently

labeled E. coli cells expressingmatched antigens diluted to vary-

ing degrees within differentially fluorescently labeled cells ex-

pressing control antigens. In this scenario, we found no evidence

of off-target activity, including when control cells outnumbered

target cells by 1,000-fold (Figures 3A, 3B, and S3A). Moreover,

the efficiency of PICs was unaffected by the degree of target

cell dilution. The detection limit of our assay prohibited us from

testing beyond this dilution of target cells; however, these data

clearly demonstrate that PICs can exhibit high specificity for

target cells found within mixed populations.
316 Cell Host & Microbe 28, 313–321, August 12, 2020
Next, we challenged our PIC system by substantially

increasing the diversity of bacteria present with the target cell.

Specifically, we introduced PICs and the target cells, initially at

20% and 6% abundance (by OD600 nm), respectively, to a syn-

thetic community consisting of 12 species derived from four

phyla, including both Gram-positive and Gram-negative repre-

sentatives. Quantification of community constituents by 16S

rRNA gene sequencing before and after cultivation revealed no

detectable PIC off-target activity, despite the susceptibility of

several members to the E. cloacae T6SS (Figures 3C, 3D, and

S3B; Table S1). In contrast, the level of target cells within the

community was substantially reduced (96%) by PICs. Reduction

of the initial abundance of target and PIC cells to 3% and 9%,

respectively, did not decrease PIC efficacy (98%) (Figure S3C;

Table S1). As a reference, we also exposed our synthetic com-

munity to ciprofloxacin, an antibiotic used to treat serious

E. coli infections, among many other indications. In our experi-

mental regime, ciprofloxacin displayed similar potency toward

E. coli as PICs; however, the antibiotic caused substantial collat-

eral effects within the community (Figure 3E). These findings

demonstrate the feasibility of the use of PICs to deplete target

cells from multispecies environments. Moreover, they highlight

the improved specificity achievable by PICs in this context in

relation to conventional antibiotics.

PICs Selectively Target via Natural Surface Antigens
The antigenswe employed to this point are not naturally found on

the cell surface of bacteria. However, the utility of PICs hinges on

their ability to kill target cells via the recognition of native anti-

gens. BamA is a widely conserved, essential, and cell surface-

accessible outer-membrane protein that is required for the

biogenesis of transmembrane b-barrel proteins (Konovalova

et al., 2017). Naturally occurring molecules targeting BamA

have validated the protein as an antibacterial target, and, most

pertinent to our study, nanobodies have been reported that

recognize the E. coli protein in its membrane-integrated state

(Imai et al., 2019; Kaur et al., 2019). We thus assessed whether

display of these BamA-targeting nanobodies (Nb-BamA) could

facilitate PIC-mediated killing of E. coli. Indeed, we found that

PICNb-BamA effectively suppressed the proliferation of the

E. coli laboratory strains DH5a and DH10B in a Nb-BamA- and

T6SS-dependent manner (Figure 4A). Interestingly, the parent

of these strains, MG1655, which possesses an identical bamA

sequence, was not inhibited by the PICs despite its susceptibility

to the T6SS of E. cloacae (Figure 2A). BamA is an integral mem-

brane protein lacking a significant ectodomain; therefore, we hy-

pothesized that structures protruding from the cell surface of

MG1655 could reduce PIC efficacy by blocking access to their

target antigen. We tested this hypothesis by evaluating PIC sus-

ceptibility of anMG1655 derivative bearing a truncated LPS core

(DrfaD) (Coleman, 1983). This mutation rendered MG1655

vulnerable to PICNb-BamA-mediated inhibition, suggesting that

the PIC platformwill bemost efficacious when targeting antigens

that protrude from the cell surface.

Our finding that bacterial surface structures can interfere with

PIC targeting motivated us to examine the suitability of another

native E. coli target protein, intimin. Owing to the critical role in-

timin plays in adherence to epithelia by certain pathogenic

strains of E. coli, the protein has been the subject of considerable
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Figure 3. PICs Selectively Deplete Target Cells from Defined Bacterial Mixtures

(A), Relative fitness of a control E. coli strain (control strain as described in Figure 1) compared to a strain displaying Ag-Y when grown in liquid co-culture with

PICNb-Y with (parental) or without (DicmF) an active T6SS (n = 3 technical replicates, representative of 2 biological replicates, ± S.D.; *p < 0.05, t test). The initial

ratio (by OD600 nm) of the E. coli control to Ag-Y expressing strain is indicated below.

(B) Representative fluorescence micrographs indicating relative abundance of E. coli control (red) and Ag-Y-expressing (green) cells after growth with parental or

T6S-inactive strain (DicmF) PICNb-Y. The initial ratio of E. coli control to Ag-Y was 1:1. PIC cells are not fluorescently labeled. Scale bar, 5 mm. Full micrographs in

Figure S3.

(C and D), Comparison of the change in relative abundance of community members after 8 h growth with or without PIC addition. The E. coli strain included is

indicated at top. Initial abundance (by OD600 nm): PICs, 20%; target E. coli, 6%.

(E) Change in abundance of community members with and without 8 h treatment with ciprofloxacin at 40 ng mL-1 (2.5x MIC of E. coli). Initial and final read counts

for each species in (C)–(E) presented in Table S1. See also Figure S3.
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study (Celli et al., 2000; McWilliams and Torres, 2014). Unlike

BamA, intimin adopts an extended structure and protrudes

significantly (14 nm) from the cell surface (Batchelor et al.,

2000; Kelly et al., 1999; Luo et al., 2000). Indeed, the intimin-

derived display system we utilize in this study—despite contain-

ing a significantly truncated form of the protein—effectively

presents synthetic antigens for PIC targeting (Figure 1) (Piñero-

Lambea et al., 2015). To target intimin, we took advantage of a

nanobody that recognizes the C terminus of the protein (Nb-

Int), which localizes distal to the cell surface and is not present

in our display system (Ruano-Gallego et al., 2019). We found

that PICNb-Int efficiently and specifically depletes E. coli produc-

ing the cell surface adhesin (Figure 4B). It is worth noting that the

degree of E. coli targeting via interaction with intimin exceeds

that of Ag-X, Ag-Y, or BamA. A multitude of factors could

contribute to the magnitude of targeting achievable by different

Nb–Ag interactions, but taken together with the variability in
BamA-targeting between E. coli strains, these results are consis-

tent with distance of target antigens from the cell surface, and

thus their accessibility for nanobody binding, being an important

variable influencing PIC activity.

PICs Selectively Deplete Target Cells from Gut-Derived
Communities
Intimin expression is a characteristic trait of enteropathogenic

E. coli strains (Celli et al., 2000; McWilliams and Torres, 2014).

Thus, we sought to determine whether robust and selective in-

timin-mediated PIC targeting could be achieved in the context

of a complex and undefined community derived from the

mammalian GI tract. Toward this end, we introduced intimin-pro-

ducing E. coli into freshly isolated total fecal bacteria from

conventionally reared mice and measured the capacity of

PICNb-Int to deplete these strains from themixture. Tomimic con-

ditions in vivo, we conducted these experiments under a regime
Cell Host & Microbe 28, 313–321, August 12, 2020 317
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Figure 4. PICs Targeting a Natural Surface Antigen Achieve Selective Killing in a Complex Community, and Resistance to Killing Is Slow to

Emerge

(A) Viable CFUs (percentage of control PIC treated cultures) remaining after growing the indicated E. coli strains for 6 h with the PICs noted at top in liquid medium

amended with 5% (w/v) PEG 8000 to mimic a natural polymer-rich environment. Data represent 2 biological replicates each containing 3 technical replicates, ±

SD, *p < 0.05, t test.

(B) Viable CFUs (percentage of control PIC-treated cultures) remaining after growingE. coliMG1655 expressing full-length intimin from E. coliO157:H7 for 6 hwith

the indicated PICs in liquid medium amended with 5% (w/v) PEG 8000 (Data represent 2 biological replicates, each containing 3 technical replicates ± SD; *p <

0.05, t test). Nb-Int targets the carboxyl-terminal 280 amino acids of intimin, which are not found in the surface display construct.

(C) E. coliMG1655 expressing full-length intimin recovered (% of control E. coli in parallel mixes) after incubating for 1 h with PICNb-Int (50-fold E. coli by OD600nm)

together with a complex bacterial community (200-fold E. coli by OD600nm) isolated directly from fresh mouse fecal samples.

(D) Stacked bar plot showing the relative abundance ofmouse fecal communitymembers before and after incubation with PICNb-Int, as determined by sequencing

the V3-V4 region of the 16S rRNA gene. OTUs were clustered at 97% identity, and the 30 most abundant OTUs (by sequence count, E. cloacae excluded) are

shown. The E. coli strains added to the communities indicated at top. Normalized OTU counts are presented in Table S2.

(E) Competitiveness of PICNb-BamA toward E. coliDH5a relative to the competitiveness of control PICs after the indicated number of rounds of incubating E. coli in

the presence of PICNb-BamA for 6 h. Each round of selection was initiated with a fresh population of the parent PIC. n = 3 technical replicates ± SD. See also

Figure S4.
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that limits proliferation (e.g., high cell density and short time-

scale). One hour after the addition of PICNb-Int, E. coli CFU levels

dropped by approximately 90%, whereas in separate experi-

ments using E. coli expressing only the truncated version of

intimin not recognized by Nb-Int, E. coli levels were unaltered

(Figure 4C). This degree of targeting was maintained across a

wide range of target cell abundance (1%–0.05%) and in fecal mi-

crobiota deriving from two independently rearedmouse colonies
318 Cell Host & Microbe 28, 313–321, August 12, 2020
(Figure S4A). We also examined the effects of PICs on the fecal

community by using 16S rRNA gene sequencing. Among opera-

tional taxonomic units (OTUs) with >10 counts (our cutoff for

analysis), those corresponding to E. coli underwent the greatest

extent of PIC-mediated depletion in both fecal microbiome sam-

ples (Figures 4D and S4B; Table S2). The magnitude of this

depletion was less than that determined by CFU enumeration,

which we attribute to the persistence of DNA after cell lysis.
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The overall effect of PICs on the community composition wasmi-

nor and mostly limited to low-abundance OTUs. We cannot

ascertain from our current data whether the small changes that

were observed derived from indirect consequences of E. coli

depletion or bona fide off-target killing. The community profiling

also revealed that the two murine microbiomes we tested

diverge greatly in the phylogenetic distribution of their constitu-

ents, suggesting that PIC-mediated targeting in this environment

could be largely insensitive to the specific bacteria present.

Resistance to PICs that Target BamA Is Slow to Emerge
A concern with any antimicrobial approach is the emergence of

resistance. In our PIC approach, we considered two potential

broad routes by which target cells could acquire resistance:

target cell mutations diminishing susceptibility to PIC toxins or

mutations that influence nanobody recognition of target cell

surface antigens. In general, the T6SS delivers a payload of bio-

chemically diverse toxins that act simultaneously on a range of

essential cellular structures (Alcoforado Diniz et al., 2015; La-

Course et al., 2018), and the PICs we employ are not an excep-

tion. Based on this, we have speculated that target modification

represents an unlikely physiological route to high-level T6SS

resistance (LaCourse et al., 2018). Rather, toxin neutralization

via the horizontal acquisition of genes encoding toxin-specific

resistance determinants appears to be widespread in microbial

communities (Ross et al., 2019). Because this resistance mech-

anism cannot be accurately modeled in an in vitro setting, we de-

signed our resistance study to capture mutations that could

impact cell-surface-antigen recognition. Specifically, we em-

ployed PICs that recognize BamA because this protein has

been shown to accumulate antibiotic-resistance conferring

substitutions within the b-barrel region of the protein that is

recognized by Nb-BamA (Imai et al., 2019; Kaur et al., 2019).

To evaluate the potential for PIC resistance to emerge, we

passaged E. coli serially in the presence of PICNb-BamA. After

each passage, a population derived from all surviving colonies

was used as inoculum for the subsequent passage, and the

sensitivity of the population to PICNb-BamA-based targeting was

quantitatively assessed. Remarkably, after 10 passages, we

found no change in the sensitivity of E. coli to PICNb-BamA, sug-

gesting that resistance to PICs—at least those targeting

BamA—can be slow to emerge (Figure 4E). Based on the struc-

ture of the BamA–Nb-BamA complex (Kaur et al., 2019), which

shows that Nb-BamA makes extensive contacts with the inner

surface of the b-barrel, we posit that the substitutions necessary

to break this interaction are incompatible with BamA function.

DISCUSSION

Our results represent a first step toward harnessing the potent

antibacterial activity of the T6SS to eradicate specific bacteria

from polymicrobial assemblages. We believe this system—once

further optimized and tailored for individual targets—could find

applications in basic research, biotechnology, and the clinic. Opti-

mization will be explored in future studies; however, we envision

this process might include (1) tailoring the effector repertoires of

PICs to achieve maximal killing efficiency and specificity toward

the target, (2) defining the features of cell surface antigens that

best promote PIC adherence, (3) increasing the expression of
the T6SS within PICs, (4) identifying or engineering alternative

PIC strains (e.g., inherently avirulent or engineered attenuation,

adapted to particular environments of interest), and (5) engineer-

ing PICs to express immunity determinants that provide protec-

tion from antibacterial toxins produced by target cells encoding

their own T6SS or another antagonistic pathway.

We were unable to detect resistance of target cells that are

sensitized to PIC-mediated growth suppression via nanobody–

BamA interactions. It is difficult to know how well these in vitro

experiments will predict resistance in a natural system. Clearly,

the function and essentiality of the antigen targeted, and the na-

ture of the interaction of the antigen with the nanobody, will

impact the rate by which resistance mutations arise. Proteins

and other non-proteinaceous antigens present within or immedi-

ate to the bacterial outer membrane likely have a higher proba-

bility of being essential than those that extend from the surface,

yet our data suggest that those protruding from the surface best

support PIC targeting. An effective means of circumventing this

tradeoff could be to develop PICs that recognize multiple anti-

gens on target cells. In addition to stemming the emergence of

resistance, the initial binding of a PIC cell to an antigen distal

to the cell surface could facilitate interactions withmore proximal

antigens. The identity of the target cell will also exert significant

influence on the rate of resistance to PICs. Recent work sug-

gests that cell surface features such as exopolysaccharides

can interfere with T6S-based intoxication (Toska et al., 2018). If

target bacteria produce such structures constitutively, or if

readily acquired mutations can activate their expression, the ef-

ficacy of PICs could be impaired through both reduced efficacy

of T6S-mediated targeting and occlusion of surface antigens.

It is likely that no single alternative antimicrobial technology

will prove most useful in all, or even a majority of, scenarios.

Nevertheless, PICs have several potential advantages that are

worth noting. First and foremost among these is their generality.

Owing to the promiscuity of the T6SS, the single specialized re-

agent required to target a new Gram-negative bacterium by the

approach is a nanobody that recognizes a unique epitope on the

cell surface of that bacterium. PICs targeting Gram-positive bac-

teria could also be developed. In this case, target cell killing

could be achieved by using the Esx pathway. Although divergent

in sequence and mechanism from the T6SS, the Esx pathway—

present widely in Gram-positive bacteria—can also catalyze

indiscriminate cell-contact-dependent toxin delivery into neigh-

boring cells (Cao et al., 2016; Whitney et al., 2017).

Other notable advantages of PICs are the limited biological

information needed for targeting and the short timescale theoret-

ically required for PIC preparation and deployment. Surface-

exposed candidate antigens on target bacteria can be defined

with high confidence frommost bacteria by using commonplace

bioinformatic tools that require only genomic (or metagenomic)

sequence data (Almagro Armenteros et al., 2019; Yu et al.,

2010). A set of candidates could then be applied to currently

available pipelines for the in vitro selection of specific nanobod-

ies from highly diverse libraries (�1013), allowing functional

screening of these to begin within a period of three weeks

(McMahon et al., 2018; Moutel et al., 2016; Zimmermann et al.,

2018). Altogether, these advantages bode well for the develop-

ment of PICs into viable alternatives to traditional antimicrobials

in myriad applications.
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S., and Löfblom, J. (2013). Surface display of a single-domain antibody library

on Gram-positive bacteria. Cell. Mol. Life Sci. 70, 1081–1093.

Glass, D.S., and Riedel-Kruse, I.H. (2018). A Synthetic Bacterial Cell-Cell

Adhesion Toolbox for Programming Multicellular Morphologies and Patterns.

Cell 174, 649–658.e16, e616.

Guzman, L.M., Belin, D., Carson, M.J., and Beckwith, J. (1995). Tight regula-

tion, modulation, and high-Level expression by vectors containing the arabi-

nose pBAD promoter. J. Bacteriol. 177, 4121–4130.

Hamilton, T.A., Pellegrino, G.M., Therrien, J.A., Ham, D.T., Bartlett, P.C.,

Karas, B.J., Gloor, G.B., and Edgell, D.R. (2019). Efficient inter-species conju-

gative transfer of a CRISPR nuclease for targeted bacterial killing. Nat.

Commun. 10, 4544.

Hevia, A., Delgado, S., Margolles, A., and Sánchez, B. (2015). Application of

density gradient for the isolation of the fecal microbial stool component and

the potential use thereof. Sci. Rep. 5, 16807.

https://doi.org/10.1016/j.chom.2020.05.006
https://doi.org/10.1016/j.chom.2020.05.006
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref1
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref1
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref1
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref2
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref2
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref2
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref3
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref3
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref3
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref3
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref4
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref4
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref4
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref5
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref5
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref5
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref5
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref6
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref6
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref6
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref6
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref7
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref7
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref7
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref8
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref8
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref8
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref9
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref9
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref9
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref10
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref10
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref11
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref11
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref12
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref12
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref12
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref13
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref13
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref14
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref14
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref14
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref15
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref15
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref15
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref15
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref16
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref16
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref16
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref17
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref17
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref17
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref56
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref56
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref56
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref18
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref18
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref18
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref18
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref19
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref19
http://refhub.elsevier.com/S1931-3128(20)30288-2/sref19


ll
Short Article
Hood, R.D., Singh, P., Hsu, F., G€uvener, T., Carl, M.A., Trinidad, R.R.,

Silverman, J.M., Ohlson, B.B., Hicks, K.G., Plemel, R.L., et al. (2010). A type

VI secretion system of Pseudomonas aeruginosa targets a toxin to bacteria.

Cell Host Microbe 7, 25–37.

Imai, Y., Meyer, K.J., Iinishi, A., Favre-Godal, Q., Green, R., Manuse, S.,

Caboni, M., Mori, M., Niles, S., Ghiglieri, M., et al. (2019). A new antibiotic

selectively kills Gram-negative pathogens. Nature 576, 459–464.

Kaur, H., Hartmann, J.B., Jakob, R.P., Zahn, M., Zimmermann, I., Maier, T.,

Seeger, M.A., and Hiller, S. (2019). Identification of conformation-selective

nanobodies against the membrane protein insertase BamA by an integrated

structural biology approach. J. Biomol. NMR 73, 375–384.

Kelly, G., Prasannan, S., Daniell, S., Fleming, K., Frankel, G., Dougan, G.,

Connerton, I., and Matthews, S. (1999). Structure of the cell-adhesion frag-

ment of intimin from enteropathogenic Escherichia coli. Nat. Struct. Biol. 6,

313–318.

Konovalova, A., Kahne, D.E., and Silhavy, T.J. (2017). Outer Membrane

Biogenesis. Annu. Rev. Microbiol. 71, 539–556.

LaCourse, K.D., Peterson, S.B., Kulasekara, H.D., Radey, M.C., Kim, J., and

Mougous, J.D. (2018). Conditional toxicity and synergy drive diversity among

antibacterial effectors. Nat. Microbiol. 3, 440–446.

Ledvina, H.E., Kelly, K.A., Eshraghi, A., Plemel, R.L., Peterson, S.B., Lee, B.,

Steele, S., Adler, M., Kawula, T.H., Merz, A.J., Skerrett, S.J., Celli, J., and

Mougous, J.D. (2018). A phosphatidylinositol 3-Kinase effector alters phago-

somal maturation to promote intracellular growth of Francisella. Cell Host

Microbe 24, 285–295.

LeRoux, M., De Leon, J.A., Kuwada, N.J., Russell, A.B., Pinto-Santini, D.,

Hood, R.D., Agnello, D.M., Robertson, S.M., Wiggins, P.A., and Mougous,

J.D. (2012). Quantitative single-cell characterization of bacterial interactions

reveals type VI secretion is a double-edged sword. Proc. Natl. Acad. Sci.

USA 109, 19804–19809.

LeRoux, M., Kirkpatrick, R.L., Montauti, E.I., Tran, B.Q., Peterson, S.B.,

Harding, B.N., Whitney, J.C., Russell, A.B., Traxler, B., Goo, Y.A., et al.

(2015). Kin cell lysis is a danger signal that activates antibacterial pathways

of Pseudomonas aeruginosa. eLife 4, 4.

Loc-Carrillo, C., and Abedon, S.T. (2011). Pros and cons of phage therapy.

Bacteriophage 1, 111–114.

Looft, T., and Allen, H.K. (2012). Collateral effects of antibiotics on mammalian

gut microbiomes. Gut Microbes 3, 463–467.
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Software and Algorithms

GraphPad Prism version 7.0 for Mac GraphPad, Software, La Jolla,

California, USA

http://www.graphpad.com; RRID:

SCR_022798

(Continued on next page)

ll
Short Article

Cell Host & Microbe 28, 313–321.e1–e6, August 12, 2020 e2

http://www.graphpad.com


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
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Jose, California, USA
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illustrator;
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Washington, USA

https://www.mtshasta.phys.

washington.edu/website/

SuperSegger.php

Geneious 10.0.9 Geneious, Software, Newark, New
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Cell Aggregate Analysis algorithm This study https://github.com/kevinjohncutler/

CellAggregateAnalysis

FlowJo FlowJo LLC, Software, Ashland,
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MATLAB MathWorks, Software, Natick,
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joseph

Mougous (mougous@uw.edu).

Materials Availability
Plasmids and bacterial strains generated in this study are available upon request from the Lead Contact.

Data and Code Availability
Sequence data associated with this study has been deposited to the NCBI Sequence Read Archive: PRJNA625997. Code generated

in this study is available from Github: https://github.com/kevinjohncutler/CellAggregateAnalysis.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Strains and Culture Conditions
The bacterial strains and plasmids used in this study are listed in the Key Resources Table. PICs were derived from Enterobacter

cloacae ATCC-13047. Escherichia coli strains used in this study included MG1655, DH5a, and DH10B for targeting by PICs,

DH5a and EC100 l pir for plasmid maintenance, and S17-1 l pir for conjugal transfer of plasmids into E. cloacae. Other bacterial

strains used in the synthetic community competition include Serratia proteamaculans 568, Agrobacterium tumefaciens FACH, Para-

coccus denitrificans ATCC-177441, Flavobacterium johnsoniae UW101, Sphingobacterium pakistanense, Chromobacterium viola-

ceum, Mycobacterium smegmatis MC2 155, Enterococcus faecalis OG1RF, Listeria monocytogenes 10403S, Francisella novicida

U112, Xanthomonas maltophilia ATCC-13637, and Aeromonas hydrophila An65A68. Bacteria were cultured routinely at 37�C in Luria

Bertani (LB) medium supplemented with 0.5% (w/v) glucose, unless noted otherwise. Antibiotics and chemicals were used at the

following concentrations: 50 mg ml�1 streptomycin; 50 mg ml�1 spectinomycin; 150 mg ml�1 carbenicillin; 50 mg ml�1 kanamycin;

25 mg ml�1 chloramphenicol; 40 ng ml�1 ciprofloxacin; 400 ng ml�1 anhydrotetracycline.

Mice
Murine fecal samples employed in this study were obtained from two separately-reared colonies of C57BL/6J mice maintained in

specific pathogen free (SPF) conditions. Mice used to establish the colonies were originally purchased from Jackson Laboratories.

The rearing and maintenance of these mouse colonies was approved by the University of Washington Institutional Animal Care and

Use Committee. Daily care of the colonies was provided and SPF conditions were ensured through the rodent health monitoring pro-

gram overseen by the Department of Comparative Medicine at the University of Washington. Fecal samples were collected at

random without regard to sex or mouse age.
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METHOD DETAILS

Plasmid Construction
All primers used in plasmid construction and generation ofmutant strains are listed in Table S3. Tet expression plasmids used for nano-

body and antigen presentation in E. cloacae and E. coli in this study were generated from pDSG323-derived expression plasmids pre-

viously described (Glass and Riedel-Kruse, 2018). The expression plasmids for synthetic antigens and cognate nanobodies described

by Glass et al. were modified to introduce a 30 myc tag to the expressed proteins by cloning of the amplified tag into the NdeI and PstI

restriction sites. Nb1/Ag1 and Nb3/Ag3 were renamed Nb-X/Ag-X and Nb-Y/Ag-Y, respectively for the purposes of our study. The Nb-

Int andNb-BamAexpression plasmidsdisplay the previously characterized nanobodies IB10andNb_B12, respectively (Ruano-Gallego

et al., 2019)(Kaur et al., 2019). Each was constructed by synthesizing the nanobody-encoding sequence as a Gblock (IDT) and subse-

quently inserting it (byGibsonassembly) downstreamof the geneencoding the truncated version of intimin in pDSG323. Togenerate the

intimin expression plasmid, the full-length intimin gene (eae, EDL933_4947) was PCR amplified from genomic DNA of EHEC O157:H7

strain EDL933 and substituted for the truncated version of intimin used for nanobody or antigen display in pDSG323 (Glass and Riedel-

Kruse, 2018). For the production of E. cloacae in-frame deletion constructs, 750 bp regions flanking the deletion were amplified, joined

using splicing by overlap extension (SOE) PCR, and subsequently cloned into theE. cloacae suicide vector pRE118-pheS using the SacI

and XbaI restriction sites (pRE118-pheS was a gift from Christopher Hayes of UC Santa Barbara).

Generation of Mutant Bacterial Strains
To generate mutations in E. cloacae, deletion constructions in pRE118-pheS were transformed into E. coli S17-1 l pir. E. coli S17-1 l

pir donor cells carrying the deletion constructs and E. cloacae recipient strains to be mutated were grown overnight on LB plates

containing antibiotics as appropriate, then scraped together to create a 2:1 mixture of each donor–recipient pair that was spread

on an LB agar plate and incubated at 37�C for 6 h to facilitate plasmid transfer via conjugation. Cell mixtures were then scraped

into PBS and plated on LB medium agar plates supplemented with kanamycin and streptomycin to select for E. cloacae containing

the deletion construct inserted into the chromosome. E. cloacaemerodiploid strains were then grown overnight in non-selective LB

medium at 37�C, followed by counter selection on M9 minimal medium agar plates with 0.4% (w/v) glucose and 0.1% (w/v) p-chlor-

ophenylalanine. Kanamycin sensitive colonies were screened for allelic replacement by colony PCR and mutations were confirmed

by Sanger sequencing of PCR products.

E. coli bearing a deletion of rfaDwas generated by the lambda red recombinase system (Datsenko andWanner, 2000). In brief, PCR

products containing a chloramphenicol resistance cassette flanked by 50 bp of homology to the 50 and 30 termini of the rfaD gene

were electroporated into E. coli MG1655 carrying pKD46 induced to expressed the recombinase with 0.2% (w/v) L-arabinose for

5 h at 30�C. E. coliwas then incubated in LB for 1 h, plated on chloramphenicol containing LB agar and incubated overnight at 37�C.

Bacterial Competition Assays
Competitions between Two Bacterial Strains

Bacterial competitions on solid media were performed as previously described (LeRoux et al., 2015). Briefly, overnight cultures were

spun for 1 min at 17,900 x g to pellet cells and culture supernatant was removed. Cell pellets were washed once with LB medium,

spun again, and finally resuspended in LBmedium. Cell suspensions were then normalized to OD600 = 2.0. Mixtures of E. cloacae and

target cells were then established at 20:1 (E. cloacae versus E. cloacae Dei x3) or 3:1 (E. cloacae versus E. coli) v/v ratios. Starting

ratios were established by performing 10-fold serial dilutions and plating on appropriate selective media. Competitions were initiated

by spotting 33 5 ml of eachmixture on nitrocellulose filters placed on 3% (w/v) agar LB plates and incubated at 37�C for 3 or 6 h. Cells

were then harvested by scraping individual spots from excised sections of the nitrocellulose filter into LBmedium. Suspensions were

serially diluted and plated on selectivemedia for quantification of CFUs. For intraspecies competitions, E. cloacaeDei x3wasmarked

by chromosomal insertion of a spectinomycin resistance gene, while donor E. cloacae strains were unmarked; E. cloacaeDei x3 pop-

ulations were quantified by enumerating CFU obtained on LB with spectinomycin, and donor populations quantified by subtracting

this number from the total CFU enumerated on non-selective LB plates. For interspecies competitions, E. coli was marked by chro-

mosomal insertion of a chloramphenicol resistance gene; S. proteamaculans, F. novicida, and S. pakistanense were marked by a

kanamycin resistance gene; E. cloacae strains were unmarked as in the intraspecies competition experiments; E. cloacaewas distin-

guished by plating on LB containing streptomycin (intrinsic resistance). Competitive indices for each experiment were determined by

dividing the final donor to recipient ratio by the initial donor to recipient ratio.

For bacterial competitions in liquid media, overnight cultures were pelleted, washed and resuspended in LB as described above.

For both intra- and interspecies competitions, E. cloacae donor and target cells were diluted to OD600 = 0.03 and 0.0003, respec-

tively. Competitions were performed in LB with 0.5% (w/v) glucose and 400 ng ml-1 of anhydrotetracycline to induce nanobody or

antigen expression. PEG 8000 was added to the medium when indicated in the figure legends. Starting ratios of donor and recipient

strains were established as described above. Competitions were incubated at 37�C with shaking at 200 rpm for 6 h. Cells were

collected at indicated time points (2, 4, 6, 8, or 24 h), serially diluted, and plated on selective media for quantification of CFUs.

Competitions between Three Bacterial Strains

E. cloacae expressing Nb-Ywas cocultured with two E. coli strains, those displaying Ag-Y or a null control expressing only the intimin

display construct (pDSG323) (Glass and Riedel-Kruse, 2018). Suspensions of E. cloacae and each E. coli strain were prepared as

described above for interspecies liquid media competitions. Competitions were then initiated in which the starting concentration
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of E. cloacae and the null control strain were held constant at OD600 = 0.03 and 0.01, respectively, while the starting concentration of

E. coli expressing Ag-Y was varied by 10-fold dilutions from 0.01 to 0.00001, to establish starting ratios for the two E. coli strains of

1:1, 10:1, 100:1 and 1000:1. The two E. coli populations were distinguished by chromosomal insertion at galK of genes encoding

chloramphenicol resistance and dTomato (control strain) or mTagBFP (Ag-Y expressing strain) under the control of the constitutive

promoter pLlacO (strains were a gift from Erik Gullberg of Uppsala University). Anhydrotetracycline and glucose were supplemented

as describe above. Competitions were incubated at 37�C with shaking at 200 rpm for 6 h. Initial and after competition samples were

collected, plated on LB containing chloramphenicol, and visualized using an Azure Biosystems c600.

Bacterial Survival Experiments

To assess survival of bacteria targeted by nanobody-producingE. cloacae, strainswere grown overnight thendiluted toOD600 = 0.1 and

grown for 4 h (until stationary phase) in LB with anhydrotetracyline to induce nanobody or antigen production. Cells were then pelleted,

washed and resupended as described above, then normalized to OD600 = 5.0. Mixtures of E. cloacae and E. coliwere then established

at 100:1 v/v ratios in LB with glucose and anhydrotetracycline. Starting ratios of cells were established as described above. Competi-

tions were incubated at 37�Cwith shaking at 200 rpm, and samples were collected at 30, 60, and 90min. Cells were harvested at each

time point and then serially diluted and plated on selective media for quantification of CFUs as described above.

Synthetic Community Competition Experiment

Synthetic community competition experiments contained the following 12 species in addition to E. cloacae and E. coli: Serratia pro-

teamaculans, Agrobacterium tumefaciens, Paracoccus denitrificans, Flavobacterium johnsoniae, Sphingobacterium pakistanense,

Chromobacterium violaceum,Mycobacterium smegmatis,Enterococcus faecalis, Listeriamonocytogenes, Francisella novicida, Xan-

thomonas maltophilia, and Aeromonas hydrophila. Overnight cultures of each of the species were pooled together at equal concen-

tration (normalized to OD600 = 0.01) andmixed with E. cloacae expressing Nb-Y (OD600 = 0.03 or 0.01) and E. coli expressing Ag-Y or

the null control described above (OD600 = 0.01 or 0.003). The mixtures were grown in LB medium with glucose at 30�C (to permit

growth of organisms included in the mixture that are unable to grow at 37�C) with shaking at 200 rpm for 8 h. After the incubation

period, competitions were harvested and washed with fresh LB medium. Cells were then incubated with 2 mg ml-1 DNase for

30 min at 37�C to remove extracellular DNA and washed a final time with LB containing 10 mM EDTA to inactivate DNase. Total

DNA was extracted using the InstaGene Matrix (Bio-Rad). To calculate the abundance ratio of bacterial strains in the mixed popu-

lation, the V3 and V4 regions of the 16S rRNA gene were amplified using proprietary primers (Genewiz) and sequenced with an

Illumina MiSeq. 40,000 to 200,000 paired end reads were generated from each sample; paired end reads were merged using

VSEARCH (Rognes et al., 2016). Reads were then trimmed and filtered with MICCA 1.7.2, using a minimum length of 250 and an ex-

pected error rate of 0.5. MICCA also was used to de novo cluster the sequences, as well as for taxonomic classification with the

Greengenes core set database, downloaded from the MICCA FTP site 2019-06-28, http://micca.org (Albanese et al., 2015). Species

for which < 10 read counts were obtained across the majority of samples post cultivation (M. smegmatis, L. monocytogenes) were

excluded from downstream analyses. The fraction change in relative read abundance for each community member from before to

after competition was calculated by dividing the final read proportion deriving from a given community member by the initial

proportion.

Complex, Undefined Community Competition Experiment

Acomplex, undefinedmicrobial communitywasderived fromfreshmouse fecal samplesbyhomogenization followedbyNycodenzden-

sity gradient centrifugationasdescribedpreviously,with themodifications indicatedbelow (Hevia et al., 2015). Fecal samples for the two

replicatesof the experimentwere eachcollected fromadistinct, separately rearedcolonyofC57BL/6Jmicemaintained in specific path-

ogen free (SPF) conditions. Mice used to establish the colonies were originally purchased from Jackson Laboratories. Daily care of the

colonies was provided and SPF conditions were ensured through the rodent healthmonitoring program overseen by the Department of

ComparativeMedicineat theUniversityofWashington.Uponcollection,mouse fecal sampleswere resuspended inPhosphate-buffered

saline (PBS) buffer and homogenized byTissue-Tearor homogenizer (BioSpec). Sampleswere then gently added to the top of 80% (w/v)

Nycodenz, followedbyultra-centrifugationat10,000g for 40min.The top layer ofPBSbufferwascarefully removed,and thehighdensity

fecal bacterial community from themiddle layerwas collected andnormalized toOD600 =20 (Figures 4C, 4D, andS4A,E. coliat 0.25%or

0.05%,FigureS4B)or5 (FigureS4A,E.coliat1%) inPBSbuffer. The resulting fecalbacterial communitywasmixedwithequal volumesof

E. cloacae expressing Nb-Int and normalized toOD600 = 5 (Figures 4C, 4D, and S4A, E. coli at 1%or 0.25%, Figure S4B) or 1 (Figure S4,

E. coli at 0.05%), and E. colimarkedwith a chromosomally encoded chloramphenicol resistance gene and expressing intimin or the null

control (OD600 = 0.05, Figures 4C, 4D, and S4A, E. coli at 1%or 0.25%, Figure S4B or 0.01, Figure S4A, E. coli at 0.05%) in LB amended

with glucose and anhydrotetracyline. Themixtures were grown at 37�Cwith shaking at 200 rpm for 1 h. Initial and post-incubation sam-

plesof themixtureswereplatedonLBwithchloramphenicoland incubatedaerobically toselectivelyquantifyE.colipopulations.After the

incubation period, cells were pelleted and washed with fresh LB medium. Total DNA was extracted using the DNeasy PowerSoil Kit (-

QIAGEN). The V3-V4 region of the 16S rRNA gene was amplified from the samples using proprietary primers (Genewiz) and sequenced

with an Illumina MiSeq as described above. OTU counts were determined using the Genewiz 16S-EZ analysis pipeline.

Assessing Conventional Antibiotic Specificity
The specificity and potency of conventional antibiotics was compared to that of PICs using the 12-member synthetic microbial com-

munity described above. Overnight cultures of each of the species were pooled together at equal concentration (normalized to

OD600 = 0.01) and E. coli (OD600 = 0.01). The mixtures were grown in LB with glucose and ciprofloxacin at 30�C with shaking at

200 rpm for 8 h. After the incubation period, cells were harvested and washed with fresh LBmedium. Extracellular DNAwas removed
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as described above. Total DNA was extracted using the InstaGene Matrix (Bio-Rad) and V3-V4 region of the 16S rRNA genes were

amplified and sequenced as described above. Sequence data was analyzed as described for the synthetic community competition

experiments.

Assessing Potential for the Emergence of Resistance to PICNb-BamA

E. cloacae expressing Nb-BamA or the null control and E. coli DH5a containing pBAD33 and pBAD18 (providing resistance to chlor-

amphenicol and carbenicillin for separating E. coli from E. cloacae) were grown overnight in medium amended with appropriate anti-

biotics. The cultures were then washed, pelleted, and resuspended as described above. Three replicate competitions were then initi-

ated in LB medium amended with glucose, anhydrotetracycline and PEG8000, in which the starting concentration of E. cloacae and

E. coli DH5a at OD600 were 0.03 and 0.0003, respectively. Competitions were incubated at 37�C with shaking at 200 rpm for 6 h.

Post-competition samples were pooled and plated densely on 150 mm Petri plates containing LB with chloramphenicol and carbeni-

cillin to remove E. cloacae. All E. coli DH5a colonies obtained (�10,000/sample) were collected, diluted, and used to initiate the next

round of competition along with fresh cultures of E. cloacae expressing Nb-BamA or the null control, prepared as above. This regime

was repeated for ten passages. The populations of E. coli and E. cloacaewere quantified before and after each round of competition by

plating on selective media. The relative competitiveness of PICNb-BamA at each round was calculated by dividing the competitive index

(final E. cloacae/ final E. coli divided by initial E. cloacae/ initial E. coli) for this strain by that of the null control.

Phase Contrast and Fluorescence Microscopy
Imaging was performed on a Nikon Eclipse Ti-E wide-field epi-fluorescence microscope, equipped with a sCMOS camera (Hama-

matsu) and X-cite LED for fluorescence imaging. We imaged through 60X 1.4 NA oil-immersion objective, and maintained a constant

focal plane. The microscope was controlled by NIS-Elements.

Samples from bacterial competition experiments were imaged by phase contrast and fluorescence microscopy as previously

described (Ting et al., 2018). Briefly, mixtures of E. cloacae and E. coli were spotted on a PBS with 2% (w/v) agarose pad placed on

a microscope slide. Still images of the cells were acquired before and after competition, including a phase-contrast image (to visualize

cell morphology) and fluorescence image (to distinguish E. coli,which expressed dTomato or mTagBFP, from unlabeled E. cloacae) for

each field of view. To visualize bacterial aggregates from cultures amended with varying concentrations of PEG8000, liquid cultures of

E. cloacae normalized to OD600 0.03 and E. coli normalized to OD600 0.01 were mixed, grown in LB with glucose and PEG8000 at the

concentrations indicated for 6 h, diluted, spotted onto an agarose pad, and imaged via phasemicroscopy. Aggregate sizes were quan-

tified by a masking algorithm in MATLAB, the main stages of which are local normalization, gradient thresholding, and hole-filling.

Protein Expression Level Analyses
To analyze the expression of nanobodies, E. cloacae strains expressing the proteins from pDSG323-derivatives were grown in LB

medium supplemented with or without anhydrotetracycline at 37�C for 6 h and harvested at an OD600 of 1.0. For each quantification

assay, cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mMNaCl, 0.1% (v/v) Triton X-100, 1 mM EDTA, and

1 mM DTT) and with 2X SDS-PAGE sample loading buffer. Samples were boiled at 95�C for 10 min and loaded at equal volumes to

resolve using SDS-PAGE, then transferred to nitrocellulose membranes. Membranes were blocked in TBST (10 mM Tris-HCl pH 7.5,

150 mM NaCl2, and 0.1% w/v Tween-20) with 5% (w/v) non-fat milk for 30 min at room temperature, followed by incubation with

primary antibodies (anti-myc or anti-RpoB) diluted 1:1000 in TBST for 1 h at room temperature. Blots were then washed by TBST,

followed by incubation with secondary antibody (Goat anti-mouse HRP conjugated) diluted 1:5000 in TBST for 30 min at room tem-

perature. Finally, blots were washed by TBST again and were developed using the Radiance HRP substrate (Azure Biosystems) and

visualized using the Azure Biosystems c600.

Cell Surface Accessibility Assays (Flow Cytometry and Immunofluorescence Assay)
Overnight grown cells were diluted to an OD600 of 0.03 in LB and incubated either with or without anhydrotetracycline for 6 h at 37�C.
Cells were then harvested at an OD600 of 1.0 and washed with filtered phosphate buffered saline (PBS; 8 mM of Na2HPO4, 1.5 mM of

KH2PO4, 3 mM of KCl and 137 mM of NaCl, pH7). An aliquot of 200 mL of cells was incubated for 1 h on ice with anti-myc antibodies

diluted 1:500 in PBS and 10% (v/v) goat serum in a final volume of 500 ml. Cells were followed by washed with filtered PBS and re-

suspended in 500 mL of filtered PBS containing 10% (v/v) goat serum. Then, bacteria were incubated for 30min at 4�C in the dark with

goat Alexa fluor 488-conjugated anti-mouse IgG (1:250; ThermoFisher Scientific). Finally, cells were washed once and resuspended

in a final volume of 1ml of filtered PBS and fluorescence analyzed in aMACSQuantTM VYB flow cytometer (Miltenyi Biotec; Bergisch

Gladbach, Germany). Fluorescence was excited at 488 nm and recorded with a 525/50 nm band-pass filter. The results were pro-

cessed using FlowJo (FlowJo LLC; Ashland OR, USA). Two biological replicates were performed and 100,000 events acquired for

each experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance in bacterial competition experiments was assessed by unpaired t tests between relevant samples. Details of

statistical significance is provided in the figure legends.
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