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In brief

For the human pathogen Vibrio cholerae,
biofilm formation is not only a protective
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biofilms form on immune cells, encase
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SUMMARY

Biofilm formation is generally recognized as a bacterial defense mechanism against environmental threats,
including antibiotics, bacteriophages, and leukocytes of the human immune system. Here, we show that
for the human pathogen Vibrio cholerae, biofilm formation is not only a protective trait but also an aggressive
trait to collectively predate different immune cells. We find that V. cholerae forms biofilms on the eukaryotic
cell surface using an extracellular matrix comprising primarily mannose-sensitive hemagglutinin pili, toxin-
coregulated pili, and the secreted colonization factor TcpF, which differs from the matrix composition of bio-
films on other surfaces. These biofilms encase immune cells and establish a high local concentration of a
secreted hemolysin to kill the immune cells before the biofilms disperse in a c-di-GMP-dependent manner.
Together, these results uncover how bacteria employ biofilm formation as a multicellular strategy to invert
the typical relationship between human immune cells as the hunters and bacteria as the hunted.

INTRODUCTION

In the environment, bacteria are frequently confronted by a wide
range of predators, including bacteriophages, other bacterial
species, and eukaryotes. Interactions between bacteria and their
predators shape microbial populations, and predation is recog-
nized as the main cause of bacterial mortality."™ As a conse-
quence of the continuous arms race between bacteria and their
predators, bacteria have evolved sophisticated defense mecha-
nisms to avoid being killed. Besides single-cell strategies, such
as classical bacteriophage defense systems or immune evasion
systems, bacteria can act collectively to protect themselves from
predation through the formation of biofilms.*~®

Biofilms can serve as a protective refuge for bacteria because
the extracellular biofilm matrix establishes a barrier that prevents
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the infiltration of the community by bacteriophages and preda-
tory bacteria.® " Biofilms also enable bacteria to escape the im-
mune system of human hosts by impeding bacterial recognition
or by reducing proinflammatory responses.'?"'® In addition, the
increased size of the biofilm communities compared with solitary
cells results in a grazing resistance of biofilms against phagocy-
tosis by leukocytes.'” Furthermore, biofilm-dwelling cells are
highly tolerant against antibiotics,'®'® which provides an addi-
tional facet to the protective nature of biofilms during human
infections. Biofilm formation during human infections is an
important adaptation for bacteria, as evidenced by the frequent
emergence of biofilm matrix-overproducing mutants during
long-term infections and by the fact that bacteria can respond
to the presence of immune cells by forming biofilms.?%2°
Beyond the documented protective aspects of biofilms during
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infections, the scope and mechanisms of interactions between
biofilms and the immune system are unclear.

To investigate the interactions between biofilms and the im-
mune system, we used human leukocytes and the bacterium
Vibrio cholerae (V. cholerae), which is a model organism for bio-
film research and the causative agent of the diarrheal disease
cholera.?*2° During human infection, V. cholerae colonizes the
small intestine, resulting in disruptions of the epithelium and
the establishment of an inflammatory response.”’° Upon in-
duction of the immune response, different types of immune cells
infiltrate the site of infection, which can result in a direct interac-
tion of these immune cells with V. cholerae.’’~*° To evade clear-
ance by neutrophils, V. cholerae has been shown to produce
several toxins that together contribute to bacterial survival in
the small intestine.®* How V. cholerae interacts with immune
cells on the cellular level, and whether biofilms have a function
in this interaction, is unknown.

By studying the interaction of V. cholerae and immune cells,
we discovered an unexpected process: V. cholerae forms bio-
films on the surface of human immune cells and kills the immune
cells, which is followed by biofilm dispersal. We revealed the
mechanisms underlying this interaction process for macro-
phages and show that biofilms enhance killing of the immune
cells by establishing a high concentration of a particular toxin
near the leukocyte surface. Biofilm formation is therefore not
only a collective protection mechanism from immune cells but
also a mechanism for collective predation of immune cells.

RESULTS

V. cholerae forms biofilms on different human

immune cells

To explore the interaction between cells of the innate and adap-
tive immune system and V. cholerae, we isolated neutrophils,
CD4* T cells, natural killer (NK) cells, B cells, and CD14" mono-
cytes from human blood, and we differentiated CD14" mono-
cytes into macrophages. When exposing these human immune
cells to wild-type (WT) V. cholerae, we observed that the bacte-
rial cells quickly attached to the immune cell surface. Bacteria
then accumulated over time and colonized the entire immune
cell surface by forming a thick multicellular layer (Figure 1A). After
a few hours of encapsulation by the bacterial layer, the immune
cells died, followed by bacterial dispersal. The dynamics of bac-
terial accumulation on immune cells and dispersal are reflected
by microscopy-based measurements of the volume of attached
bacteria per volume of an annulus around each of the immune
cells in the field of view (Figure 1B). We found that V. cholerae
displayed this interaction process not only with macrophages
differentiated from primary CD14* monocytes (Figures 1A and
1B) but also with macrophages differentiated from the mono-
cytic cell line THP-1 (Figure 1C). Interestingly, V. cholerae dis-
played a much stronger attachment to macrophages compared
with monocytes for both peripheral blood-derived cells (Fig-
ure S1A) and the THP-1 cell line (Figure 1D), indicating that this
interaction process is specific. A proteomic comparison be-
tween macrophages and monocytes revealed numerous poten-
tial bacterial binding partners on the macrophage surface
(Table S1), which were further investigated with pull-down ex-
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periments that are described in the section on the biofilm matrix
composition below. Given that V. cholerae displayed similar
interaction dynamics for the various immune cells, we performed
a comprehensive analysis of the mechanisms and functions of
this interaction process using THP-1-derived macrophages
as a representative example, and we confirmed key results
using primary macrophages. In addition, we used a co-culture
infection model with macrophages, enteroid monolayers,
and V. cholerae to study the interaction of V. cholerae with
macrophages.

To determine whether the thick bacterial layer on macro-
phages primarily results from continuous attachment of plank-
tonic bacteria or from bacterial cell division on the macrophage
surface, we tracked the origin of each new bacterial cell on the
macrophage surface using live-cell microscopy at single-cell
resolution. We found that after an initial period with a high rate
of bacterial attachment by planktonic bacteria, cell division takes
over to dominate the process of accumulation into a multi-cell-
layer structure on the macrophages (Figure 1E). The importance
of bacterial growth for the accumulation on macrophages was
further corroborated by measurements of the interaction pro-
cess with a different multiplicity of infection (MOI): initiating the
co-incubation process with a reduced number of bacterial cells
at a fixed number of macrophages did not change the interaction
outcome qualitatively, but it did result in a delayed accumulation
of bacteria on macrophages (Figure S2A). Keeping the bacterial
count constant for a different seeding number of macrophages
did not change the interaction outcome significantly (Figure S2B).
Given that the three-dimensional bacterial structures attached to
the macrophage surface are primarily formed by bacterial cell
division rather than cell aggregation and given that they consist
of multiple bacterial cell layers, which implies the presence
of an extracellular matrix that binds cells together (characterized
further below), we consider these structures formed by
V. cholerae on the surface of macrophages to be biofilms.

Analogous to the biofilm life cycle on abiotic surfaces, the
biofilm development process we observed onimmune cells (Fig-
ure 1) incorporates attachment, growth into 3D structures, and
dispersal. We first sought to understand the key mechanisms un-
derlying these three developmental stages, and if they differ from
biofilm development on other surfaces, before characterizing the
functions of biofilms on macrophages.

Attachment to macrophages is enabled by flagella,
motility, and two different type IV pili

To understand how V. cholerae establishes the close interaction
with human macrophages, we used RNA sequencing (RNA-seq)
to perform time-resolved measurements of the bacterial
transcriptomes during co-incubation. Data analysis revealed
progressing transcriptional changes in V. cholerae for all four
biological replicates, with 1,577 genes being significantly upre-
gulated over the course of the interaction process (Figures S2F
and S2G). Among those, we identified genes responsible for pro-
duction of the flagellum and different type IV pili, which are the
competence pilus, mannose-sensitive hemagglutinin (MSHA)
pilus, and toxin-coregulated (TC) pilus (Figure 2A). In addition,
genes coding for several other proteins that facilitate attachment
of V. cholerae to biotic and abiotic surfaces®>*° show a
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Figure 1. V. cholerae forms biofilms on human leukocytes, which is followed by immune cell death and biofilm dispersal

(A) V. cholerae cells attach to different types of human leukocytes isolated from blood and form biofilms before the leukocytes die and bacteria disperse
collectively from the immune cell surface. Confocal microscopy images were acquired with a 40x NA 1.3 objective and show xy slices of V. cholerae (cyan)
attached to leukocytes (red) at the time of peak number of attached bacterial cells shown in (B). Dead leukocytes are shown in yellow.

(B) Bacterial attachment to leukocytes was measured from confocal images: lines represent the mean ratio of the volume of attached bacteria per volume
of an annulus around each immune cell; shaded regions denote the standard deviation of n independent biological replicates (Nmacrophages = 17; Nneutrophils = 5;
NCD4+ T cells = 35 NNK cells = 35 NB cells = 3)-

(C) V. cholerae cells also form biofilms on macrophages derived from the monocytic THP-1 cell line, followed by biofilm dispersal and macrophage cell death.
Confocal images from different time points show distinct stages of the interaction process. Dead staining (yellow, propidium iodide) reveals an increasing number
of dead macrophages over time. Bacterial attachment to macrophages was measured from confocal images: the solid line indicates the mean ratio of the volume
of attached bacteria per volume of an annulus around each macrophage; the shaded region corresponds to the standard deviation of n = 41 independent
biological replicates.

(D) Attachment of V. cholerae to the eukaryotic surface is strongly reduced for THP-1 monocytes, compared with THP-1-derived macrophages, measured after
30 min of co-incubation. Bars denote mean values; error bars denote the standard deviation of nindependent biological replicates (Nmacrophages = 18; Nmonocytes =
6). Statistical significance was calculated using an unpaired t test (“*** indicates p < 0.001). Similar results were obtained when comparing V. cholerae attachment
to macrophages and monocytes derived from human blood (Figure S1A).

(E) Quantification of bacterial accumulation on the macrophage surface, which results either from the attachment of new planktonic cells or from the division of
bacteria that are already attached to the macrophage surface. Macrophages were derived from THP-1 monocytes. Lines denote mean values; shaded areas are
the standard deviation of n = 16 independent biological replicates.

differential expression profile. Based on our transcriptome data,
we hypothesized that these factors are responsible for attach-
ment of V. cholerae to macrophage surfaces.

However, deletion mutants for each of these factors revealed
that only flagella and MSHA pili are essential for attachment to
macrophages within the first hour of co-incubation (Figure 2B).
The adhesins Mam7, GbpA, OmpU, and FrhA, which are known
to be important for attachment to epithelial cells,>® are not
required for macrophage binding (Figure 2B). Ectopic expression
of mshA or flaA under control of the native promoter restored
bacterial attachment. Stalling the flagellar motor by the addition
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of phenamil also resulted in attenuated attachment, but the ef-
fect was not as strong as for the flagella deletion mutant, indi-
cating that both the flagellar structure and cellular motility
enabled by flagellar rotation contribute to attachment on macro-
phages. We confirmed that these findings from THP-1-derived
macrophages are also true for primary CD14*-derived macro-
phages (Figure S1B). Surprisingly, extended co-incubation re-
vealed that AmshA cells can also attach to macrophages after
a few hours, depending on the presence of the TC pilus with
its major pilin TcpA and the secreted diffusive protein TcpF (Fig-
ure 2C), which is consistent with the expression dynamics of the
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Figure 2. Attachment of V. cholerae to the surface of macrophages is enabled by type IV pili

(A) At different time points during co-incubation of bacteria and macrophages (Mo), transcriptional changes of V. cholerae attached to macrophages were
measured using RNA-seq. The heatmap shows expression dynamics of bacterial factors that are known to be involved in attachment of V. cholerae to different
surfaces. Log, fold change values for the different time points were calculated relative to the bacterial sample taken at 0 min, prior to macrophage exposure.
Values are the mean of n = 4 independent biological replicates.

(B) Quantification of bacterial attachment to macrophages after 1 h of co-incubation with V. cholerae deletion mutants that lack genes required for attachment to
different surfaces. Bacteria deficient in the assembly of MSHA pili (AmshA) or the polar flagellum (AflaA), as well as cells with a stalled flagellar rotor (caused by the
addition of 100 uM phenamil), exhibit impaired attachment to the macrophage surface. Ectopic expression of mshA or flaA, under the control of the native
promoter, restores bacterial attachment. Mutants lacking other surface structures or proteins display attachment levels similar to WT bacteria. Bars represent the
mean ratio of the volume of attached bacteria per volume of an annulus around each macrophage, after normalization to the mean value calculated for WT
bacteria. Error bars denote the standard deviation of n = 3-39 independent biological replicates. Statistical analysis was performed using a one-way ANOVA (****
indicates p < 0.0001; * indicates p < 0.02).

(C) V. cholerae cells unable to produce MSHA pili (AmshA) eventually adhere to macrophages after prolonged co-incubation, which is dependent on TC pili and
the secreted protein TcpF. The presence of either TC pili (with TcpF) or MSHA pili is sufficient for biofilm formation. Lines represent the mean ratio of the volume of
attached bacteria per volume of an annulus around each macrophage at each time point. Shaded areas denote the standard deviation of n independent biological
replicates (nwr = 41; Namsna = 13; Namsha atcoa = 17; Namsha atcpr = 5). Representative confocal images (xy slices) show bacterial accumulation (cyan) on the
surface of macrophages (red) for different bacterial strains at the indicated time point.

tcp operon (Figure 2A). Correspondingly, expressing TC piliand V. cholerae biofiims have been identified: the proteins Bap1,
TcpF earlier during co-incubation results in earlier attachmentto  RbmA, and RbmC and the Vibrio polysaccharide (VPS).>” Using
macrophages (Figure S3A). Therefore, V. cholerae attachmentto  immunofluorescence and a transcriptional reporter, we deter-
macrophage surfaces requires either flagella and MSHA pili or  mined that these matrix components are also present in biofilms

flagella and TC pili together with TcpF. formed on macrophages but at low levels (Figures S3C-S3F): the

matrix proteins encased only a few bacterial cells, mostly
Biofilm matrix composition on macrophages differs from located at the outer edge of the biofilms, and a low fluorescence
matrix on other surfaces signal from the vps transcriptional reporter was present

Biofilm growth into a 3D structure with multiple cell layers re- throughout the biofilms. However, on macrophages, we
quires cell-cell binding, which typically involves an extracellular  observed that bacteria lacking all of these components can still
matrix. On abiotic surfaces, several matrix components of form biofilms that are similar to WT biofilms (Figure 3A), even
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Figure 3. The extracellular matrix of biofilms formed on macrophages consists of MSHA pili, TC pili, and TcpF, which provide different biofilm
functions

(A) V. cholerae biofilm growth on the surface of macrophages requires the production of MSHA pili or TC pili (together with TcpF) but does not depend on matrix
components that are essential for biofilms formed on abiotic surfaces: Bap1, RbmA, RomC, and VPS. Bars represent the mean ratio of the volume of attached
bacteria per volume of an annulus around each macrophage at the time of peak biofilm accumulation. Attachment values are normalized to the WT mean value.
Error bars indicate the standard deviation of n = 3-41 independent biological replicates. Statistical significance was calculated using one-way ANOVA
(**** indicates p < 0.0001).

(B-D) Localization and abundance of MSHA pili (B), TC pili (C), and TcpF (D) inside the biofilm formed on macrophages, measured after 4 h of co-incubation.
Microscopy images show V. cholerae biofilms (cyan) on macrophages (red) and a specific biofilm matrix component (yellow, immunofluorescence) at the
peak time of bacterial biomass accumulation. Graphs show the spatial distribution of MSHA pili, TC pili, and TcpF inside the biofilm. MSHA pili are present
throughout the biofilm, but TC pili and the secreted protein TcpF predominantly localize close to the surface of macrophages. Lines represent the mean
abundance of a matrix component inside biofilms; shaded areas are the standard deviation of biofilms formed on a number of X macrophage cells Xwr;msHa pii =
415 Xamshamsha pii = 155 Xwr:te pii = 19; Xatepae pii = 31; Xropr-isTepF = 26; Xrepr:Tepr = 36), from n = 3 independent biological replicates.

(E) Production of TC pili provides mechanical stability to biofilms: repeated medium exchange during the V. cholerae-macrophage interaction dynamics resulted
in continuous removal of biofilms that lack TC pili from the macrophage surface. “A4” denotes the mutations Abap7 ArbmA ArbmC AvpsL. Lines denote the mean
values; shaded areas are the standard deviation of n independent biological replicates (Nas = 3; Na4 atcpa = 3; Nag amsha = 3)-

(F) Production of TC pili affects biofilm compactness: single-cell resolution analysis of the biofilm architecture revealed that AtcpA mutants produce biofilms with
a lower cell-cell alignment, measured in terms of the distribution of the nematic order parameter. WT and AmshA biofilms display a similar cell-cell alignment.

(legend continued on next page)
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though this mutant is incapable of biofilm formation on abiotic
surfaces.®’

Instead of relying on these well-known matrix components, we
found that biofilm growth on macrophages requires the produc-
tion of at least one of the two type IV pili: MSHA pili or TC pili
(Figures 3A and S1C). Furthermore, biofilm growth via TC pili re-
lies on the presence of TcpF (Figures 3A and S1C). As shown
above, these two pili structures are required for attachment of
V. cholerae to macrophages (Figure 2), yet the pili are also
extracellular structures that could potentially act as extracellular
matrix components. To test whether MSHA pili and TC pili are
part of the extracellular matrix, we directly visualized and quan-
tified MSHA pili, TC pili, and TcpF via immunofluorescence and
found that they are indeed present in biofilms on macrophages
(Figures 3B-3D). While MSHA pili were localized uniformly
across the entire biofilm (Figure 3B), TC pili and the secreted
protein TcpF were predominantly found near the macrophage
surface (Figures 3C and 3D). The V. cholerae biofilm matrix on
macrophages therefore relies on a different set of components
compared with the biofilm matrix on other surfaces.

Toinvestigate the interaction between TC piliand TcpF, we per-
formed experiments with purified TcpF, which was exogenously
supplied to a bacterial strain overexpressing TC pili, in a AmshA
AtcpF background. Overexpression of the tcp operon was
achieved by overexpressing the transcriptional activator ToxT.
These experiments revealed that the presence of TC pili alone is
not sufficient for bacterial biofilm formation on macrophages (Fig-
ure S3B). However, when purified TcpF was added exogenously,
biofilm formation of this bacterial strain on macrophages
increased in a TcpF concentration-dependent manner. These re-
sults suggest that V. cholerae uses TC pili to bind to the protein
TcpF, while TcpF interacts directly with the eukaryotic surface
(Figure 3D), which explains our observation that TC pili and
TcpF act together, as shown in Figures 2C, 3A, S3A, and S3B.

To uncover the binding partners on the macrophage surface
for the key biofilm matrix components, we used our proteomic
differential abundance analysis of macrophages and monocytes
(Table S1) and additionally performed pull-down experiments
with MshA or TcpF as bait and macrophage lysate as prey, fol-
lowed by liquid chromatography-mass spectrometry (LC-MS)
analysis. For MSHA pili, we identified 22 potential binding part-
ners on the macrophage surface (which are not found on mono-
cytes), 12 of which are glycoproteins; in the case of TcpF, we
found 36 potential protein binding partners on the macrophage
surface (Tables S2 and S3).

Given that we determined that MSHA pili and TC pili are part of
the biofilm matrix on macrophages, they might confer different
properties to the biofilm. An analysis of the mechanical stability
of biofilms on macrophages revealed that the presence of TC
pili enabled V. cholerae biofilms to better withstand mechanical
stress (Figure 3E). In addition, an analysis of the biofilm architec-
ture on macrophages revealed that TC pili contribute to the
establishment of a high cell-cell alignment inside V. cholerae bio-
films on macrophages (Figure 3F). Because the production of
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one type of pilus, either MSHA pili or TC pili, is already sufficient
for attachment to macrophages (Figures 2C, S3A, and S3B) and
for biofilm formation on macrophages (Figures 2C and 3A), our
data show that both type IV pili are engaged in bacteria-bacteria
interactions as well as bacteria-immune cell interactions.

Biofilm dispersal on macrophages relies on TC pili and
c-di-GMP reduction

Biofilm dispersal is the final stage of biofilm development on
macrophages, which requires the cells to disengage from the
biofilm matrix to enable their departure. To understand the key
mechanisms underlying biofilm dispersal from macrophages,
we investigated the different matrix components during
dispersal. We observed not only that the presence of TC pili in-
fluences the stability and structure of biofilms as described
above (Figures 3E and 3F) but that TC pili also determine the
extent of biofilm dispersal. Biofilms lacking TC pili (AtcpA) dis-
played stronger dispersal than the parental strain, and biofilms
in which the tcp operon was overexpressed displayed reduced
dispersal (Figure 4A). Biofilms lacking MSHA pili displayed
similar dispersal capabilities to the parental strain (Figure 4A).
These data suggest that the regulation of TC pili production is
essential for biofilm dispersal.

Consistent with this hypothesis, the transcriptome data during
the V. cholerae-macrophage interaction show that the tcp
operon is indeed downregulated during dispersal (Figure 4B).
During the late stage of V. cholerae infection in humans and in
animal models, tcp is also downregulated,®®*° which may
enable dispersal not only from epithelial cells®® but also from im-
mune cells. The transcript levels of the msh operon are unaf-
fected by dispersal (Figure 4B), which is consistent with the
finding that the lack of MSHA does not affect biofilm dispersal
(Figure 4A).

For biofilms grown on abiotic surfaces, a decrease in the intra-
cellular levels of the second messenger signaling molecule c-di-
GMP is known to regulate the transition between biofilm forma-
tion and dispersal for several species.* We therefore speculated
that a reduction of c-di-GMP levels may also cause V. cholerae
biofilm dispersal from the macrophage surface. We tested this
idea by first measuring c-di-GMP levels during biofilm growth
and dispersal using a reporter for c-di-GMP levels based on an
unstable fluorescent protein reporter. These measurements
revealed that biofilm dispersal coincided with a reduction in
c-di-GMP levels (Figure 4C). To test whether a step decrease
in c-di-GMP levels causes biofilm dispersal, we grew biofilms
on macrophages until just before dispersal would have occurred
naturally and then induced the expression of two c-di-GMP-de-
grading phosphodiesterases (RocS and CdgJ). We found that
biofilms dispersed directly after overexpression of the two phos-
phodiesterases, whereas biofilms of the empty vector control
continued to grow and dispersed later (Figure 4D). Together,
the results from Figure 4 demonstrate that, on macrophage sur-
faces, biofilm dispersal requires a regulation of TC pili and that
dispersal is controlled by intracellular c-di-GMP levels.

Representative confocal microscopy images show biofilms of different bacterial strains on macrophages (macrophages in red, bacteria in cyan). Lines denote
mean values, and shaded areas are the standard deviation of biofilms formed on a number of X macrophages Xwr = 10; Xamsna = 7; Xatcpa = 9) fromn =3

independent biological replicates.
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Figure 4. Biofilm dispersal is determined by
intracellular c-di-GMP levels and the pres-
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time of peak biofilm formation and 1 h later. The
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ratio of the volume of attached bacteria per volume
of an annulus around each macrophage. Biofilm
dispersal is significantly lower for WT biofiims
compared with biofilms formed by AtcpA cells.
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nose-inducible promoter Pgap further reduces the
degree of biofilm dispersal, which is dependent on
the presence of TC pili. For biofilms lacking MSHA
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respective parental strain. Bars represent the mean
values. Error bars denote the standard deviation of
n = 5 independent biological replicates. Statistical
significance was calculated using one-way ANOVA
or an unpaired t test (**** indicates p < 0.0001; **
indicates p < 0.01).

(B) Analysis of the V. cholerae transcriptome dy-
namics during the interaction with macrophages
reveals that genes encoding TC pili are upregulated
during biofilm growth. Initiation of biofilm dispersal
coincides with the downregulation of the tcp
operon. Genes encoding MSHA pili are not differ-
entially expressed in the transition between
biofilm growth and dispersal. For the two time
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(C) Measurement of intracellular c-di-GMP levels using a fluorescent reporter (based on an unstable GFP, green line) during biofilm growth and dispersal and

simultaneous measurement of the attached bacteria per macrophage (purple

line). Biofilm dispersal coincides with a decrease in c-di-GMP reporter fluo-

rescence. Lines represent mean values, and shaded areas indicate the standard deviation of n = 3 independent biological replicates.

(D) Induced overexpression of the two c-di-GMP-degrading phosphodiesterases RocS and CdgJ under control of the IPTG-inducible P;,. promoter causes
biofilm dispersal (orange line). V. cholerae biofilms harboring the empty vector (negative control; blue line) continue to grow on the macrophage surface
despite the addition of IPTG until bacteria naturally disperse from the macrophage surface. Lines denote the mean level of attached bacteria per macrophage;
shaded areas indicate the standard deviation of n = 3 independent biological replicates.

Biofilms around macrophages enhance macrophage
killing by increasing toxin delivery

After identifying the key processes for bacterial attachment, bio-
film formation, and biofilm dispersal on macrophages as
described above, we set out to investigate the functional benefits
that V. cholerae derives from biofilm formation on macrophages.
We first hypothesized that the thick biofilms and their pilus-
based matrix might impede inflammatory signaling by limiting
the diffusion of the cytokines through the biofilm. However, mea-
surements of secreted cytokine levels showed that V. cholerae
biofilms on macrophages did not interfere with the release of
these signals into the environment (Figure S2H).

Alternatively, we hypothesized that thick biofilms around mac-
rophages may contribute to macrophage killing (Figures 1A and
1C). In support of this hypothesis, we found that biofilm thick-
ness on macrophages correlates with macrophage death (Fig-
ure 5A). We therefore investigated how V. cholerae kills macro-
phages and how biofilms are involved in this process.
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V. cholerae encodes many hypothetical and known toxins, of
which several displayed differential transcription changes during
co-incubation with macrophages (Figure 5B). To test their contri-
bution to macrophage death, we generated deletion mutants
lacking each one of the potential killing factors. Exposure to
macrophages for 7 h revealed that V. cholerae lacking the toxin
HIyA causes significantly less macrophage death compared to
WT bacteria. Deletions of other toxins did not result in significant
differences compared to WT bacteria (Figure 5C). The hemolysin
HlyA is a pore-forming toxin that is secreted in a monomeric form
but oligomerizes in host cell membranes and induces cell
lysis.*"** Overexpression of HlyA restored the phenotype and
caused increased macrophage death (Figure 5C). We also
confirmed that HlyA induces cell death for macrophages derived
from monocytes isolated from human blood (Figure S1D).
Further deletion of toxin-encoding genes in the AhlyA back-
ground strain did not significantly change the macrophage death
rate compared to AhlyA cells (Figure S4). We also observed that
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Figure 5. Encapsulation of macrophages by bacterial biofilms increases cell death of macrophages

(A) The fraction of dead macrophages increases with increased V. cholerae WT biofilm amount on the immune cell surface. As a metric for the amount of biofilm,
we measured the volume of attached bacteria per volume of an annulus around macrophages after 3 h of co-incubation, and we counted dead macrophages after
7 h of co-incubation (n = 3-52 independent biological replicates, error bars denote the standard deviation).

(B) RNA-seq measurements were performed at different time points during the co-incubation of V. cholerae with THP-1-derived macrophages (Mo). Tran-
scriptomic analysis shows that genes encoding known and putative toxins and the type VI secretion system (T6SS) in V. cholerae were differentially expressed

(legend continued on next page)
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an increased MOI led to an increased macrophage death (Fig-
ure S2C). Together, these results establish that V. cholerae
uses HIyA as the major toxin for killing macrophages.

To test whether the biofilm around the macrophages contrib-
utes to the HlyA-dependent killing of macrophages, we exposed
macrophages to bacteria that cannot form biofilms on macro-
phages (AmshA AtcpA) and monitored the occurrence of macro-
phage death using microscopy and propidium iodide staining.
Bacteria deficient in biofilm formation (AmshA AtcpA) induced
significantly less macrophage death than WT bacteria (Fig-
ure 5D). For monocytes, where we observed a reduction in bac-
terial attachment compared to macrophages (Figure 1D), we
also observed a reduction in cell death (Figure S2E). Additional
deletion of the hemolysin (AmshA AtcpA AhlyA) caused a further
reduction in macrophage death (Figure 5D), indicating that the
hemolysin and the biofilm structure both contribute to macro-
phage killing. We also confirmed the importance of biofilms for
HlyA-based macrophage killing, using macrophages derived
from monocytes isolated from human blood (Figure S1E).

As biofilm formation and hemolysin production both impact
the viability of macrophages, we wanted to understand how
these two factors of the V. cholerae-macrophage interaction
affect the response of macrophages toward bacterial encoun-
ters. Exposure of macrophages to WT, biofilm-deficient, or
hemolysin-deficient V. cholerae strains followed by RNA-seq re-
vealed that each of these V. cholerae strains induces similar
changes in the macrophage transcriptome compared to un-
treated macrophages (Figure S2I). Therefore, biofilm growth
and hemolysin production do not contribute to the transcrip-
tional response in macrophages observed during the encounter
with V. cholerae, despite the fact that both traits significantly
contribute to death of macrophages.

To understand how biofilms contribute to the HlyA-dependent
macrophage killing, we determined the localization of secreted
HIyA via immunofluorescence. In the presence of V. cholerae
biofilms on macrophages, HIyA accumulates on and near the
macrophage surface (Figure 5E). In contrast, secreted HIyA
was significantly less abundant when macrophages were
exposed to biofilm-deficient bacteria (Figure 5E). Biofilm forma-
tion on macrophages therefore enhances the ability of
V. cholerae to kill the macrophages by establishing a high con-

Cell

centration of the secreted diffusible toxin HlyA near the macro-
phage surface.

As hemolysin forms pores in the host cell membrane that can
lead to an uncontrolled egress of macrophage cellular contents,
we sought to understand whether V. cholerae can utilize cellular
components of macrophages for growth. Monitoring bacterial
growth in the presence of lysate generated from macrophages
revealed that V. cholerae displayed enhanced growth in a
lysate-concentration-dependent manner (Figure S2D). The killing
of macrophages is therefore a predatory trait of V. cholerae.

V. cholerae forms biofilms on macrophages after
breaking through human enteroid monolayers
V. cholerae pathogenesis in the human small intestine relies on
colonization of the intestinal epithelium.*® This colonization leads
to the infiltration of immune cells at the site of infection and dis-
ruptions of the epithelial barrier, which enable an interaction be-
tween bacteria and immune cells.?” ¢ To investigate whether
V. cholerae is able to form biofilms on immune cells after colo-
nizing and breaking through the epithelium, we established a
co-culture model with epithelial monolayers derived from human
small intestinal organoids (enteroids) and macrophages. In this
co-culture model, macrophages were cultured on the basal
side of an enteroid monolayer that was differentiated on a
permeable insert (Figure 6A). Infection was then initiated by add-
ing bacteria to the apical side of the enteroid monolayer (Fig-
ure 6A). The interactions between bacteria, the epithelial barrier,
and macrophages were monitored by time-lapse confocal mi-
croscopy. During infection, we observed colonization of enteroid
monolayers by V. cholerae WT (Figure 6A) and a progressing
disruption of the epithelial barrier integrity. After the epithelial
barrier became compromised, bacteria reached the basal side
and formed biofilms on macrophages (Figure 6A), similar to the
process described in Figure 1. Using macrophages derived
from monocytes that were isolated from human blood instead
of THP-1-derived macrophages showed a similar progression
of infection (Figure S5A). Using enteroids from different human
donors resulted in similar interaction dynamics and biofilm for-
mation on macrophages (Figures 6A and S6A).

Previous measurements of the bacterial load in the small intes-
tine in a rabbit model of V. cholerae infection showed that there

during bacterial interaction with macrophages, particularly after longer co-incubation. At the two time points of co-incubation that included dispersing cells
(t =265 min, t = 285 min), RNA-seq was performed separately on the planktonic cells and the cells that remained in biofilms attached to macrophages. Log, fold
change values for the different time points were calculated relative to the bacterial sample taken at 0 min. Values are the mean of n = 4 independent biological
replicates.

(C) Macrophage death was measured using microscopy and propidium iodide staining after 7 h of co-incubation with V. cholerae strains that lack genes required
for the production of known or putative toxins. In the presence of AhlyA bacteria, the occurrence of macrophage cell death is decreased compared to WT
bacteria. Ectopic expression of hlyA under control of the P;,. promoter restored and even increased killing of macrophages. Bars represent the percentage of
dead macrophages for different V. cholerae strains, normalized to the WT (n = 4-52 independent biological replicates, error bars denote the standard deviation).
Statistical significance was calculated using one-way ANOVA (*** indicates p < 0.0001). Data for V. cholerae toxin double mutants are shown in Figure S4.
(D) Biofilm formation contributes to V. cholerae-induced macrophage death. Representative microscopy images show dead macrophages (yellow, propidium
jiodide staining) after 7 h exposure to particular V. cholerae strains. Bars represent the percentage of dead macrophages for different V. cholerae strains,
normalized to the WT (n = 10-52 independent biological replicates, error bars denote the standard deviation). Statistical significance was calculated using a one-
way ANOVA or an unpaired t test (*** indicates p < 0.0001; * indicates p < 0.05).

(E) Immunofluorescence staining of HIyA (cyan in representative confocal images) shows that biofilms establish a high HlyA toxin abundance near the macro-
phage surface compared to non-biofilm producing bacteria. Bars represent the probability for a particular HlyA abundance per macrophage for different con-
ditions (described with the same color code in the table). Antibody treatments: “a,” addition of mouse anti-HIyA antibody; “b,” addition of anti-mouse Alexa Fluor
647 antibody. Number of imaged field of views that were analyzed: Nanjya, prac-hiya, arb = 38, Nanya,amsha atcpA pac-hiyA, a+b = 30, Naniya, ptac-hiya, b =30 fromn =3
independent biological replicates.
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Figure 6. V. cholerae cells break the human intestinal epithelial barrier and subsequently form biofilms on macrophages underneath

(A) Differentiated human enteroid monolayers (donor #1) were grown on a permeable membrane insert (3 um pore size) and placed above THP-1 macrophages as
illustrated in the schematic diagram of the experimental setup. After adding V. cholerae to the apical side of the epithelium, bacteria grew and accumulated. Cell
numbers at the start of infection: 3.2 x 10° bacteria, 9.1 x 10* epithelial cells, and 2.5 x 10* THP-1 macrophages. Different MOls are shown in Figure S5B, results
for primary macrophages are shown in Figure S5A, and results for enteroid monolayers from a different donor are shown in Figure S6. Over time, V. cholerae broke
through the monolayer, reached the basal side, and formed biofilms on the macrophage surface. Representative confocal fluorescence images of n = 3 inde-
pendent biological replicates show the xz side view (maximum projection) of enteroid monolayers, macrophages, and bacteria at the start of the co-culture and at
the time of peak biofilm formation on macrophages (magenta: epithelial cells, red: macrophages, cyan: V. cholerae). For the same time points, xy images show the
macrophages and V. cholerae biofilms underneath the epithelial cells.

(B) Visualization of MSHA pili, TC pili, and TcpF using fluorescently conjugated antibodies (shown in yellow) inside V. cholerae biofilms formed on macrophages
during co-culture of enteroid monolayers, macrophages, and bacteria. Images are representative of n = 3 independent biological replicates.

(C—F) Co-culture of enteroid monolayers and macrophages infected with different V. cholerae mutants (mutations are indicated above each panel). Represen-
tative fluorescence images of n = 3 independent biological replicates show xz side views (maximum projection) and xy images in the same format as for (A).
Images show the bacteria interaction with epithelial cells and macrophages at the start of co-culture and peak time of biofilm formation on macrophages (for C
and D) or a time at which WT bacteria would have normally formed biofilms (for E and F). Results for additional mutants are shown in Figures S5C-S5F. Cell
numbers at the start of infection: 3.2 x 108 bacteria, 9.1 x 10* epithelial cells, and 2.5 x 10* THP-1 macrophages.

are 10°-10° bacterial cells per 0.3 cm? of luminal epithelial sur-
face area.”” Inspired by these measurements, we tested bacte-
rial loads in the range of 3.2 x 10° to 6.4 x 10° bacteria per
0.33 cm? of intestinal epithelial surface in our co-culture model
(Figure S5B). Exposing the epithelial monolayers to different
cell numbers of V. cholerae WT showed that decreasing initial
MOIs resulted in a delayed breaking of the enteroid monolayer,
yet all initial MOls eventually disrupted the epithelial barrier
and led to biofilm formation on the macrophages underneath
(Figure S5B).

The biofilms that formed on macrophages after breaking the
enteroid monolayer also possess a matrix comprising MSHA
pili, TC pili, and the secreted protein TcpF, as revealed by immu-
nofluorescence (Figure 6B). An analysis of V. cholerae mutants in
this co-culture model showed that strains lacking MSHA pili
(AmshA), TC pili (AtcpA), or both (AmshA AtcpA) could attach
to epithelial cells and break the epithelial barrier, but biofilm for-
mation on the macrophages underneath required the presence
of one of the two type IV pili (Figures 6C-6E, S5F, and S6), which
is consistent with findings shown in Figures 2 and 3. Bacteria
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lacking flagella (AflaA) did not reach the basal side of the enteroid
monolayers and consequently did not form biofilms on macro-
phages underneath (Figures 6F and S6l). Cells that lacked
choleratoxin (ActxAB), hemolysin (AhlyA), or the canonical matrix
components employed for biofilms on abiotic surfaces (Abap1
ArbmA ArbmC AvpsL) were still able to break the enteroid mono-
layer and formed biofilms on macrophages (Figures S5C-S5E
and S6D-S6F). The interaction process we observed for any of
the bacterial mutants did not depend on the human enteroid
donor (Figures S5 and S6).

Together, our infections of the enteroid-derived human gut
model demonstrate that V. cholerae is able to form biofilms on
macrophages with a pilus-based matrix after colonizing the
intestinal epithelium and disrupting the epithelial barrier. While
biofilm formation on macrophages strongly depends on MSHA
piliand TC pili, bacteria are still able to attach and disrupt the in-
testinal epithelium in the absence of these pili.

DISCUSSION

Our study shows that V. cholerae forms biofilms on the surface of
various human immune cells and encases the immune cells. We
found that biofilm formation on immune cells occurs after
breaching the epithelial barrier in our enteroid infection model.
Furthermore, biofilm formation on immune cells is a widespread
process, but not an untargeted process, as we observed this
behavior for neutrophils, NK cells, CD4* T cells, B cells, and
macrophages, but not for monocytes. Our analysis revealed
two fundamental aspects of these biofilms: mechanisms control-
ling different stages of biofilm development on immune cells and
the function of biofilms on immune cells.

Biofilm development on macrophages involves bacterial
attachment, matrix production, and three-dimensional growth,
as well as biofilm dispersal, which is qualitatively analogous to
biofilm development on abiotic surfaces. However, we showed
that the mechanisms involved in biofilm development on macro-
phages are different from those on other surfaces.

The biofilm matrix of V. cholerae on glass, agar, and chitin pri-
marily consists of the polysaccharide VPS and the proteins
RbmA, RbmC, and Bapi1.’” On intestinal epithelial cells,
V. cholerae can form microaggregates in which the cells are
bound together by TC pili.*® In suspensions, V. cholerae is able
auto-aggregate into multicellular clumps using the TC pilus
and the DNA-uptake pilus,*®°° which is a process that does
not require bacterial growth. In contrast, we showed that biofilms
grown on macrophages form a matrix that consists of MSHA pili,
TP pili, and TcpF and that the canonical matrix components VPS,
RbmA, RbmC, and Bap1 are dispensable. We speculate that
type IV pili are convenient biofilm matrix components for
V. cholerae during acute infection because these pili can be
quickly assembled and retracted to potentially enable rapid rear-
rangement of the biofilm and dispersal. Utilizing different matrix
components for biofilms in different environments is an inter-
esting bacterial adaptation.

Beyond the differences in biofilm matrix composition, the
mechanism of surface attachment is also different on macro-
phages compared with other surfaces. Attachment to glass
and chitin surfaces involves flagella and MSHA pili.>"° Attach-
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ment to epithelial cells requires TC pili and TcpF, as well as the
adhesins GbpA, FrhA, OmpU, and Mam7.*4°38 |n contrast,
we found that for the attachment of V. cholerae to macrophages,
the adhesins GbpA, FrhA, OmpU, and Mam7 are irrelevant.
Instead, the attachment to macrophages relies on flagella, bac-
terial motility, and at least one of the two type IV pili:MSHA pili or
TC pili together with the secreted colonization factor TcpF. Bac-
terial strains lacking both pili (AmshA AtcpA) cannot attach to
macrophages, yet they can attach to epithelial cells.

The function of biofilms on macrophages also differs from the
prevailing interpretation of the function of biofiims on other sur-
faces. Biofilm formation often provides protection to the constitu-
ent cells by increasing their tolerance to stresses and by inhibiting
access of predators to the bacterial population.®'%92%:37:59 |n
contrast, we show that biofilm formation on macrophages en-
hances the killing of macrophages by establishing a locally high
concentration of the secreted toxin HlyA around the macrophages.
Interestingly, V. cholerae has been shown to evade eradication by
neutrophils in a toxin-dependent manner in a mouse model,** and
our study suggests that biofilm formation on those immune cells
might be crucial for efficient toxin delivery. For Pseudomonas aer-
uginosa (P. aeruginosa), it has previously been observed that
rhamnolipids, which are secreted by planktonic cells and by cells
in biofilms, can kill immune cells, particularly when the immune
cells actively move toward mature P. aeruginosa biofilms.®>%? In
contrast, our study shows that V. cholerae establishes a direct
interaction with immune cells via biofilm formation on and around
the immune cells, which ultimately results in the killing of the im-
mune cells. Therefore, V. cholerae biofilm formation on and around
immune cells and the biofilm-dependent enhanced toxin delivery
toimmune cells differ qualitatively from previously described inter-
action processes between bacteria and immune cells. Although
many bacterial pathogens are able to form biofilms during
infections, it remains to be investigated how widespread biofilm
formation onimmune cells is among other pathogens and whether
biofilms on immune cells can have additional functions beyond
enhancing toxin delivery and predation.

V. cholerae infection in humans elicits an inflammatory response
that results in long-lasting immunity against subsequent infec-
tions.?®%% Furthermore, anti-MSHA antibodies are found in the
blood of cholera patients,® which has been a mystery so far
because MSHA pili were not known to be involved in V. cholerae
pathogenesis. In fact, V. cholerae needs to repress MSHA pili pro-
duction during the early phase of intestinal colonization to avoid
recognition by secretory IgA, the mucosal immune factor that
binds to MSHA pili and thereby prevents bacterial penetration
through the mucus layer and subsequent binding to epithelial
cells.®>%% Interaction studies of V. cholerae with epithelial cells
and various animal models of V. cholerae infection have identified
TC pili and TcpF as factors that act together during host coloniza-
tion, yet the lack of MSHA pili did not affect the colonization abil-
ity.*®°3°%67 Our data now reveal an important role of MSHA pili
for attachment to immune cells and as part of the biofilm matrix
on immune cells, which could explain the existence of anti-
MSHA antibodies upon V. cholerae infection. Furthermore, our
findings provide an additional facet to the importance of TC pili
and TcpF during infections because of their involvement in the
interaction with immune cells.
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In conclusion, V. cholerae has developed a mechanism by
which bacteria can act collectively to kill immune cells at the
site of infection, which decreases the number of phagocytes in
the surroundings. Consequently, V. cholerae does not use bio-
film formation as a refuge in order to evade immune cells, as
seen for other bacteria. Instead, V. cholerae employs biofilm for-
mation as an aggressive multicellular strategy to predate im-
mune cells.

Limitations of study
Although our results are consistent with known processes of
V. cholerae infections in humans, and we observed V. cholerae
biofilm formation on primary neutrophils, NK cells, CD4*
T cells, and B cells isolated from human blood, as well as primary
macrophages, and we observed that V. cholerae forms biofilms
on macrophages after breaking through an enteroid monolayer
at realistic MOls, it is not possible to directly verify that biofilm
formation on immune cells occurs during infections in humans.
V. cholerae is a human pathogen that does not normally infect
other animals, yet animal models that reflect many of the features
of human infections have been developed, based on mice and
rabbits, where animals are treated with drugs®®°® prior to expo-
sure to V. cholerae. Although the immune system of mice and
rabbits is different from humans,’® studies of the late stages of
V. cholerae infections in an animal model would be informative,
yet such studies would still not directly test the role of biofilms
on immune cells during human V. cholerae infection.
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MSstats Choietal.”® Version 4.2.0

RESOURCE AVAILABILITY

Lead contact
Requests for further information, resources or reagents should be addressed to the lead contact, Knut Drescher (knut.drescher@
unibas.ch).

Materials availability
Requests for strains, cell lines, and plasmids should be addressed to the lead contact.

Data and code availability
e Raw and analyzed transcriptome data are available at the United States National Center for Biotechnology Information Gene
Expression Omnibus. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE’® partner repository. Accession numbers are listed in the key resources table. Microscopy data will be shared by the
lead contact upon request.
® The original code that was used for image analysis is publicly available on Zenodo at the DOl listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial growth conditions
All V. cholerae strains used in this study are derivatives of the wild type V. cholerae O1 biovar El Tor strain C6706 (KDV201). Routinely,
bacteria were grown in LB medium (Luria/Miller) supplemented with the appropriate antibiotics at 37°C and 250 rpm shaking.

For experiments probing the interaction of V. cholerae with immune cells, bacteria were first grown in LB medium supplemented
with gentamicin (final concentration 30 pg mL~") until exponential growth phase. Afterward, cells were back-diluted 1:500 and
re-grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco cat. no. 11880028) with GlutaMax (Gibco cat. no. 35050038) sup-
plemented with 10% (v/v) fetal calf serum (FCS; Gibco cat. no. 10500064) and gentamicin until stationary growth phase.

Cell culture and differentiation of immune cells

Leukocytes were isolated from blood buffy coats, which were obtained from healthy donors (deidentified prior to use) from the Center
for Transfusion Medicine and Haemotherapy in Giessen, Germany. All donors consented the use of their blood samples for scientific
research. The leukocytes were then isolated using the Lymphoprep density gradient medium (STEMCELL Technologies cat. no.
07801) and were further separated into monocytes, CD4* T cells, B cells, as well as NK cells with the help of Milteny MACS
MicroBeads (CD14, CD4, CD19, CD56) according to the manufacturer’s protocol. Isolated monocytes, CD4* T cells, B cells, and
NK cells were immediately used for interaction studies of V. cholerae and the immune cells, as described in the section on
V. cholerae-immune cells interaction studies.

To obtain macrophages, 8x10* of the freshly isolated monocytes (isolated as described in the previous paragraph) were sus-
pended in 200 pL X-Vivo 15 medium (Lonza cat. no. BEBP02-061Q) supplemented with 5% (v/v) FCS. Afterward, the cells were
seeded in an individual well of a 96-well glass bottom plate (Greiner Bio-One cat. no. 655892) and treated with 15 ng mL™" human
recombinant GM-CSF (Preprotech cat. no. 300-03) for 7 days at 37°C in a humidified 5% CO, incubator before interaction studies
with V. cholerae were conducted (described in the next section). After 4 days of differentiation, a further 50 uL of fresh medium
together with 15 ng mL~! human recombinant GM-CSF were added to the well. In case macrophages were used for interaction
studies that included enteroid monolayers, 8 x10* of the freshly isolated monocytes were suspended in 50 pL of medium containing
15 ng mL~" human recombinant GM-CSF and seeded in the center of an individual well of a 12-well glass bottom plate (Cellvis cat.
no. P12-1.5H-N). The following day, additional 950 uL medium were added. After 4 days of differentiation, a further 200 L of fresh
medium together with 15 ng mL~" human recombinant GM-CSF were added to the well.

To obtain neutrophils, blood samples were taken from healthy human donors, who were fully informed and consented to providing
samples for this study. Donated blood was handled in accordance with the ethics regulations of the Philipps-Universitat Marburg
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(permit: AZ 143/20). Neutrophils were isolated from whole blood according to the protocol published by Oh et al.”” and used imme-

diately for interaction studies with V. cholerae as described in the section on V. cholerae-immune cells interaction studies.

In addition to the primary cells described above, the human monocytic cell line THP-1 (ATCC TIB-202) was used in this study.
THP-1 cells were grown in DMEM medium with GlutaMax, supplemented with 10% (v/v) FCS and gentamicin (final concentration
30 pg mL~") in T75 or T175 flasks in a humidified 37°C, 5% CO, incubator. To differentiate THP-1 monocytes into macrophages,
2.5x10% cells suspended in 200 pL of fresh medium were seeded in an individual well of a 96-well glass bottom plate and treated
with 20 nM phorbol 12-myristate 13-acetate (PMA; Sigma cat. no. P1585-1MG) for 72 h at 37°C and 5% CO.. For experiments which
required cell differentiation in 12-well tissue culture plastic plates, 2.5x10° monocytes per well were used and each well was filled
with 1 mL of medium. In case monocytes were differentiated in tissue culture dishes (60 mm in diameter), 1.5x10° monocytes were
seeded into 5 mL of medium. When macrophages were required for interaction studies including enteroid monolayers, 2.5x10*
monocytes were suspended in 50 uL of medium containing PMA and seeded in the center of an individual well of a 12-well glass
bottom plate. After one day, the total volume in each well was increased to 1 mL and monocytes were left to differentiate for two
more days. After differentiation, macrophages were used for V. cholerae interaction studies as described in the methods section
“V. cholerae-immune cell interaction studies”.

Culturing human enteroids
Human intestinal epithelial cells (donor #1, Lonza cat. no. CC-2931, Lot 0000751359, primary cells isolated from fetal small intestine)
were embedded in Matrigel (Corning cat. no. 356231) and grown into enteroids in a humidified incubator at 37°C and 5% CO,, using
human organoids expansion medium (hOEM). hOEM was composed of Basal medium (Advanced DMEM/F-12 [ThermoFisher cat.
no. 12634010], 10 mM HEPES [ThermoFisher cat. no. 15630106], 1% GlutaMAX [ThermoFisher cat. no. 35050061]) supplemented
with 2% B-27 Supplement (ThermoFisher cat. no. 12587010), 1% N-2 Supplement (ThermoFisher cat. no. 17502001), 1 mM
N-acetyl-L-cysteine (Sigma-Aldrich cat. no. A9165), 10 mM nicotinamide (Sigma-Aldrich cat. no. N0636), 50 ng mL~"' Human EGF
(Sigma-Aldrich, E9644), 500 ng mL~" recombinant Human RSPO1-Fc (SUN Bioscience, EPFL), 100 ng mL~" recombinant Human
Noggin-Fc (SUN Bioscience, EPFL), 10 uM SB202190 (Sigma-Aldrich cat. no. S7067), 500 nM A 83-01 (Sigma-Aldrich cat. no.
SMLO0788), 10 nM Prostaglandin E2 (Lucerna-Chem cat. no. HY-101952), 10 nM human [Leu15]-gastrin | (Sigma-Aldrich cat. no.
G9145), 0.5 nM Wnt-surrogate-Fc (ThermoFisher cat. no. PHG0401), 30 pg mL~" gentamicin (ITW Reagents cat. no. A1492) and
0.25 pg mL~" amphotericin B (ThermoFisher cat. no. 15290018). Grown enteroids were passaged as described previously.”®"®
Briefly, Matrigel domes were dissolved in ice-cold Basal medium, collected and pelleted for 5 min (200 g, 4°C). The enteroid pellet
was resuspended by active pipetting in 1 mL of ice-cold Basal medium before additional 9 mL of ice-cold Basal medium were added.
After a second centrifugation step, enteroids were resuspended in freshly thawed Matrigel. A droplet containing 25 pL of the enteroid
suspension was added to a well of a 24-well plate (Corning cat. no. 3526) and the Matrigel domes were polymerized for 15 minat 37°C
before 500 uL. hOEM supplemented with 2 uM thiazovivin (Sigma-Aldrich cat. no. SML1045) and 2.5 uM CHIR99021 (Sigma-Aldrich
cat. no. 361571) were added. Enteroids were passaged every 4-5 days at a ratio of 1:2 or 1:3 depending on the density. Enteroids
were used for experiments between passages 3 and 10.

For experiments shown in Figure S6 we used organoids from donor #2 (3dGRO Duodenum Intestinal Organoids, Merck/Sigma-
Aldrich cat. no. SCC324, isolated from a 33-year old female donor). These donor #2 enteroids were cultured according to the man-
ufacturer’s protocol and passaged as described above.

Culturing differentiated human enteroid monolayers

Enteroid monolayers from donor #1 were generated according to the manufacturer’s protocols. Briefly, enteroids were collected by
centrifugation (5 min, 200 g, 4°C) and broken down to single cells using 1 mL TrypLE (ThermoFisher cat. no. 12605010). Single cells
were passed through a 40 um cell strainer (pluriSelect cat. no. PS-43-10040-40), centrifuged (5 min, 200 g, 4°C) and resuspended in
SmBM-2 (Lonza cat. no. CC-3181), supplemented with SingleQuote Supplements (Lonza cat. no. CC-4149). The cell number was
adjusted to 1.15x10° cells mL~" and 100 pL of the cell suspension was added onto a 3 um transparent PET membrane insert (Falcon
cat. no. 353096) which was pre-coated with rat-tail collagen type | (30 pg mL~"; Sigma-Aldrich cat. no. C3867). Inserts were placed
on top of human myofibroblasts (Lonza cat. no. CC-2902, Lot 0000662132). Human myofibroblasts were cultured according to the
manufacturer’s protocol and 1x10° cells were seeded the day before in a well of a 24-well cell culture plate (Corning cat. no. 3526)
filled with 1 mL of SmBM-2 (Lonza cat. no. CC-3181), supplemented with SingleQuote Supplements (Lonza cat. no. CC-4149). To
achieve cell differentiation and generation of an epithelial monolayer, human small intestinal epithelial cells were co-cultured with
myofibroblasts for 6 days in a humidified incubator at 37°C and 5% CO,. The medium was replaced the next day after seeding
and then every other day. The confluent epithelial monolayer after 6 days of differentiation consisted of approximately 9.1x10* cells
(mean value on PET membrane from n = 4 independent seedings).

Donor #2 enteroid monolayers were generated from 3dGRO Duodenum Intestinal Organoids (Merck/Sigma-Aldrich cat. no.
SCC324) using an analogous protocol to the one described for donor #1 in the paragraph above. The single cell suspension was
created with a similar protocol as described for the Lonza organoids above. After passing the cells through a cell strainer and a final
centrifugation step, the cells were resuspended in hOEM, supplemented with 2 uM thiazovivin (Sigma-Aldrich cat. no. SML1045) and
2.5 uM CHIR99021 (Sigma-Aldrich cat. no. 361571). The cell number was adjusted to 1x10° cells mL~" and 100 pL of the cell sus-
pension was added onto a 3 um transparent PET membrane insert (Falcon cat. no. 353096) which was pre-coated with rat-tail
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collagen type | (30 pg mL~"; Sigma-Aldrich cat. no. C3867). The insert was placed into a well of a 24-well cell culture plate (Corning
cat. no. 3526) filled with 500 pL of hOEM, supplemented with 2 pM thiazovivin (Sigma-Aldrich cat. no. SML1045) and 2.5 uM
CHIR99021 (Sigma-Aldrich cat. no. 361571). The cells were incubated for 7 days in a humidified incubator at 37°C and 5% CO,
in order to form a uniform monolayer. The medium was exchanged one day after seeding the cells onto the membrane and then every
other day until day 7 using fresh hOEM, supplemented with 2 uM thiazovivin (Sigma-Aldrich cat. no. SML1045) only. From day 7, the
cells were cultured in human organoids differentiation medium hODM (Basal medium supplemented with 2% B-27TM supplement
[ThermoFisher cat. no. 12587010], 1% N-2 supplement [ThermoFisher cat. no. 17502001], 1 mM N-acetyl-L-cysteine [Sigma-Aldrich
cat. no. A9165], 50 ng mL-1 Human EGF, 100 ng mL-1 recombinant Human Noggin-Fc, 500 nM A-83-01, 10 nM human [Leu15]-
gastrin | [Sigma-Aldrich cat. no. G9145], 30 ug mL-1 gentamicin [ITW Reagents cat. no. A1492]) for five more days until the mono-
layers were fully differentiated.”® The confluent epithelial monolayer after 12 days of differentiation consisted of approximately 31x10*
cells (mean value on PET membrane from n = 3 independent seedings). The data corresponding to this protocol is shown in Figure S6.

METHOD DETAILS

Bacterial strain construction

Bacterial strains, plasmids and oligonucleotides used in this study are listed in Tables S4, S5, and S6. To generate gene deletions, 1
kbp flanking regions of the gene of interest from V. cholerae as well as the plasmid pNUT144 were amplified and the polymerase chain
reaction (PCR) products were assembled via Gibson assembly.®® The resulting plasmid was conjugated into strain KDV201 and bac-
teria were selected according to a previously described protocol.?’ After the final selection step, bacteria were screened for the gene
deletion by PCR.

V. cholerae expressing TcpF with a C-terminal 6x Histidine (His)-Tag was generated by exchanging wild type tcpF with a Histidine
(His)-tagged tcpF. For this, plasmid pNUT2130 was constructed and conjugated into V. cholerae and successful gene replacement
was confirmed by PCR and DNA sequencing. Similarly, V. cholerae strains expressing RomA and RomC with a C-terminal 6x His-
tidine (His)-Tag or Bap1 with a C-terminal Hemagglutinin (HA)-Tag were generated and the plasmids pNUT918, pNUT2061 and
pNUT2049 were used for conjugation respectively.

Complementation strains were obtained by inserting the gene of interest (mshA, flaA) together with its native promoter into the lacZ
site of V. cholerae. For this, the gene of interest, its promoter and the plasmid pNUT276 were amplified and the PCR products were
assembled into a plasmid via Gibson assembly.®’ The plasmid was then conjugated into V. cholerae and cells were selected as
described above. DNA insertion into the /lacZ site was confirmed with blue/white screening of bacterial colonies using 5-bromo-4-
chloro-3-indolyl-p-D-galactopyranoside (X-Gal, final concentration 40 pg mL™").

To generate a fluorescent transcriptional reporter for investigating vps expression, sfgfp was inserted into the native vps locus be-
tween vpsF and vpsG using the plasmid pNUT2111.

For overexpression of ToxT in V. cholerae, the arabinose inducible promoter Pgap and toxT were integrated together into the lacZ
site on the chromosome. To accompilish this, a plasmid based on pNUT276 was constructed, harboring toxT and Pgap. This plasmid
was conjugated into V. cholerae and bacteria were selected for insertion of the DNA fragment.

Overexpression of the hemolysin HlyA in V. cholerae was achieved using the overexpression plasmid pNUT2425. For construction
of this plasmid, V. cholerae hlyA and the backbone of plasmid pNUT1246 were amplified and joined via Gibson assembly.®° The re-
sulting plasmid was then conjugated into V. cholerae to generate the overexpression strain.

To overexpress RocS and CdgJ in V. cholerae, the overexpression plasmid pNUT3068 was constructed. For this, V. cholerae rocS
and cdgJ as well as the backbone of plasmid pNUT1246 were amplified and joined via Gibson assembly.®® The resulting plasmid was
then conjugated into V. cholerae to generate the overexpression strain.

In general, plasmid clones based on the pKAS32-derived suicide vector pNUT144 were first constructed in the Escherichia coli
strain S17-1 \pir. Afterward, the plasmids were conjugated into V. cholerae. Plasmids with a pSC101 origin of replication were con-
structed in E. coli strain Top10 and then transferred to V. cholerae with the help of an additional E. coli strain harboring the conjugation
helper plasmid pRK600 via triparental mating.

To enable constitutive production of sfGFP for fluorescence imaging of V. cholerae cells, the plasmid pNUT542 containing the
superfolder green fluorescent protein gene (sfgfo)®> under control of the promoter Py, was conjugated into all final strains of
V. cholerae except for hemolysin overexpression strains. For these strains, Py.-sfgfp was integrated with the help of plasmid
pNUT480 into the /acZ site on the chromosome of V. cholerae.

V. cholerae-immune cell interaction studies

For interaction studies with freshly isolated monocytes, neutrophils, CD4* T cells, B cells, and NK cells, the immune cells were stained
with CellTracker Deep Red Dye (ThermoFisher cat. no. C34565; final concentration 0.75 uM; suspended in Hanks Balanced Salt So-
lution (HBSS)) or CellTracker Red CMTPX Dye (ThermoFisher cat. no. C34552; final concentration 3 uM; suspended in HBSS) for
15 min at 37°C in a humidified 5% CO, incubator. Stained immune cells were pelleted (200 g, 5 min) to remove the staining solution
and resuspended in DMEM with GlutaMax, supplemented with 10% (v/v) FCS and gentamicin (final concentration 30 pg mL~"). The
cell number was adjusted to 4.572x10° cells mL~" and 175 pL of the cell suspension (corresponding to 8x10* immune cells) were
added to a well of a 96-well glass-bottom plate. Immediately afterward, the immune cells were exposed to V. cholerae. For this,
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grown bacteria (bacterial growth conditions were as described above) were washed once and diluted to 4.1x 102 cells mL~" using
fresh cell culture medium. Subsequently, 25 nL of the bacterial suspension were added to the immune cells, resulting in an MOI of 128
at the time of seeding, and the cell-cell interaction was monitored by fluorescence confocal microscopy. In total, the well was filled
with 200 pL of liquid.

For experiments with macrophages, the entire differentiation medium was removed after 3 days (THP-1 cell line) or 7 days (primary
cells) from the wells of the 96-well glass-bottom plate, and the glass surface attached macrophages were stained with 100 uL staining
solution (CellTracker suspended in HBSS as described above) for 15 min at 37°C in a humidified 5% CO, incubator. Afterward, the
staining solution was removed and macrophages were washed once with HBSS followed by exposure to V. cholerae. The bacterial
suspension was prepared as described in the previous paragraph except that bacteria were diluted to 1.6x107 cells mL~" when
THP-1 monocyte derived macrophages were studied. When primary cells were used, the bacterial suspension was prepared to
contain 5.12 x107 cells mL~". If necessary, the cell culture medium was supplemented with propidium iodide (final concentration
8 uM) before the bacterial suspension was generated, which enabled the detection of dead macrophages during the V. cholerae-
macrophage interaction study. Finally, 200 uL of the bacterial suspension were added to stained and washed macrophages and fluo-
rescence confocal imaging was started immediately.

In case V. cholerae-macrophage interaction studies were performed in 12-well plastic bottom plates, THP-1 monocyte derived
macrophages and bacteria were prepared as described in the previous paragraph except that 500 pL staining solution was used
in order to fluorescently stain the macrophages. Furthermore, the bacterial suspension contained 1.73x107 cells mL~" and 1 mL
of this suspension was added to the stained and washed 1.35x10° macrophages, resulting in an initial MOI of 128.

For V. cholerae-immune cell interaction experiments including enteroid monolayers, macrophages were prepared as described
above except that 1 mL of staining solution was used. After staining, 500 uL of fresh SmBM-2 (supplemented with SingleQuots Sup-
plements and 30 ug mL~" gentamicin) or hODM (supplemented with 30 ng mL~" gentamicin) were added to stained macrophages. The
enteroid monolayers (prepared as described in the section “Culturing differentiated human enteroid monolayers”) were stained with
CellMask Deep Red Plasma membrane stain (ThermoFisher cat. no. C10046, final concentration 2.5 ng mL~", suspended in hODM or
SmBM supplemented with SingleQuots Supplements) in a humidified incubator at 37°C, 5% and CO, for 30 min. Stained enteroid
monolayers were washed once with fresh medium before 50 puL of SmBM-2 (supplemented with SingleQuots Supplements and
30 ug mL~" gentamicin) or hODM (supplemented with 30 pg mL~" gentamicin) were added to the apical side. Afterward, membrane
inserts harboring intestinal epithelial monolayers were placed on top of macrophages and fixed in position using a poly(dimethylsilox-
ane) (PDMS) holder. Grown bacteria were washed once using Basal medium and diluted to 6.4x107 cells mL~" in fresh SmBM-2 me-
dium (supplemented with SingleQuots Supplements and 30 pg mL~" gentamicin) or hODM (supplemented with 30 pg mL~" genta-
micin). Subsequently, 50 pL of the bacterial suspension were added to the apical side of the differentiated enteroid monolayers and
the interaction of V. cholerae with the epithelial cells and the macrophages was monitored using fluorescence confocal microscopy.
For most experiments including intestinal epithelial monolayers, the 50 L of bacterial seeding suspension contained 3.2x10° V chol-
erae cells, except for experiments in which the MOI was varied (Figure S5B). Below the intestinal epithelial monolayers, we cultured
2.5x10* macrophages for experiments based on THP-1 cells, or 8x10* macrophages for experiments based on primary cells.

Immunofluorescence-based visualization of MSHA pili, TC pili, and the secreted proteins TcpF, RobomA, RomC, Bap1,
and HIlyA

To visualize MSHA pili and TC pili in biofilms formed on the surface of macrophages (differentiated in 96-well glass-bottom plates),
THP-1 monocyte-derived macrophages were exposed to V. cholerae for 4 h at 37°C and 5% CO.. Afterward, the entire culture me-
dium was removed from the well and the sample was fixed by adding 100 pL of a 4% paraformaldehyde solution (Sigma cat. no.
F8775-25ML; diluted in 1x phosphate buffered saline, PBS, pH 7). This step, and all subsequent steps, were performed at room tem-
perature. After an incubation time of 10 min, the fixation solution was removed and 200 pL of 2% bovine serum albumin (BSA; Sigma
cat. no. A3059-100G; dissolved in 1x PBS, pH 7) was added to the well. Following incubation for 1 h, BSA was removed and 100 pL of
primary antibodies against MshA or TcpA [rabbit anti-MshA,”" or rabbit anti-TcpA’?] was added to the well at a final concentration of
2 ng mL~" (diluted in 1x PBS, pH 7). The antibody was removed after 2 h and the wells were washed three times using 200 pL of 1x
PBS pH 7 with 10 min incubation between each washing step. Subsequently, 100 pL of the secondary anti-rabbit antibody conju-
gated to Alexa Fluor 647 (ThermoFisher cat. no. A-21244) was added at a final concentration of 2 pg mL~" (diluted in 1x PBS,
pH 7). After 2h, the wells were washed three times as described above and the samples were fixed a second time using 100 pL
of a 4% paraformaldehyde solution for 10 min. Finally, the samples were stored in 100 pL of 1x PBS (pH 7) at 4°C until fluorescence
imaging was performed.

In case MSHA pili and TC pili were visualized in biofilms on macrophages during co-culture experiments with human small intestinal
epithelial monolayers, co-culture experiments were setup as described in the section “V. cholerae-immune cell interaction studies”,
and bacterial biofilm formation on macrophages was monitored by confocal fluorescence microscopy. At the time point when thick
biofilms were observed on the surface of macrophages, the entire culture medium including the insert harboring the intestinal
monolayer was removed. Then, the same protocol for fixation and antibody labeling as described above was applied, with only
one modification: 500 pL of liquid was used for each step in order to cover the whole surface of the well.

The secreted proteins TcpF, RomA, RomC, Bap1 and HIyA were visualized via immunofluorescence staining of live samples. In the
case of TcpF, RomA and RomC, macrophages were exposed to V. cholerae expressing the protein of interest harboring a C-terminal
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6x Histidine (His)-Tag and the cell culture medium was supplemented with anti-6x-His-Tag antibodies conjugated to Alexa Fluor 647
(Qiagen cat. no. 35370; final concentration 0.4 ng mL~") during live-cell imaging. When Bap1 was investigated, macrophages were
exposed to V. cholerae expressing Bap1 with a C-terminal Hemagglutinin (HA)-Tag and the medium was supplemented with anti-HA-
Tag antibodies conjugated to Alexa Fluor 647 (ThermoFisher cat. no. 26183-A647) with a final concentration of 0.4 ng mL~". For the
visualization of HlyA, macrophages were exposed to V. cholerae cells that were overexpressing hlyA. The cell culture medium was
supplemented with 0.1 mM IPTG for the overproduction of HiyA, as well as 4 ug mL~" mouse anti-HlyA antibody (ThermoFisher cat.
no. MA1-83520) together with a secondary anti-mouse antibody conjugated to Alexa Fluor 647 (ThermoFisher cat. no. A21235; 4 nug
mL~" final concentration).

Measurements of bacterial growth in the presence of different macrophage lysate concentrations

To investigate the effect of lysed macrophages on the growth of V. cholerae, 3x10° monocytes were differentiated into macrophages
in tissue culture dishes as described above. Afterward, the differentiation medium was removed and macrophages were scraped off
the surface using a cell scraper. Macrophages were collected and resuspended in 1 mL of fresh DMEM with GlutaMax, supple-
mented with 10% (v/v) FCS and gentamicin (final concentration 30 pg mL~"). To generate macrophage lysate, immune cells were
lysed by sonication for 10 min at 4°C (sonication settings: 3 s on, 90 s off, 50% amplitude, 50% constant) and the cell debris was
removed by centrifugation for 1 min at 12.000 rpm. The macrophage lysate was used immediately for bacterial growth studies.
V. cholerae cells were grown first in LB medium with gentamicin (final concentration 30 ng mL~") and then transferred to DMEM
with GlutaMax, supplemented with 10% (v/v) FCS and gentamicin (final concentration 30 ng mL~") as described in the section “Bac-
terial growth conditions” above. Grown bacteria were washed once with fresh DMEM (supplemented with GlutaMax, 10% (v/v) FCS
and gentamicin) and subsequently 3.2x10° bacterial cells were added to each well of a 96-well plate. Each well contained 200 pL of
liquid based on DMEM supplemented with GlutaMax, 10% (v/v) FCS and gentamicin, but also including different concentrations of
macrophage lysate. Bacterial growth was monitored at 37°C in an automated plate reader.

Confocal fluorescence microscopy

To monitor the interaction between V. cholerae and human immune cells, fluorescence confocal images were taken with a Yokogawa
CSU spinning disk unit mounted on a Nikon Ti-Eclipse inverted microscope using a 40x oil NA 1.3 objective (Nikon) and an Andor
iXon-Ultra EMCCD camera. Experiments involving enteroid monolayers were imaged with a 20x air NA 0.75 objective. In addition,
three lasers (488nm, 552 nm, 637 nm) were used for the excitation of fluorescent proteins and dyes. Images were acquired every
30 min at low excitation light intensities and 30 ms exposure time, using the EM-gain of the EMCCD camera. Focus drifts were cor-
rected using the hardware autofocus system (PFS, Nikon). The hardware was controlled by Micro-Manager73 or by NIS Elements
(Nikon). Secreted proteins and type IV pili visualized by immunofluorescence staining were imaged with a 100x oil NA 1.45 objective
(Nikon). For biofilm architecture analyses and tracking of bacterial growth on the macrophage surface a 100x oil NA 1.45 objective
(Nikon) was used and an additional 2x lens was placed between the CSU and the Nikon Ti-E side port. The microscope was equip-
ped with an incubation chamber to control the temperature and the CO, levels during live-cell imaging.

Enzyme-linked immunosorbent assay (ELISA)

Sandwich ELISA was used to quantify secreted cytokines during V. cholerae-macrophage interactions (IL-18, IL-8, TNF-a). Culture
supernatants were collected 4 h after start of co-incubation, which corresponds to approximately 20 min before bacterial biofilm
dispersal was predicted to take place. At this interaction time point, only very few macrophages are dead (Figure S2C, blue line).
The ELISA kits were purchased from ThermoFisher (cat. no. 88-7261, 88-8086, 88-7346-22) and the experiment was conducted ac-
cording to the manufacturer’s instructions.

Sample preparation for bacterial RNA-sequencing

For RNA-sequencing, V. cholerae-macrophage interaction assays were performed in 12-well plastic bottom plates. After exposure of
THP-1 derived macrophages to V. cholerae for a defined time at 37°C in a humidified 5% CO, incubator, the samples were fixed with
RNA/ater (Qiagen, cat. no. 76106). The culture supernatant was collected. Attached cells remaining in the well were scraped and
collected separately. Following centrifugation at 4°C with 2000 g for 10 min, cell pellets were snap-frozen in liquid nitrogen and stored
at —80°C until RNA extraction was performed using the mirVana Kit (Ambion, cat. no. AM1560) according to the manufacturer’s in-
structions. The RNA quality was checked using electrophoresis (Agilent 2100 Bioanalyzer). Sequencing library preparation and the
lllumina sequencing were carried out by Vertis Biotechnologie AG, Freising-Weihenstephan, Germany.

Bacterial read processing and mapping statistics after bacterial RNA sequencing

Fastq reads were aligned to a reference genome V. cholerae O1 biovar El Tor str. N16961 (NCBI reference sequence NC_002505.1
and NC_002506.1) using STAR* (version 2.5.3a). Read counts were calculated using STAR. Data were normalized to a library size
factor. Factors were calculated by dividing the total number of reads from each sample to the median of the total number of reads
across all samples. Data were transformed to a log, scale. A minimal expression threshold was set to 5. Fold change was calculated
for each sample from an average of all naive samples. Principal component analysis (PCA) was performed on all genes. A threshold of
1.5 was set to identify upregulated genes.
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Sample preparation for macrophage RNA sequencing

For RNA-sequencing, V. cholerae-macrophage interaction assays were performed in 12-well plastic bottom plates. After exposure of
THP-1 derived macrophages to V. cholerae for a defined time at 37°C in a humidified 5% CO, incubator, the samples were fixed with
RNAJ/ater (Qiagen, cat. no. 76106). The culture supernatant was removed. Attached cells remaining in the well were scraped and
collected. Following centrifugation at 4°C with 2000 g for 10 min, cell pellets were snap-frozen in liquid nitrogen and stored at
—80°C until RNA extraction was performed using the mirVana Kit (Ambion, cat. no. AM1560) according to the manufacturer’s instruc-
tions. After DNase treatment followed by purification of mMRNA via ethanol precipitation, the RNA quality was checked using electro-
phoresis (Agilent 1450 TapeStation).

Macrophage library preparation and sequencing

RNA-seq libraries were prepared using the MARS-seq protocol, as described previously.®® Briefly, mRNA from cells was converted
to cDNA alongside sample barcoding. Samples were pooled followed by second DNA strand synthesis and T7 in vitro transcription.
Amplified RNA was fragmented, followed by ligation of partial P5 lllumina sequence and converted to cDNA. Full sequences of P5 and
barcoded P7 were added by PCR. Libraries were prepared and sequenced on an lllumina instrument to a depth of 0.8-2.6 million
reads per sample.

Macrophage read processing and mapping statistics

Sequencing reads were filtered, demultiplexed, and mapped to the human genome (hg19), using the MARS-seq analysis pipeline, as
described previously.®® Data were normalized to a library size factor. Factors were calculated by dividing the total number of reads
from each sample to the median of the total number of reads across all samples. Data were transformed to a log, scale. A minimal
expression threshold was set to 3.5. One sample was removed from the dataset due to low read coverage.

Macrophage differential gene expression analysis

Statistical analysis was performed using a one-way ANOVA. False discovery rate (FDR) was used to account for multiple testing.
Genes with an adjusted p < 0.1 were considered significantly differentially expressed. Genes were classified as upregulated based
on their expression changes between infected samples and naive samples.

Purification of TcpF, MshA and sfGFP

The proteins TcpF, MshA and GFP were purified via affinity chromatography using Protino Ni-IDA Resin (Macherey-Nagel, cat. No.
745210.120). E. coli BL21 (DE3) Star was transformed with a pET plasmid containing tcpF, mshA or sfgfp with a C-terminal 6x-His-
Tag. The cells were grown over night at 30°C in the presence of 0.05% lactose for protein expression. After cell lysis by sonication,
proteins were purified according the manufacturer’s protocol. Successful protein purification was verified by SDS-PAGE.®*

Sample preparation for liquid chromatography-mass spectrometry (LC-MS) analysis

To identify the binding partner of MshA and TcpF on the surface of macrophages or to investigate differential protein abundance be-
tween macrophages and monocytes, 3x10° THP-1 monocytes were differentiated into macrophages using culture dishes with a
diameter of 60 mm as described above. Macrophages were washed three times with 5 mL PBS (pH 7.5). Afterward, a total of
6 mL of ice-cold lysis buffer was added (for MshA and TcpF experiments: 50 mM Tris, 150 mM NaCl, 5% glycerol, 0.5% NP40,
pH 7.5; for differential protein abundance experiment: 1% sodium deoxycholate, 10 mM TCEP, 100 mM Tris, pH = 8.5). Subse-
quently, macrophages were scraped off the surface and collected. Lysis of macrophages was achieved by vigorous pipetting every
5 min for a total time of 30 min on ice, followed by the usage of a tissue grinder. THP-1 monocytes (3x10%cells) were collected by
centrifugation (200 g, 5 min) for each experiment and washed three times with 5 mL PBS. After the last washing step, monocytes
were lysed in lysis buffer as described above. Lysates from macrophages and monocytes were stored at —80°C until further use.

For pulldown experiments, Protino Ni-IDA 150 columns were used (Macherey-Nagel, cat. no. 745150.10) and all steps were per-
formed at 4°C. After equilibrating the column according to the manufacturer’s protocol, the column was loaded with 1 mg of the pu-
rified 6x-His tagged bait protein (MshA, TcpF or GFP). After 30 min of incubation the column was drained by gravity. Subsequently,
the lysate from macrophages or monocytes was loaded onto the column. After the cell lysate passed through, the column was
washed five times with 500 puL. LEW buffer containing 40 mM imidazole. Finally, bound proteins were eluted three times with
240 pL LEW buffer containing 250 mM imidazole and precipitated with 100% TCA (Sigma, cat. no. T6399). The pellet was washed
with acetone and the proteins were dissolved in resuspension buffer (5% SDS, 10 mM TCEP, 100 mM TEAB).

For differential abundance measurements, monocyte and macrophage lysates were sonicated using a BioRuptor system (Diage-
node, 10 cycles, 30 s ON, 30 s OFF).

The protein concentration in all samples was determined by tryptophan fluorescence analysis®® using a small sample aliquot. Sam-
ple aliquots containing 50 ng of total proteins were reduced for 10 min at 95°C and alkylated at 15 mM chloroacetamide at 37°C for
30 min. Proteins were digested by incubation with sequencing-grade modified trypsin (1/50, w/w; Promega, Madison, Wisconsin) at
37°C for 12 h. Peptides were desalted using iST cartridges (Pre-Omics, Munich) according to the manufacturer’s protocol. Samples
were dried under vacuum and stored at —20°C until further use for LC-MS analysis.
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Liquid chromatography-mass spectrometry (LC-MS) analysis
Dried peptide samples were dissolved in aqueous 0.1% formic acid solution and 0.15 pg of peptides were LC-MS analyzed as
described previously.®®

For differential protein abundance analysis of macrophages and monocytes, chromatographic separation of peptides was carried
out using an Ultimate 3000 nano-LC (Thermo Fisher Scientific), equipped with a heated RP-HPLC column (75 pm x 30 cm) packed in-
house with 1.9 pm C18 resin (Reprosil-AQ Pur, Dr. Maisch). Peptides were analyzed per LC-MS/MS run using a stepwise linear
gradient ranging from 98% solvent A (0.15% formic acid, 2% acetonitrile) and 2% solvent B (98% acetonitrile, 2% water, 0.15% for-
mic acid) to 12% B over 5 min, followed by an increase to 35% B over 45 min, followed by an increase to 50% B for 10 min at a flow
rate of 300 nL min~". Mass spectrometry analysis was performed on a Orbitrap Eclipse mass spectrometer equipped with a nano-
electrospray ion source (both Thermo Fisher Scientific) using data-independent acquisition (DIA). For MS1, the Normalized AGC
Target setting was set to 300% over a maximum injection time of 45 ms and scans were recorded at a resolution of 120,000
FWHM. DIA scans were acquired at a Normalized AGC Target setting of 400% at an accumulation time of 22 ms and resolution
was set to 15,000 FWHM (at 200 m/z). A total of 70 DIA windows with size of 9 m/z covering a mass range from 386 to 1016 m/z
with 1 m/z window overlap were collected per MS cycle. The HCD collision energy was set to 28% (normalized) and all data were
acquired in centroid mode.

For affinity pulldown analysis with MshA, TcpF and GFP, peptides were subjected to LC-MS/MS analysis using a Q Exactive Plus
mass spectrometer fitted with an EASY-nLC 1000 (both Thermo Fisher Scientific). Peptides were resolved using an EASY-Spray col-
umn (PepMap RSLC, C18, 2 um, 100 A, 75 um X 25 cm, Thermo Scientific) at a flow rate of 200 nL. min~". A stepwise linear gradient
ranging from 5% buffer B to 10% buffer B over 5 min, followed by an increase to 35% buffer B over 30 min, followed by an increase of
buffer B to 50% in 5 min was used for peptide separation. Buffer A consisted of 0.1% formic acid in water and buffer B consisted of
80% acetonitrile, 0.1% formic acid in water. The mass spectrometer was operated in DDA mode with a total cycle time of approx-
imately 1 s. Each MS1 scan was followed by high-collision-dissociation (HCD) of the 20 most abundant precursor ions with dynamic
exclusion set to 30 s. For MS1, 3x10° ions were accumulated in the Orbitrap over a maximum time of 100 ms and scanned at a res-
olution of 70,000 FWHM (at 200 m/z). MS2 scans were acquired at a target setting of 1x10° ions at a maximum accumulation time of
50 ms and a resolution of 17,500 FWHM (at 200 m/z). Singly charged ions, ions with charge state >6, and ions with unassigned
charge state were excluded from triggering MS2 events. The normalized collision energy was set to 27 %, the mass isolation window
was set to 1.4 m/z and one microscan was acquired for each spectrum.

Mass spectrometry (MS) data analysis
For differential protein abundance analysis of macrophages and monocytes, the acquired raw-files were searched by directDIA
against the human UniProt protein database (version Feb 2022) and commonly observed contaminants (in total 20,753 sequences)
by the SpectroNaut software (Biognosys, version 15.7.220308.50606) using default settings. The search criteria were set as follows:
full tryptic specificity was required (cleavage after lysine or arginine residues unless followed by proline), 2 missed cleavages were
allowed, carbamidomethylation (C) was set as fixed modification and oxidation (M) and N-terminal acetylation as a variable modifi-
cation. The false identification rate was set to 1%. The search results were exported from SpectroNaut and protein abundances were
statistically analyzed using MSstats (v.4.2.0).”° In order to identify proteins that are associated with the surface of macrophages from
all differentially abundant proteins (fold change >2, p value < 0.05), the data was filtered for the subcellular location using the following
Gene Ontology terms: cell surface, extracellular region, extracellular exosome, extracellular space, external side of plasma mem-
brane, apical plasma membrane using DAVID.?"-*? In addition, we searched for proteins with the UniProt Annotation “secreted”.
For affinity pulldown analysis with MshA, TcpF and GFP, the acquired raw-files were searched by FragPipe using MSFragger®®
against the human UniProt protein database (version Feb 2022) containing the predicted UniProt entries of TcpF and MshA from
V. cholerae N16961 (EBI, release date 2022/5/12) and commonly observed contaminants (in total 20,755 sequences). Default set-
tings were used for search, and search criteria were set as follows: full tryptic specificity was required (cleavage after lysine or arginine
residues unless followed by proline), 2 missed cleavages were allowed, carbamidomethylation (C) was set as fixed modification and
oxidation (M) and N-terminal acetylation as a variable modification. A target-decoy search strategy was used in order to obtain a pro-
tein false discovery rate of 1%. Search results were analyzed using the Scaffold software environment (https://www.
proteomesoftware.com). In order to identify proteins that are associated with the surface of macrophages from all enriched proteins
in the pulldown experiments, the data was filtered for the subcellular location using the following Gene Ontology terms: cell surface,
extracellular region, extracellular exosome, extracellular space, external side of plasma membrane, apical plasma membrane. In
addition, we searched for proteins with the UniProt Annotation “secreted”. In case of the affinity pulldown analysis for MshA, the
list of potential eukaryotic binding partners was further filtered for proteins that showed a fold change >2 and a p value < 0.05 in
our differential abundance analysis using macrophages and monocytes.

Image analysis

Image analysis was based on the BiofilmQ software tool°® using the MATLAB environment, as well as MATLAB scripts for the macro-
phage detection and biofilm abundance measurements. Image segmentation was performed using traditional filtering and thresh-
olding operations, as reviewed recently,®’ without machine learning-based segmentation. Specific image analysis strategies for
particular quantifications are described below.
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Macrophages were detected in the images by median filtering the raw image for noise removal. This was followed by thresholding
with Otsu’s method applied to a strongly blurred image using three classes, where the second class was assigned to be the fore-
ground.®” Regions in the image where bacterial cells were present were excluded to avoid false-positives due to a small overlap be-
tween the fluorescence channels. After thresholding, morphological operations were performed to remove small objects and remove
holes in the detected macrophage image regions, and the outlines of macrophages were smoothed.

For the detection of dead macrophages, confocal fluorescence images of the dead stain channel (dead stain: propidium iodide)
were median-filtered to remove noise, followed by thresholding. Depending on the image quality, the threshold was set to the
mean of the two thresholds determined by Otsu’s method with three classes, or calculated at the mean plus seven times the standard
deviation of a normal distribution fitted to the 99.5% lowest pixel values in the image. The latter method provided more accurate seg-
mentation results for images in which there were few or no dead macrophages. Morphological operations were then applied to the
resulting binary image to remove very small binary objects. The resulting number of dead macrophages was then determined by
overlapping the binary image from the dead cell fluorescence channel with the macrophage detection (described above) and count-
ing the number of macrophages that contained a signal in the dead cell fluorescence channel. To obtain the ratio of dead cells, the
number of dead macrophages was divided by the number of all macrophages, which was corrected by counting macrophages that
were touching (which were segmented as a single large object) as several macrophages, depending on their size in relation to the
typical size of a macrophage.

For the quantification of the volume of attached bacterial cells per volume around the macrophages, image segmentation was per-
formed using Otsu thresholding followed by a removal of very small segmentation objects resulting from noise. For each 2D image in
the confocal image z stack, all image areas occupied by bacteria which were connected to a macrophage object in the image after
image dilation by 4 pixels (corresponding to 1.3 pm) were defined to be attached to a macrophage. All connected image areas occu-
pied by bacteria in an annulus around a macrophage object were summed up and separately the area of the annulus around the
macrophage was calculated. The thickness of the annulus was set to 3 um when only a few bacteria attached to immune cells
and attachment was quantified from confocal images that were taken 0.5 h or 1 h after start of the experiment. In case biofilm for-
mation was investigated for several hours and all images from the time-series were analyzed, the thickness of the annulus was set to
6 um for all frames. After calculating the volume of attached bacteria per volume around macrophages and the volume of the annulus
for three xy-slices of the z stack, the ratio of volumes from all slices were averaged to result in the volume of attached bacteria per
volume of the annulus around each macrophage. This quantification was performed for all macrophages in the field of view.

For the quantification of biofilm matrix abundance in images in Figures 3B-3D, bacterial cells and matrix were segmented using
thresholding in their separate fluorescence channels. The binary image representing locations of bacteria and the binary image rep-
resenting the matrix were then merged, using the “merge channels” functionality of BiofilmQ, yielding a segmentation of the entire
biofilm biovolume. These binary images were the basis for biofilm matrix abundance quantifications.

To quantify the abundance of hemolysin around macrophages, images of detected hemolysin (via fluorescent antibodies) and
macrophages were segmented using Otsu thresholding. Subsequently, the volume occupied by hemolysin was measured within
a volume with a distance of 7 um to each detected macrophage surface.

The architecture of biofilms was analyzed at the single-cell level, by first performing a 3D cellular segmentation using an algorithm
described previously.”® The binary images resulting from the single-cell segmentation were then imported into BiofilmQ for down-
stream quantifications. Using this approach, we determined the local cellular alignment around each cell (quantified as the nematic
order parameter), the local cell-cell distance (quantified as cell-center to cell-center distance), as well as local cell density inside the
biofilm. All of these properties were quantified locally, in a sphere of radius 45 pixels (2.9 um) around each cell, for all cells in
the biofilm.

Schematic diagrams
Schematic diagrams in Figures 6, S5, and S6, and the graphical abstract were created with BioRender.com.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism (GraphPad Software Inc.). Statistical details of experiments can be found in figure
legends.
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Figure S1. Colonization and death of macrophages differentiated from CD14* monocytes isolated from human blood by V. cholerae, and
attachment of bacteria to primary CD14* monocytes, refers to Figures 1,2, 3, and 5

(A) V. cholerae WT exhibits strongly reduced attachment to CD14" monocytes compared with macrophages (M) derived from CD14* monocytes. Attachment of
V. cholerae to immune cells was quantified from confocal images after 0.5 h of co-incubation and normalized to the mean value for macrophages. Statistical
significance was calculated using an unpaired t test (number of independent biological replicates: Nmacrophage = 12, Nmonocyte = 3; *** indicates p < 0.0001). Error
bars denote the standard deviation.

(B) Attachment capabilities of different V. cholerae strains to the surface of macrophages derived from CD14* monocytes normalized to the mean value of WT
bacteria. For bacteria with a stalled flagellar motor (achieved by the addition of phenamil), cells that lack the polar flagellum (AflaA), or cells lacking MSHA pili
(AmshA), attachment to macrophages is attenuated. Ectopic expression of mshA or flaA under control of the native promoter restores bacterial attachment.
Statistical significance was calculated using one-way ANOVA (number of independent biological replicates: n = 3—-16; * indicates p < 0.05; ** indicates p < 0.005;
*** indicates p < 0.0001). Error bars denote the standard deviation.

(C) Representative microscopy images from n = 3-8 independent biological replicates show V. cholerae biofilms (cyan) formed on primary macrophages (red)
differentiated from CD14* monocytes isolated from human blood, imaged at peak time of biofilm formation. The V. cholerae biofilm matrix components Bap1,
RbmA, RbmC, and Vibrio polysaccharide (VPS) are not required for biofilm formation on human macrophages. Instead, V. cholerae biofilm formation on mac-
rophages derived from CD14* monocytes depends on the production of MSHA pili and TC pili (with the secreted protein TcpF).

(D) During co-incubation of macrophages with V. cholerae lacking hemolysin HlyA, macrophage death is significantly reduced compared with WT bacteria.
Overexpression of hlyA under control of the inducible P;,. promoter restores and enhances bacteria-induced killing of macrophages. Macrophage death was

(legend continued on next page)
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measured after 7 h of exposure to bacteria. Bars represent the percentage of dead macrophages for different V. cholerae strains, normalized to the WT mean
value. Statistical significance was calculated using an unpaired t test (n = 3-11 independent biological replicates; **** indicates p < 0.0001). Error bars denote the
standard deviation.

(E) Biofilm growth on macrophages supports hemolysin-dependent death of macrophages. During co-incubation, V. cholerae strains deficient in the formation of
biofilms on macrophages (strains carrying the AmshA and AtcpA mutations) cause less death of macrophages compared with biofilm-capable bacteria. Bars
represent the percentage of dead macrophages for different V. cholerae strains normalized to the WT. Macrophage death was measured after 7 h of exposure to
bacteria. Statistical significance was calculated using an unpaired t test (n = 3-11 independent biological replicates; **** indicates p < 0.0001; ** indicates
p < 0.007). Error bars denote the standard deviation.
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Figure S2. The impact of initial bacterial and macrophage counts on V. cholerae biofilm formation dynamics and macrophage death, the
effect of macrophage lysate on V. cholerae growth, the effect of V. cholerae on monocyte death, and responses of V. cholerae and mac-
rophages to each other during co-culture, refers to Figures 1 and 5

(A) Changing the number of bacterial cells added to a constant number of macrophages (2.5 x 10%; in a well of a 96-well plate filled with 200 pL of medium) does
not change the interaction outcome qualitatively but impacts the dynamics of biofilm growth and the time point of biofilm dispersal. A higher number of bacterial
cells added to 2.5 x 10* macrophages at the beginning of co-incubation results in a faster biofilm formation on the surface of the immune cells. Lower bacterial
seeding densities lead to longer lag times in biofilm formation. The different bacterial seeding densities correspond to an MOI at the start of infection in the range of
1-256. Lines represent the mean ratio of the volume of attached bacteria per volume of an annulus around each macrophage. Shaded areas indicate the standard
deviation of n = 3 independent biological replicates.

(B) Changing the number of macrophages present inside a well of a 96-well plate, filled with 200 pL of medium containing initially 3.2 x 10° V. cholerae cells, does
not change the biofilm formation process temporally. The different bacterial seeding densities correspond to an MOI at the start of infection in the range of 64-640.
Lines denote the mean ratio of the volume of attached bacteria per volume of an annulus around each macrophage, and shaded areas are the standard deviation
of n = 3 independent biological replicates.

(C) Changing the number of bacterial cells added to a constant number of macrophages (2.5 x 10%; in a well of a 96-well plate filled with 200 uL of medium)
strongly impacts the occurrence of macrophage death. A higher number of bacterial cells added at the beginning of co-incubation results in a higher percentage
of dead macrophages after 7 h of co-incubation. Lines represent the mean of dead macrophages for different initial bacterial counts, and shaded areas represent
the standard deviation of n = 3 independent biological replicates.

(D) Supplementation of growth medium with lysate from macrophages enhances bacterial growth by reducing the lag phase in a concentration-dependent
manner. When the number of lysed macrophages that is added to a constant number of V. cholerae cells (3.2 x 10° cells, in a total volume of 200 L) is increased,
the bacterial cells reach exponential growth faster. The effect of lysed macrophages on the growth of V. cholerae was monitored with an automated plate reader
at 37°C. Colored lines represent the mean ODgq values that reflect the V. cholerae cell density in the culture, and shaded areas represent the standard deviation
of n = 4 independent biological replicates.

(E) Measurements of the fraction of dead macrophages and monocytes after 3 h and 7 h of co-incubation with V. cholerae WT cells. After 3 h of exposure to
V. cholerae, the differences in the fraction of dead macrophages and monocytes are not statistically significant. After 7 h of co-incubation, the occurrence of dead
immune cells is significantly increased for macrophages compared to monocytes. Statistical significance was calculated using an unpaired t test (n = 4 inde-
pendent biological replicates; *** indicates p = 0.0002). Error bars denote the standard deviation.

(F) Principal-component analysis (PCA) of the bacterial RNA-seq data shows global changes in the bacterial transcriptome during the interaction with macro-
phages. In addition, the four biological replicates (dots with the same color) belonging to each sampled time point (indicated by different colors) cluster together.
The PCA was performed based on fold change values that were calculated for each significantly differential expressed gene, relative to the average of all naive
bacterial samples at 0 min (immediately prior to exposure to macrophages). Individual data points of n = 4 independent biological replicates are shown. Tran-
scriptome data are available at the Gene Expression Omnibus (GEO: GSE184078).

(G) Clustering of the 3,519 V. cholerae genes (rows) shows significant changes in gene expression over the course of the interaction with macrophages (columns).
The heatmap displays the Z score calculated from average fold change values for each gene and time point relative to the average of the naive bacterial sample at
0 min. Values are the mean of n = 4 independent biological replicates.

(H) ELISA measurements of cytokine abundance in supernatants show that biofilm formation of V. cholerae on the surface of macrophages does not prevent the
release of IL-1B, TNFA, or IL-8 into the extracellular environment. The amount of IL-1B, TNFA, and IL-8 in the supernatant were similar for biofilm-producing
bacteria (WT) and biofilm-deficient bacteria (AmshA AtcpA). However, the production of all three cytokines was significantly induced by co-culture with
V. cholerae compared to unstimulated macrophages. Statistical significance was calculated using an unpaired t test (n = 3 independent biological replicates).
Error bars denote the standard deviation.

() Macrophage transcriptomes display changes after exposure to V. cholerae as illustrated by the PCA. Transcriptomes were measured by RNA-seq. Bacteria
deficient in biofilm formation or hemolysin production and WT bacteria induce similar transcriptional changes in macrophages. The PCA was performed on 296
significantly upregulated macrophage genes. Individual data points of n = 3 independent biological replicates are shown: each data point corresponds to a
transcriptome; different time points are indicated by a dot or triangle, and each bacterial strain used for the interaction studies is indicated by a different color.
Transcriptome data are available at the Gene Expression Omnibus (GEO: GSE184077).
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Figure S3. Impact of TC pili and TcpF on attachment and biofilm formation of AmshA cells and localization of RbomA, Bap1, and RbmC, as well
as transcription of vps genes inside mature V. cholerae WT biofilms formed on macrophages, refers to Figures 2 and 3

(A and B) Overexpression of the tcp operon was achieved by placing toxT under the control of the arabinose inducible promoter Pgap.

(A) The overexpression of the tcp operon, achieved by the addition of 0.2% arabinose, resulted in strong attachment of AmshA cells after only 1 h of co-
incubation, which was dependent on the presence of TC pili and TcpF. Bars represent mean values, after normalization to the mean obtained for WT bacteria.
Error bars denote the standard deviation of n independent biological replicates (Namsna, 0% = 4; NamshA, 0.2% = 6; Namsha atcpA, 0% = 55 NamshA AtcpA, 0.2% = 8;
NamshA AtcpF, 0% = 5; NamshA atcpF, 0.29% = 9). Statistical significance was calculated using an unpaired t test (*** indicates p < 0.002).

(B) Overexpression of TC pili is not sufficient for biofilm formation on macrophages in a AmshA AtcpF strain. However, increasing the concentration of exog-
enously supplied purified TcpF enabled the AmshA AtcpF strain to form biofilms after 4 h of co-incubation. This indicates that TC pili interact with TcpF in order to
bind to the macrophage surface, while secreted TcpF localizes on the macrophage surface (Figure 3D). For these experiments, we initiated the co-culture with
3.2 x 10° bacteria and 2.5 x 10* macrophages in 200 L of culture medium. Dots denote the mean ratio of the volume of attached bacteria per volume of an
annulus around each macrophage, and error bars represent the standard deviation of n = 4-10 independent biological replicates.

(C-F) Macrophages are shown in red, V. cholerae cells are shown in cyan, and immunofluorescence or reporter fluorescence is shown in yellow. Each panel
shows xy planes at three different z-heights, indicated by the Roman numerals I-1ll. The Roman numerals in (A)—~(D) refer to different z-height layers as indicated in
the side view (xz plane) at the top of the figure. For each panel, representative confocal fluorescence microscopy images from n = 3-4 independent biological
replicates are shown.

(C) The transcription of vps genes is measured via an sfGFP-based transcriptional reporter. Transcription of vps genes occurs throughout the biofilm formed on
macrophages.

(D) Histidine (His)-tagged RbmaA is detected extracellularly using a fluorescent anti-His antibody shown in yellow.

(E) Hemagglutinin (HA)-tagged Bap1 is detected extracellularly using a fluorescent anti-HA antibody shown in yellow.

(F) Histidine (His)-tagged RbmC is detected using a fluorescent anti-His antibody shown in yellow. (B)-(D) show that RbmA, Bap1, and RbmC are present around
some bacterial cells that are part of biofilms on the macrophage surface. RomA, Bap1, and RbmC encapsulate cells that are located at the outer edge of the
biofilms and are not observed on bacterial cells that are closest to the macrophage surface.
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Figure S4. The toxin HIyA is primarily responsible for causing macrophage death, refers to Figure 5

The extent of cell death of THP-1-derived macrophages was determined after 7 h of co-incubation with V. cholerae strains carrying the AhlyA deletion and the
deletion of one additional (putative) toxin. The results were normalized to the mean of the AhlyA strain. Compared with the AhlyA strain, V. cholerae deletion
mutants lacking hlyA together with one additional gene encoding a known or putative toxin do not significantly alter the occurrence of macrophage death. Bars
represent the mean values, and error bars denote the standard deviation. The changes in macrophage death for the different bacterial strains in comparison to
AhlyA are not statistically significant. Statistical significance was calculated using one-way ANOVA (n = 9-25 independent biological replicates). Error bars denote

the standard deviation.
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Figure S5. Infection of the enteroid-macrophage co-culture model with V. cholerae for different MOls, different bacterial mutants, and
different macrophages, refers to Figure 6

(A) A confluent intestinal epithelial monolayer comprising 9.1 x 10* cells was grown from human enteroids (donor #1) on a permeable membrane insert (3 um pore
size) and placed above 8 x 10* macrophages that were differentiated from primary monocytes obtained from human blood. After adding 3.2 x 10° V. cholerae WT
cells, the co-culture dynamics resembled the ones observed for THP-1 macrophages shown in Figure 6A. Representative confocal fluorescence microscopy
images of n = 3 independent biological replicates show the xz side view (maximum projection) at the start of the co-culture and at the time of peak biofilm
formation on primary macrophages (magenta: epithelial cells, red: macrophages, cyan: V. cholerae). For the same time points, xy images show macrophages and
V. cholerae biofilms underneath the epithelial cells.

(B) Co-culture of intestinal epithelial monolayers grown from enteroids (donor #1) on a membrane insert with 3 um pore size and THP-1 macrophages, which was
inoculated with varying numbers of V. cholerae WT cells (for 9.1 x 10 epithelial cells, 2.5 x 10* THP-1 macrophages). Higher bacterial cell numbers at the start of
infection resulted in an earlier crossing of the epithelial barrier and biofilm formation on macrophages. Representative fluorescence images of n = 3 independent
biological replicates show the xz side view (maximum projection) of enteroid monolayers, macrophages, and bacteria at the start of the co-culture and at the time
of peak biofilm formation on macrophages. For the same time points, xy images show macrophages and V. cholerae biofilms underneath the epithelial cells.
(C-F) Co-culture of confluent intestinal epithelial monolayers grown from enteroids (donor #1) on a membrane insert with 3 um pore size with THP-1-derived
macrophages and different V. cholerae deletion mutants (mutations are indicated above each panel). Cell numbers at the start of infection: 3.2 x 10° bacteria,
9.1 x 10* epithelial cells, and 2.5 x 10* THP-1 macrophages. Representative confocal fluorescence microscopy images of n = 3 independent biological rep-
licates for each mutant show xz side views (maximum projection) and xy images in the same format as for (A). (C)-(E) show that V. cholerae impaired in the
production of the known biofilm matrix components Bap1, RomA, RbmC, and VPS as well as cells lacking cholera toxin (ActxBA) or hemolysin (AhlyA) accu-
mulated on the apical side of monolayers, crossed the epithelial barrier, and formed biofilms on the surface of the underlying macrophages, similar to the WT.
Microscopy images show the bacterial interaction with enteroid monolayers and macrophages at the start of co-culture and the time of peak biofilm formation on
macrophages. (F) shows V. cholerae deficient in the production of MSHA pili, TC pili, and hemolysin (AmshA AtcpA AhlyA) were unable to form biofilms on the
surface of macrophages after crossing the epithelial barrier. Microscopy images show the start of the experiment and a time point when the WT would have
formed biofilms.
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Figure S6. Co-culture results of different V. cholerae strains with THP-1 macrophages and human enteroid monolayers from donor #2, refers
to Figure 6

These results are analogous to those shown in Figures 6A and 6C-6F but using a confluent intestinal epithelial monolayer that was generated from enteroids of
donor #2. The human enteroid monolayer was grown on a permeable membrane insert (3 um pore size) and placed above THP-1 macrophages as illustrated in
the schematic diagram of the experimental setup (magenta: epithelial cells, red: macrophages, cyan: V. cholerae). Representative confocal fluorescence mi-
croscopy images of n = 3 independent biological replicates are shown for each bacterial strain. Cell numbers at the start of infection: 3.2 x 10° bacteria, 31 x 10*
epithelial cells, and 2.5 x 10* THP-1 macrophages.

(A-F) V. cholerae WT cells and bacteria lacking MSHA pili (AmshA) or TC pili (AtcpA) formed biofilms on the surface of macrophages after crossing the epithelial
barrier. Similarly, biofilm formation on macrophages was observed for bacteria that cannot produce the biofilm matrix components RomA, RomC, Bap1, and VPS
(Abap1 ArbmA ArbmC AvpsL) and bacteria that cannot produce the cholera toxin (ActxBA) or hemolysin (AhlyA). Images show the xy plane at the start of the co-
culture and at peak time of biofilm formation on macrophages.

(G-H) Bacterial strains that cannot produce MSHA pili and TC pili (AmshA AtcpA or AmshA AtcpA AhlyA) were unable to form biofilms on macrophages after
breaching the epithelial barrier. Images show the xy plane at the start of the co-culture and a time point when WT bacteria would have formed biofilms on
macrophages.

() Non-motile bacteria (AflaA) could not break through the epithelial barrier, and AflaA mutants were consequently not observed at the basal side of enteroid
monolayers. Microscopy images show the start of the experiment and a time point when WT bacteria would have formed biofilms on macrophages.
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