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Abstract

Enteropathogenic Escherichia coli (EPEC) induces dramatic remodeling of enterocyte brush
borders, a process that includes microvillar effacement and actin pedestal formation. Although the
Arp2/3 complex is involved in formation of a branched actin network within pedestals, the fate of
parallel actin bundles in microvilli during infection remains unclear. here, we find that in polarized
intestinal epithelial cells, EPEC stimulates long-range microvillar dynamics, pulling protrusions
toward sites of bacterial attachment in a process mediated by the adhesion molecule
protocadherin-24. Additionally, retraction of the EPEC bundle forming pilus stimulates directed
elongation of nearby microvilli. These processes lead to coalescence of microvilli and
incorporation of the underlying parallel actin bundles into pedestals. Furthermore, stabilization of
microvillar actin bundles delays pedestal formation. Together, these results suggest a model where
ePec takes advantage of pre-existing actin filaments in microvillar core bundles to facilitate
pedestal formation.
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Introduction

The mammalian intestine is home to ~1014 bacterial cells, and while many of these are
required for physiological homeostasis, pathogenic species originating from the environment
can give rise to severe perturbations of gastrointestinal function.1-3 A leading cause of
diarrheal disease in the developing world is a group of virulent Escherichia coli strains found
in contaminated food or water.* One prominent strain is Enteropathogenic £. coli (EPEC),
which targets enterocytes, nutrient absorbing epithelial cells that line the intestinal tract. The
apical surface of each enterocyte is home to a dense array of membrane-enveloped parallel
actin bundles called microvilli. Collectively known as the brush border, these protrusions
function to increase the surface area available for nutrient absorption and act as a platform
for release of vesicles containing host defense machinery.> As an attaching/effacing (A/E)
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pathogen, EPEC remains on the extracellular surface of enterocytes and forms characteristic
microcolonies, where multiple bacterial cells auto-aggregate in a process called localized
adherence.® The bacteria are drawn into close contact with the host cell surface and other
bacteria through the activity of the bundle forming pilus (BFP).”8 Using a type 111 secretion
system (T3SS), EPEC co-opt host cell machinery to produce an actin-rich pedestal that
anchors the bacterium while allowing it to move across the cell surface.? During this phase
of intimate attachment, microvilli surrounding the bacteria elongate and orient toward the
pathogen.19 Microvillar-like processes (MLPs), which are the result of microvillar
elongation, have long been observed as part of the normal A/E process during EPEC
infection.”-11-14 Ultimately, microvilli surrounding the microcolony are destroyed during
infection, leaving an area around the bacteria devoid of brush border and giving rise to a
cellular morphology referred to as the “A/E lesion.”

The molecular events surrounding pedestal formation have been well characterized.
Bacterial effector proteins injected via the T3SS initiate an actin signaling cascade,
culminating in activation of the Actin-related protein (Arp) 2/3 complex.15:16 In turn, Arp2/3
assembles a branched actin network underneath the microbe that comprises the pedestal. The
signaling cascade leading to Arp2/3 activation during EPEC infection has been thoroughly
studied,® but significant gaps in our understanding of Arp2/3 function in this context still
remain. For example, Arp2/3 binds to the sides of F-actin filaments and nucleates new
daughter filaments at a 70° angle.1” Therefore, formation of a branched actin network, such
as a bacterial pedestal, requires pre-existing F-actin “templates.” In a polarized enterocyte,
the brush border contains a massive population of pre-existing filaments in the form of
microvillar core actin bundles. However, whether these pre-existing filaments contribute to
pedestal formation during EPEC attachment remains unclear.

Other fundamental questions also persist. Seemingly peripheral features of the A/E process,
such as microvillar elongation, have been noted as hallmarks of EPEC infection but not
studied in the context of their potential contributions to pedestal formation. Additionally,
despite what is known about the molecular pathways involved in pedestal formation, the
early stages of EPEC attachment to and interaction with the host cell surface are not well
characterized. Although scanning electron microscopy (SEM) has provided important
insight into the ultrastructure of the early A/E process, the field lacks kinetic information on
the morphological changes that the host cell surface must undergo during A/E. Live cell
imaging would therefore provide valuable insight on the process of pedestal formation
during early EPEC attachment.

In order to address these gaps, we utilized live cell time-lapse deconvolution imaging,
structured illumination microscopy (SIM), laser scanning confocal, SEM, and transmission
electron microscopy (TEM) to visualize EPEC attachment and the associated ultrastructural
changes that take place on the surface of polarized human intestinal epithelial cells during
AJE. Our results reveal significant dynamics of the apical surface that, to our knowledge,
have not been reported previously. We find that the elongation of microvilli surrounding
surface-attached EPEC requires retraction of the bundle forming pilus (BFP) and is
independent of factors injected by the T3SS. In addition to extensive microvillar elongation,
we observe directed flow of distal microvilli toward sites of EPEC attachment. Microvillar
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flow requires intermicrovillar adhesion, which is driven by tip-localized protocadherin-24
(PCDH24). The temporal coincidence of microvillar flow and pedestal formation suggests
that microvillar actin is directly incorporated into nascent pedestals, a result supported by
time-lapse imaging and SEM. Additionally, stabilization of F-actin bundles inhibits pedestal
formation, further suggesting that microvillar actin provides a source for the actin networks
supporting A/E lesions. In combination, our data lead us to propose that microvillar
elongation and flow are two mechanisms that EPEC uses to sequester pre-existing
microvillar actin filaments during pedestal assembly. These filaments could then serve as
templates for Arp2/3-mediated polymerization, or be bundled together as part of a
complementary process.

EPEC induces extensive microvillar dynamics across the apical surface

Because the temporal progression of pedestal formation is poorly characterized, we turned to
live cell imaging to capture microvillar dynamics induced by EPEC infection. We transiently
transfected Caco-2gge cells with a fluorescent protein-tagged version of the utrophin
calponin homology domain (mCherry-UtrCH), which binds to F-actin without disrupting
actin dynamics.18 Additionally, we transfected the cells with a fluorescently labeled version
of the intermicrovillar adhesion molecule protocadherin-24 (PCDH24-GFP) both to label
membrane and to promote brush border maturation.19 EPEC was added to Caco-2ggg cells
on glass-bottom dishes and imaged at 10-20 s intervals using deconvolution microscopy. F-
actin began to accumulate around bacteria ~5-10 min after initial attachment, and by ~20-
25 min, fully developed pedestals labeled with highly enriched mCherry-UtrCH signal had
formed beneath attached bacteria (Fig. 1A and B; Video 1).

In addition to stereotypical pedestal formation, we observed that the dynamics of microvilli
at sites distal to EPEC attachment were significantly affected within 5-10 min of initial
contact (Video 1). In cells with well-organized brush borders, clusters of microvilli appeared
to flow toward the bacterium during attachment and microcolony formation (Fig. 1A,
arrowheads; Fig. 1C; Video 1). Over the course of 1 h, as the A/E lesion grew due to
division and attachment of additional bacteria, this directed flow expanded across the entire
surface of the cell. Microvillar clusters distal to the attachment site moved toward the
microcolony and, subsequently, appeared to be incorporated into the pedestal (Fig. 1A,
arrowheads). As a result, the periphery of the lesion was surrounded by an expanding ring of
microvillar membrane that enveloped F-actin within the growing pedestal (Fig. 1A). From
these time-lapse data, we conclude that EPEC attachment and brush border effacement is not
simply a matter of localized microvillar destruction. Rather, it is a dynamic process that
engages the entire cell surface, with microvilli flowing to and coalescing at sites of
attachment. The net effect of such flow is the enrichment of pre-existing actin filaments (in
the form of microvillar core bundles) immediately adjacent to growing pedestals. Long-
range microvillar dynamics may, therefore, represent one mechanism that EPEC uses to
sequester host cell F-actin.
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PCDH24 is required for the long-range microvillar dynamics induced by EPEC

In order for newly attached EPEC to stimulate long-range microvillar flow, they must be
able to use either biochemical or mechanical pathways to signal to distal sites on the apical
surface that in some cases are several microns away. Recent work from our laboratory
revealed that microvillar organization and packing density are driven by intermicrovillar
adhesion, which in turn is mediated by heterophilic interactions between PCDH24 and
mucin-like protocadherin (MLPCDH).1® Thus, we sought to test the possibility that long-
range microvillar flow induced by EPEC attachment requires the physical connections
between microvilli that are provided by intermicrovillar adhesion. To this end, we
overexpressed a dominant-negative PCDH24-GFP construct (AEC1-PCDH24-GFP) in
which deletion of the N-terminal extracellular cadherin (EC) repeat prevents formation of
the PCDH24-MLPCDH heterophilic complex.19 Blocking inter-microvillar adhesion in this
way slows maturation of the brush border and reduces microvillar density.1? In cells
expressing AEC1-PCDH24-GFP, the observed flow of microvilli following EPEC
attachment was significantly reduced (Fig. 1D, red arrows; Video 2) compared with
PCDH24-GFP expressing cells (Fig. 1D, green arrows). Although microvilli immediately
surrounding sites of attachment on AEC1-PCDH24-GFP expressing cells displayed localized
dynamics, the rest of the cell surface remained relatively unperturbed (Video 2). PCDH24-
GFP and AEC1-PCDH?24-GFP expressing cells did not exhibit microvillar flow in the
absence of EPEC or when exposed to inert silica beads (Fig. S1; Videos 3-6). Thus, EPEC
takes advantage of host cell intermicrovillar adhesion to affect the flow of microvilli over the
apical surface toward sites of developing microcolonies.

Microvilli exhibit directed elongation during EPEC attachment

Consistent with previous work describing MLPs,”11-14 we observed numerous examples of
elongated protrusions on the surface of EPEC-infected Caco-2ggg cells at both early and
late time points post-confluency (Fig. 2A and B). SEM of fixed samples revealed clear
examples of elongated protrusions that were often >3-fold longer than normal microvilli and
arranged in a radial pattern around the attached bacterium (Fig. 2A and B). These are most
likely elongated versions of pre-existing microvilli, as SIM imaging of phalloidin-stained
Caco-2ggg cells showed that these protrusions are supported by F-actin (Fig. 2C).

To more readily visualize the dynamics and elongation of individual microvilli during EPEC
attachment in live cells, we took advantage of the fact that AEC1-PCDH24-GFP expression
reduces microvillar packing density. Live cell imaging of attachment events revealed that
microvillar elongation is an active and directed phenomenon, with the distal tips of
microvilli extending toward bacteria (Fig. 2D-F). On infected cells, microvilli within ~5 pm
of a newly attached bacterium oriented their distal tips toward the pathogen. Rapid
elongation immediately followed until the tip of the microvillus contacted the bacterium or
surrounding membrane. In some instances microvilli retracted, returning to their original
length almost instantaneously (Videos 2 and 7). Over time, additional protrusions made
contact with a single bacterium, leading to the formation of a web of elongated microvilli
around the microbe (Fig. 2E, 60”; Video 7). Directed elongation did not occur on cells
incubated with 1.6 pm silica or polystyrene beads, demonstrating that this phenomenon is
not a non-specific response to general mechanical perturbation (Videos 5 and 6). Our live
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cell studies also captured striking examples of microvilli elongating toward bacteria that
were attached to neighboring cells (Fig. 2F; Video 7). This is noteworthy as it suggests that
EPEC coordinates microvillar elongation, either by releasing a soluble cue that stimulates
microvilli to grow toward the bacterium or by other mechanical pathways. Thus, in addition
to long-range, directed flow of microvilli, directed elongation of microvilli may be a second
mechanism EPEC uses to sequester pre-existing actin filaments around the site of pedestal
formation.

Microvillar elongation is independent of T3SS-mediated injection of virulence factors

Microvillar elongation could be stimulated by injection of EPEC virulence factors through
the T3SS, or through a mechanism that operates outside the host cell. To differentiate
between these two possibilities, we performed live cell imaging of Caco-2ggg cells
transfected with mCherry-UtrCH and AEC1-PCDH24-GFP, and incubated with a strain of
EPEC lacking the T3SS ATPase, EscN (EPEC-AEscN).20 As expected, these bacteria could
not form pedestals due to their inability to translocate Tir into host cells (Fig. 3A, B).21 We
noted signal from AEC1-PCDH24-GFP, but not mCherry-UtrCH, in the characteristic oval
shape surrounding bacterial cells, indicating accumulation of membrane at attachment sites
without the actin enrichment typically observed during pedestal formation (Fig. 3A, B).
Additionally, EPEC-AEscN induced microvillar elongation immediately following initial
contact with the host cell (Video 8). We next investigated the detailed morphology of these
brush borders using super-resolution microscopy. In un-transfected, differentiated
Caco-2ggg cells fixed after 3 h incubation with EPEC-AEscN, we observed the formation of
a dense network of elongated microvilli surrounding attached microbes (Fig. 3C). Arrays of
elongated microvilli produced by EPEC-AEscN were much more elaborate than those
produced by WT EPEC; microvilli were not only longer, but they also contained
significantly higher levels of F-actin, as indicated by increased phalloidin staining relative to
neighboring microvilli (Fig. 3C and D). Treating cells with cytochalasin B during infection
with EPEC-AEscN diminished this response and resulted in shorter microvilli in contact
with attached bacteria (Fig. S2A and B) relative to DMSO-treated cells (Fig. S2C),
suggesting that elongation was a function of plus (barbed)-end incorporation of new G-actin
subunits. These results are intriguing because they suggest that EPEC is able to manipulate
actin dynamics and, specifically, polymerization at the plus ends of microvillar actin
filaments, without direct access to the host cell cytosol through the T3SS.

Microvillar elongation is mediated by BFP retraction

We next sought to examine the mechanism of microvillar elongation. One candidate for
stimulating elongation is the BFP, a critical component of the A/E process that is entirely
separate from T3SS function. Mutant strains lacking the BFP can “burrow” between
microvilli but inefficiently colonize the host cell surface, although they ultimately can form
pedestals.13 Retraction of the BFP, which is mediated by the BfpF subunit, pulls the
bacterium into close contact with the host cell and is important for efficient translocation of
bacterial effector proteins by way of the T3SS.8 Remarkably, the Neisseria gonorrhoeae type
IV pilus is capable of exerting transient retraction forces of 50-100 pN, while bundles of
type IV pili produce persistent retraction forces of >200 pN.22:23 In A431 epidermoid
carcinoma cells, retraction of the N. gonnorrhoeae type 1V pilus induces protrusion
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formation and elongation.2* To determine if BFP retraction plays a role in the elongation of
microvilli observed on the surface of differentiated Caco-2ggg cells, we utilized EPEC-bfoF
+BfpFa2, a strain in which an arabinose-inducible copy of BfpF compensates for a mutated
variant of BfpF that cannot retract pili.8 We scored attachment events and binned them into
the following categories: (1) microvilli that did not respond to presence of bacteria (Fig. 4A,
no response), (2) microvilli that were oriented toward bacteria without significant elongation
(Fig. 4B, directionality), and (3) robust microvillar elongation toward bacteria (Fig. 4C,
elongation). In cells incubated with WT EPEC, directionality was observed around 22% of
bacteria, with elongation occurring in 25% of attachment events. In cells infected with
EPEC-bfpF+BfpFa2 in the absence of arabinose, however, directionality was reduced by
half, and elongation events were almost completely absent (Fig. 4D). Incubation of bfoF
+BfpFa@ EPEC with arabinose (i.e., retraction-permissive conditions) increased both
directionality and elongation to levels comparable with WT EPEC (Fig. 4D). In cells
exposed to EPEC-bfp~BfpFa2 in the absence of arabinose, we also observed numerous
examples of BFP, ranging from ~100 nm to ~1 pm long, interacting with the tips of
microvilli that displayed little or no reorientation toward the bacterium (Fig. 4E and F). In
conjunction with previously published work,23:24 our results suggest that directed
microvillar elongation observed following initial EPEC attachment is most likely driven by
BFP retraction, a process that has the potential to exert significant forces on surrounding
microvilli. This mechanism would also explain how microvilli on one cell are able to
elongate toward EPEC attached to a neighboring cell (Fig. 2F and 3C inset 1).

Microvillar actin bundles are incorporated into EPEC pedestals

Our data indicate that EPEC stimulate a combination of long-and short-range dynamics to
recruit actin filaments to sites of attachment and pedestal formation. By inducing elongation
of nearby microvilli toward newly attached bacteria and by drawing microvilli at distal
locations toward the site of attachment, EPEC is able to sequester large amounts of pre-
existing actin filaments that could facilitate pedestal assembly. If microvillar F-actin bundles
are used by EPEC to build pedestals, microvillar coalescence into these structures should be
evident during live cell imaging. Additionally, microvillar F-actin associated proteins should
localize to pedestals. To test these predictions, we performed live cell attachment assays with
Caco-2ggg cells expressing mCherry-tagged espin. Espin is an actin bundling protein that
targets preferentially to parallel microvillar actin bundles, where it stabilizes these
structures; overexpression of espin allows microvilli to reach >5 pm in length.2® Live cell
imaging of EPEC attachment and pedestal formation revealed a rapid accumulation of
mCherry-espin signal in characteristic oval shaped pedestals immediately underneath
attaching microbes (Fig. 5A, B; Video 9). In fixed samples stained with phalloidin, signals
from actin (phalloidin) and mCherry-espin colocalized (Fig. 5C), and the relative ratios of
espin to actin in pedestals were similar to those found in microvilli in the same cells (Fig.
5D). Endogenous espin was also localized to pedestals using immunofluorescence (Fig.
S3A). Other microvillar-specific proteins, particularly those involved in stabilizing the core
actin bundle, might also be expected to localize to pedestals as microvilli coalesce. Indeed,
consistent with a previous report,2® we observed striking recruitment of the bundling protein
villin to mature pedestals following 3 h infection by EPEC (Fig. S3B). We also found the bi-
functional capping/bundling protein epidermal growth factor receptor substrate 8 (Eps8),
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which primarily localizes to microvillar tips, in discreet puncta surrounding pedestals (Fig.
S3C).27:28 |n combination, these data suggest that microvillar core bundles and associated
components are found in assembling pedestals.

Although EPEC pedestals formed on the surface of Caco-2ggg cells exhibited the
characteristic “hot dog bun” morphology in both light micrographs and SEM images, we
performed additional ultrastructural analysis to determine if newly forming pedestals
demonstrated features indicative of microvillar incorporation (Fig. 6A). Interestingly, we
found numerous examples of protrusions of varying length, with diameters similar to those
of microvilli, extending from the apical edge of nascent pedestals (Fig. 6A-C). TEM
revealed similar structures with short actin bundles extending from the surface of pedestals
(Fig. 6B” and C"). These observations strongly suggest that microvilli immediately
surrounding attached bacteria are incorporated into the pedestal wall, a conclusion consistent
with our light microscopy results (Fig. 5A and B; Video 9).

Stabilizing microvillar bundles inhibits pedestal formation

Further imaging of mCherry-espin expressing Caco-2ggg cells revealed that not all cells
with EPEC contacting the brush border formed robust pedestals. In several instances,
bacteria settled onto microvilli of espin-expressing cells and went through normal division
over the course of a 1 h assay. Minimal flow and elongation was observed, and the
reorientation of microvillar tips toward bacteria was reduced (Fig. 7A; Video 10). After 1 h
incubation with EPEC, we binned attachment sites into three stages based on intensity of
pedestal labeling and continuity of structure (Fig. 7B; Fig. S4). In control cells, almost all
individual bacteria contacting the host cell surface produced a pedestal, compared with 45%
in espin-expressing cells (stages 1 and 2 combined). Only 22% of the pedestals that did form
reached maturity (stage 2) compared with 70% in control cells, as indicated by a continuous
ring of F-actin encompassing the bacterium at an intensity greater than that of surrounding
microvilli (Fig. 7B; Fig. S4). Additionally, the rate at which pedestals appeared in espin-
expressing cells varied widely, from ~1-5 min (comparable to non-espin-expressing cells) to
>15 min, while the mean time to the first visible sign of a pedestal increased from <3.8 min
to ~6.9 min (Fig. 7C). In the remaining espin-expressing cells (stage 0), microvilli appeared
unperturbed with no subsequent remodeling, and pedestal formation did not occur (Fig. 7A,
B; Fig. S4). We also co-transfected cells with mCherry-espin and EGFP-B-actin to confirm
that this result was not simply a matter of espin being excluded from assembling pedestals.
Although pedestal formation was reduced in cells transfected with mCherry-espin, pedestals
that did form were always visible in both channels (i.e., there were no pedestals that
contained only EGFP-B-actin) and, as discussed above, endogenous espin localized to
pedestals in fixed samples (Fig. 5C; Fig. S3A). Together, these data indicate that
incorporation of F-actin bundles from microvilli into pedestals becomes rate limiting when
the bundle-stabilizing protein, espin is overexpressed.

Discussion

Many of the early studies investigating EPEC pedestal formation focused on elucidating
pathway biochemistry and relied upon HelLa or other non-polarized cell lines including
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MEFs, COS1, and HEp-2 (for example, refs. 29-33). Although these cell lines are attractive
due to their experimental flexibility, they lack a brush border, building instead a sparse
network of filopodia on their dorsal surface.34 For this reason, we used the Caco-2ggg
intestinal epithelial cell culture model to investigate apical cyto-skeletal dynamics and
morphological changes induced by EPEC infection. As part of the differentiation process,
Caco-2ggg cells develop hallmarks of epithelial polarity including a well-formed brush
border, junctional complexes, and robust apical and/or basolateral trafficking.35-38
Employing this cell culture model for our high-resolution live imaging studies of EPEC
infection enabled us to observe previously unreported features of the A/E process, which
likely hold direct relevance for understanding how EPEC infects enterocytes in vivo.

A number of earlier studies suggested that EPEC pedestals arise entirely from de novo
assembly of a branched actin network nucleated by Arp2/3. However, the relationship
between newly forming pedestals and other pre-existing actin-based structures on the apical
surface has remained unclear, despite extensive biochemical and ultrastructural analyses on
the pathogenic mechanism of this bacterium.15:16:3940 For the work described here, we
focused on investigating microvillar dynamics and real-time morphological changes during
EPEC attachment to complement existing studies. We found that microvilli flow across the
epithelial cell surface and elongate toward sites of newly attached microbes. Long-range
flow requires intermicrovillar adhesion, while elongation is driven by BFP retraction.
Additionally, we found that microvillar actin-associated proteins, in particular the bundling
protein espin, localize to pedestals. Espin overexpression also stabilizes microvillar F-actin
bundles and delays pedestal formation.

We propose that microvillar flow and elongation are two mechanisms that allow EPEC to
repurpose the large reservoir of microvillar actin filaments into bacterial lesions on the host
cell apical surface. Microvillar flow could function to move existing F-actin to sites of
attachment, whereas directed microvillar elongation might allow EPEC to tether individual
protrusions and pull them into place for repurposing or remodeling of the underlying
filaments. In turn, microvillar F-actin could be directly incorporated into pedestals, or
perhaps remodeled or recycled, which would require severing by other actin-binding
proteins. Consistent with this latter idea, proteomic analysis of parental Caco-2 cells
revealed that expression of the severing proteins gelsolin and cofilin is upregulated by >3.5-
and 2.5-fold, respectively, during EPEC infection.*! The energy cost associated with either
direct incorporation or remodeling would likely be significantly lower than that required to
polymerize a branched F-actin network de novo using Arp2/3.

Our studies also revealed that the intermicrovillar adhesion protein, PCDH24, is required for
EPEC-stimulated microvillar flow. PCDH24 forms an adhesion complex by interacting in
trans with MLPCDH, in turn providing a physical link between adjacent microvilli.1® EPEC
might exploit the interconnected nature of brush border microvilli to “reel in” microvilli
from distal sites. Although the driving force behind microvillar flow remains unknown, one
candidate is the motor protein, myosin-2. This motor is activated during EPEC infection and
disrupts tight junctions by exerting force on junction-associated actin.*2 Because myosin-2
is also found in the terminal web at the base of the brush border,*3 it could interact with the
minus (pointed) ends of microvillar actin filaments and generate force to drive flow over the
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apical surface. Interestingly, cells infected with EPEC-AEscN did not exhibit robust long-
range flow of microvilli across their surface (data not shown), suggesting that injection of
Tir or other virulence factors may be required. Additional work will be needed to determine
the involvement of myosin-2 and other host cell machinery in the dynamics reported here.

Our imaging studies also revealed that EPEC stimulates dramatic elongation of individual
microvillar protrusions through a mechanism that requires BFP retraction. Several studies
have previously demonstrated that the type 1V pilus is capable of exerting forces high
enough to draw out protrusions from the host cell surface during retraction.2324 Thus, our
observations could be explained by BFP attaching at or near the tips of microvilli, putting
the protrusions under sufficient strain to induce their reorientation toward the bacteria and
leading to the apparent “blast radius” observed in our electron micrographs (Fig. 2A).
Subsequent BFP retraction could then pull microvillar tips in toward the bacterium, inducing
elongation. In this way, BFP retraction could serve to not only pull EPEC into close contact
with the host cell surface,8 but also to organize microvillar F-actin for remodeling into
pedestals. Future work to investigate the molecular links between bacterial effector
molecules, microvillar cytoskeletal proteins, and structural dynamics of the enterocyte brush
border will be important for fully understanding the mechanisms that drive EPEC infection.

Materials and Methods

Cell culture and bacterial strains

Caco-2ggg cells were grown in DMEM (Gibco, 11995-065) supplemented with 18%
defined fetal bovine serum (Atlanta Biologicals, S11550) and 1 mM L-glutamine (Gibco,
25030164) at 37 °C, 5% CO». All cells were maintained in T75 flasks (Santa Cruz,
sc-200263). EPEC were grown overnight in Luria-Bertani broth with kanamycin (WT),
ampicillin (EPEC-bfoBfpF2'@), or chloramphenicol (AEscN) shaking at 225 rpm, 37 °C.
Prior to use in attachment assays, overnight EPEC cultures were diluted and grown for 2 h in
recovery media as described.2® For induction of BFP retraction, attachment assays were
performed in the presence of 0.2% arabinose as previously described.8

Drug treatment assays

Caco-2ggg cells were grown on glass coverslips for 14 d in order to reach late
differentiation. For EPEC assays, prior to the experiment cells were treated for 2 h with
either DMSO (1:1000; Sigma, D8418) or 30 uM cytochalasin B (Sigma) reconstituted in
DMSO. Following pretreatment, cell culture media was replaced by serum-free DMEM
containing recovered EPEC (2 x 10° CFU/ml) and fresh DMSO or cytochalasin B. Samples
were incubated for 3 h, fixed, processed for immunofluorescence, and imaged as described
below. For quantification, z-stacks were first converted to max intensity projections, then the
number of bacterial clusters with and without associated pedestal actin was counted.

Sample processing for SEM and TEM imaging

Caco-2ggg cells were grown on collagen-coated Transwell filters (Corning, 3493) for 14 d.
EPEC at 2 x 105 CFU/mI were added to monolayers and incubated for 1 h. Sample
preparation for SEM was performed as described previously,** and samples were imaged
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using an FEI Quanta 250 ESEM managed by the Vanderbilt University Medical Center Cell
Imaging Shared Resource Core.

Specimens were processed for TEM and imaged in the Vanderbilt Cell Imaging Shared
Resource Electron Microscope facility. Cells were fixed in 2.5% gluteraldehyde in 0.1 M
cacodylate buffer, pH 7.4 at room temperature (RT) for 1 h and then transferred to 4 °C and
incubated overnight. The samples were washed 3x in 0.1 M cacodylate buffer, then
incubated for 1 h in 1% osmium tetraoxide at RT, then washed 3x with 0.1 M cacodylate
buffer. During the second wash, the Transwell was removed from the dish and Swiss-rolled
into a tube, secured with a strand of hair, transferred to a clean 1.5 ml Eppendorf tube and
washed again with cacodylate buffer. The samples were then dehydrated through a graded
ethanol series: 30%, 50%, 70%, 80%, 95%, and then 3 exchanges of 100% ethanol. Next,
the samples were incubated in a mixture of 100% ethanol and propylene oxide (PO)
followed by 2 exchanges of pure PO. Samples were then infiltrated with 25% Epon 812
resin and 75% PO at RT. Next, they were infiltrated with 50% Epon 812 resin and 50% PO
for 1 h at RT, then exchanged with new 50% Epon 812 resin and 50% PO, and incubated
overnight at RT. Subsequently, the samples were put through a 75%:25% (resin:PO)
exchange, then exchanged into pure epoxy resin for 4 h and incubated with pure epoxy resin
overnight. Next, the resin was exchanged with fresh, pure epoxy resin and incubated for 3 h,
then embedded in epoxy resin and polymerized at 60 °C for 48 h. Thick sections of 500—
1000 nm were cut and imaged on a Nikon AZ100M. Regions of interests were selected and
70-80 nm ultra-thin sections were then cut from the block and collected on 300-mesh
copper grids. The copper grids were post-section stained at RT with 2% uranyl acetate and
lead citrate. Samples were subsequently imaged on the Philips/FEI Tecnai T12 electron
microscope.

Sample processing for confocal imaging

Coverslips were fixed with 4% paraformaldehyde/PBS for 15 min, washed, and blocked for
1 hin 5% BSA/PBS. For EPEC attachment assays, goat polyclonal anti-LipidA (Abcam,
ab20001) was diluted 1:500 and incubated on sample cover-slips for 2 h. Coverslips were
then washed (3% PBS) and treated for 30 min with donkey-anti-goat secondary antibody
(1:200; Molecular Probes, A11055) and Alexa-fluor 568-conjugated phalloidin (1:200;
Molecular Probes, A12380) to delineate pedestals and cell morphology. For EPEC assays,
images were acquired using LSCM (Leica TCS SP5) and SIM (Applied Precision OMX),
and processed using ImageJ version 1.47h. Coverslips were imaged using deconvolution
(Nikon) and SIM, and processed using ImageJ version 1.47h. Immunofluorescence for
endogenous actin bundling proteins was performed as above, using rabbit polyclonal anti-
espin (1:200; Sigma, HPA028674), mouse monoclonal anti-villin (Pierce, MA1-80757), or
rabbit polyclonal anti-EPS8 (1:200; Sigma, HPA 003897), and imaged on a Nikon TiE
widefield microscope with 2D deconvolution.

Live cell imaging

Caco-2ggg cells were seeded on glass-bottom dishes (MatTek, D35-20-1.5-N) and
simultaneously transfected (Effectene; Qiagen, 301425) with mCherry-UtrCH18 or
mCherry-espin2® and/or PCDH24-GFP, AEC1-PCDH24-GFP, or GFP-B-actin, then grown
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for 2 d. EPEC were grown and activated as described above. Before imaging, DMEM cell
culture media was replaced with CO,-independent media (Gibco, 18045088). In order
increase the chances of imaging productive binding events, high numbers of bacteria (~1 x
108 CFU) were added to the dishes. Silica beads of approximately the same diameter as
bacteria (1.57 um; Bangs Laboratories, SS04N) were used for control experiments. Cells
were imaged using an Applied Precision DeltaVision deconvolution microscope with
environmental chamber heated to 37 °C, with z-stacks through the apical domain and time
intervals of 20 s or 1 min. A DIC reference image was taken at the middle z-position for
each time point. Image files were deconvolved then exported, and processed using FI1JI
version 1.48b. Microvilli were tracked using the MTrackJ plugin, following the distal tips of
microvilli across frames. For display purposes, all movie files were cropped to show only
attachment events.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AJE Attaching/effacing

Arp Actin-related protein

BFP Bundle forming pilus

EC extracellular cadherin

EPEC Enteropathogenic £. coli

Eps8 epidermal growth factor receptor substrate 8
GFP green fluorescent protein

MLP Microvillar-like process

MLPCDH Mucin-like protocadherin

PCDH24  Protocadherin-24

RT Room temperature

SEM Scanning electron microscopy

SIM Structured illumination microscopy
T3SS Type 11 secretion system

TEM Transmission electron microscopy

UtrCH Utrophin calponin homology domain

WT Wild type
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Figurel.
Brush border microvilli flow toward sites of EPEC attachment. (A) Time-lapse images of

EPEC infected caco-2ggg cell expressing PCDH24-GFP (green) and mcherry-Utrch (red).
Microvilli cluster and flow (arrowheads) toward the site of bacterial attachment; scale bar =
10 um. (B) Time-lapse images of actin (mcherry-Utrch) accumulation and pedestal
formation in cell shown in (A); scale bar = 5 um. (C) Example of clustered microvilli on cell
shown in (A) flowing toward developing pedestal. Right: Kymograph of microvillar cluster
along dashed line between frames shown at Left. (D) Plots of microvillar flow in Caco-2ggg
cells expressing GFP-tagged full-length PCDH24 (green) or the dominant negative AEC1-
PCDH24 (red). Shades indicate different cells; gray circles represent site of bacterial
attachment closest to each microvillus tracked. Scale bar = 5 um.
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Figure 2.
For figure legend see page 508. EPEC stimulates directed microvillar elongation. (A, B)

SEM images of microvillar elongation surrounding developing microcolonies 3 d (A) and 10
d (B) post-confluency, following a 3 h incubation with EPEC. (C) SIM image of microvilli
elongating toward an attaching EPEC prior to pedestal formation. Dashed square outlines
the area magnified in the inset. (D) Plot of elongating microvilli relative to nearest EPEC.
Inset: lower magnification of entire field shows random examples of microvilli elongating
independent of bacterial stimulation. Each color represents an individual cell. Microvillar
tips were tracked until the protrusion reached its max length. (E) Frames from time-lapse
deconvolution of EPEC-infected cell expressing AEC1-PCDH24-GFP (green) and mcherry-
Utrch (red). (F) Individual frames of region indicated by box in (E, middle images), showing
microvillar elongation toward bacteria attached to a neighboring cell. Gray ovals indicate
location of bacteria. Scale bars =2 um (A, B, D), 5 um (C, E).
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Figure 3.
Loss of T3ss function eliminates pedestal formation, but not microvillar elongation. (A)

Time-lapse images of AEscN-EPEC infected Caco-2ggg cells expressing AEC1-PCDH24-
GFP (green) and mcherry-Utrch (red). (B) Individual frames of region outlined in (A).
Microvillar elongation at sites of attachment occurs on the same time scale as cells infected
with WT EPEC. Membrane accumulates around the bacteria, but actin pedestals do not
form. (C) SIM image of dense network of microvilli accumulating and elongating around
AEscN-EPEC. (D) Increased average actin intensity of microvilli that are infected with
AEscN-EPEC compared with microvilli on the same cells that are not interacting with
bacteria. Mean intensity of each microvillus was measured by line scan, and data represent
the average of 6 cells, with 35-105 microvilli measured per cell. *~< 0.05. Scale bars =5
pm.
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Figure 4.
BFP retraction is necessary for directed microvillar elongation. (A-C) SEM images of WT

EPEC inducing no response (A), directionality (B), and elongation (C) in surrounding
microvilli. (D) Quantification of bacteria-induced microvillar responses in the presence of
WT EPEC, retraction deficient bfoF+BfpFa@ EPEC, or bfpF+BfpFa"@ EPEC + arabinose to
induce retraction. (E, F) SEM images of BFP (white arrowheads) attaching to the tips of
microvilli. Scale bars =5 um (A-C), 1 um (E, F).
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The parallel actin-bundling protein espin localizes to nascent pedestals in developing Ale

lesions. (A) Deconvolution images of mcherry-espin-expressing Caco-

2pge cell at 0 min

(Left) and 60 min (Right) after initial EPEC attachment. (B) Frames at 5 min intervals from
boxed region in (A), showing espin accumulation in the developing pedestal. (C)

Deconvolution image of fixed, EPEC infected Caco-2ggg cell expressi

ng mcherry-espin

(red) and stained with phalloidin (green) and a-LipidA (blue). (D) Quantification of the ratio
of mcherry-espin to actin signal in pedestals and microvilli of fixed, EPEC-infected

Caco-2gge cells. Scale bars in (A, C) = 10 um.
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Figure®6.
For figure legend see page 513. Microvilli are incorporated into nascent pedestals, forming a

“hand-of-doom” morphology. (A) SEM images of micro-colonies 3 h after infection. Boxed
regions magnified in panels 1-3, showing microvilli protruding from pedestals. (B) SEM (B)
and TEM (B") of microvillar tips protruding from the top of a pedestal (arrowheads). (C)
SEM (C) and TEM (C") of microvillar tips protruding from the side of a pedestal overlying
a bacterium (arrowheads). Scale bars = 2 pm (A), 1 um (B, C), 500 nm (B”, C").
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Figure7.
Stabilization of microvillar actin bundles slows pedestal formation. (A) Deconvolution (Left)

images of an mcherry-espin-expressing Caco-2ggg cell and attaching EPEC (DIC, Right) 0
min and 60 min after initial bacterial contact. Scale bar = 5 um. (B) Percentage of
microcolonies attached to mcherry-espin or mcherry-Utrch expressing cells that develop no
pedestal (0), an intermediate pedestal (1), or a fully mature pedestal (2) after 60 min. (C)
Time at which actin first begins to accumulate in each pedestal under microcolonies
categorized as 1 or 2 in (B), *P< 0.05

Gut Microbes. Author manuscript; available in PMC 2017 October 16.



	Abstract
	Introduction
	Results
	EPEC induces extensive microvillar dynamics across the apical surface
	PCDH24 is required for the long-range microvillar dynamics induced by EPEC
	Microvilli exhibit directed elongation during EPEC attachment
	Microvillar elongation is independent of T3SS-mediated injection of virulence factors
	Microvillar elongation is mediated by BFP retraction
	Microvillar actin bundles are incorporated into EPEC pedestals
	Stabilizing microvillar bundles inhibits pedestal formation

	Discussion
	Materials and Methods
	Cell culture and bacterial strains
	Drug treatment assays
	Sample processing for SEM and TEM imaging
	Sample processing for confocal imaging
	Live cell imaging

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

