
Aggregative Adherence Fimbriae II of Enteroaggregative
Escherichia coli Are Required for Adherence and Barrier
Disruption during Infection of Human Colonoids

Laura A. Gonyar,a Rachel M. Smith,a Jorge A. Giron,a Nicholas C. Zachos,b Fernando Ruiz-Perez,a James P. Nataroa

aDepartment of Pediatrics, University of Virginia, Charlottesville, Virginia, USA
bDepartment of Medicine, Division of Gastroenterology and Hepatology, Johns Hopkins University, Baltimore, Maryland, USA

ABSTRACT Symptomatic and asymptomatic infection with the diarrheal pathogen
enteroaggregative Escherichia coli (EAEC) is associated with growth faltering in chil-
dren in developing settings. The mechanism of this association is unknown, empha-
sizing a need for better understanding of the interactions between EAEC and the
human gastrointestinal mucosa. In this study, we investigated the role of the aggre-
gative adherence fimbriae II (AAF/II) in EAEC adherence and pathogenesis using hu-
man colonoids and duodenal enteroids. We found that a null mutant in aafA, the
major subunit of AAF/II, adhered significantly less than wild-type (WT) EAEC strain
042, and adherence was restored in a complemented strain. Immunofluorescence
confocal microscopy of differentiated colonoids, which produce an intact mucus
layer comprised of the secreted mucin MUC2, revealed bacteria at the epithelial sur-
face and within the MUC2 layer. The WT strain adhered to the epithelial surface,
whereas the aafA deletion strain remained within the MUC2 layer, suggesting that
the presence or absence of AAF/II determines both the abundance and location of
EAEC adherence. In order to determine the consequences of EAEC adherence on ep-
ithelial barrier integrity, colonoid monolayers were exposed to EAEC constructs ex-
pressing or lacking aafA. Colonoids infected with WT EAEC had significantly de-
creased epithelial resistance, an effect that required AAF/II, suggesting that binding
of EAEC to the epithelium is necessary to impair barrier function. In summary, we
show that production of AAF/II is critical for adherence and barrier disruption in hu-
man colonoids, suggesting a role for this virulence factor in EAEC colonization of the
gastrointestinal mucosa.
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Linear growth faltering in children in developing countries is a significant public
health concern, contributing to lifelong deficits in growth, cognitive abilities, and

socioeconomic potential (1, 2). Infection with the diarrheal pathogen enteroaggrega-
tive Escherichia coli (EAEC), whether symptomatic or asymptomatic, is associated with
reduced weight for age z-scores (3–5). The mechanism of this association is not known.
Better elucidation of the interactions between EAEC and the human gastrointestinal
mucosa is needed to understand the role of EAEC infection in the etiology of growth
faltering.

Mucosal pathogens, including EAEC, produce filamentous polymeric structures
called fimbriae that mediate adherence to target host tissues and promote colonization
(6). In addition to their roles in adherence, interactions between fimbriae and their
receptors on the host cell surface can initiate signaling events, further impacting the
outcome of infection (7–9). The aggregative adherence fimbriae (AAF) are defining
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virulence factors of EAEC, and five different variants have been identified (10–14). The
genes required for the production of AAFs are encoded on the pAA virulence plasmid
along with the AggR regulator that promotes their expression (15). AAFs not only
contribute to bacterial adherence to the epithelium, as demonstrated in human tissue
culture cells and human tissue explant models, but also alter host cell physiology,
leading to increased IL-8 secretion and opening of tight junctions (11, 16–18). Despite
clear roles for AAF in human cell culture and explant model systems, a role for AAF in
infection of animal models is not proven (19, 20), which could be attributed to host-
and tissue-specificity of fimbrial binding. Importantly, animal models do not fully
recapitulate EAEC disease (20, 21), and the lack of suitable animal models emphasizes
the need for human-derived model systems to fully understand the role of AAF in EAEC
infection.

Colonoids and enteroids are derived from human intestinal biopsy specimens of
healthy donors, can express all major intestinal epithelial cell types, and recapitulate
many aspects of normal intestinal physiology, including expression of multiple mucins
(22). EAEC adherence has been demonstrated in multiple human intestinal segments
(23, 24), but the site of colonization during infection has not been definitively deter-
mined. Recovery of EAEC from the duodenum of human volunteers infected with EAEC
has been reported (25), but the presence of EAEC colonization at other sites was not
investigated. Using pediatric intestinal samples from the small and large intestine, EAEC
adhered to specimens derived from all sites, although the highest levels of adherence
and cytotoxic effects were detected in colon samples (23). In this study, we explore the
interaction between EAEC and human gastrointestinal mucosa using human colonoids
and enteroids, derived from colon and duodenum biopsy specimens, respectively. We
report that the presence of AAF/II determines the abundance and location of EAEC
adherence and that these fimbriae are required for barrier disruption in human
colonoids.

RESULTS
Prewashing colonoid monolayers increases EAEC adherence. We have shown

previously that AAFs mediate adherence to human intestine and T84 monolayers (11,
16, 17). A previous study found that AAF/II determines donor- and segment-specific
patterns of adherence in WT EAEC strain 042 but does not affect the abundance of
EAEC adherence (24). We were interested in further exploring the role of AAF/II in
adherence to human colonoids to understand the discrepancies between these model
systems. In order to retain the loose MUC2 layer present after differentiating human
colonoids, we did not remove the media or wash colonoid monolayers before infection
with EAEC strains in our first experiments. We infected the apical surface of human
colonoid monolayers seeded on Transwell supports with EAEC strains for 3 or 6 h. The
monolayers were then washed to remove nonadherent bacteria, and the colonic cells
were lysed; adherent bacteria were quantified by enumerating CFU. After 3 h of
incubation, the number of adherent bacteria was extremely variable and no difference
between bacterial strains was observed (Fig. 1A). Even after a long incubation of 6 h, we
detected very little adherence to unwashed colonoids and no effect of deletion of the
AAF major subunit, aafA, on the amount of adherence (Fig. 1B). This low level of EAEC
adherence to colonoids is consistent with previous published work (24).

The MUC2 layer is absent in other human tissue culture lines that we have previously
used to probe adherence (11, 17), and we hypothesized that perhaps its presence may
contribute to the low levels of adherence detected on the colonoids. To understand if
the thickness of the MUC2 layer restricted bacterial adherence, we washed the colonoid
monolayers before EAEC infection. The washing procedure reduced the height of the
MUC2 layer but did not remove all MUC2; the mucus layer was measured to be 34.44 �

1.334 �m in unwashed colonoids versus 29.72 � 1.837 �m (P � 0.0227) (Fig. S1 in the
supplemental material). The presence of a highly soluble mucus layer and a firmer,
adherent mucus layer is well-documented in the natural human intestine (26). Notably,
adherence of EAEC wild-type (WT) strain 042 to washed colonoids after 3 or 6 h of
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incubation was significantly increased compared to adherence to unwashed colonoids
(Fig. 1A and B). To determine whether medium toxicity also contributed to the low level
of EAEC adherence to unwashed colonoids, we collected culture medium from naive,
differentiated colonoids derived from two different donors. We cultured EAEC in these
preconditioned media samples as well as in fresh medium and quantified bacterial
growth at 37°C. We found that this preconditioned medium was toxic for the bacte-
rium, as demonstrated by reduced bacterial number after incubation, in comparison to
normal growth in fresh cell culture medium (Fig. S2). Thus, we hypothesize that both
the presence of a thicker MUC2 layer and toxicity of the preconditioned media may
have contributed to the very low levels of adherence to colonoids and high stochas-
ticity detected in our preliminary studies (Fig. 1), as well as in previous reports (24).

AAF/II is required for abundant adherence to human colonoids. With the
refinements to our experimental system, we decided to reinvestigate the role of AAF/II
in EAEC adherence to human colonoids. We infected washed monolayers of human
colonoids seeded on Transwell supports with WT EAEC, an aafA mutant, and an aafA
mutant strain where aafA has been restored to the pAA2 plasmid. After both 3 and 6 h
of incubation, we observed that adherence of the aafA mutant was significantly
reduced compared to WT EAEC, and adherence was restored in a strain where the aafA
mutation was repaired (Fig. 1A and B). Thus, prewashing the monolayers revealed a role
for AAF/II in EAEC adherence to human colonoids. Because we detected abundant
aafA-mediated adherence by 3 h, we chose to perform all further experiments inves-
tigating adherence at the 3-h time point, as the role of AAF/II has been established in
other tissue culture systems at this time point (27).

In addition to quantifying adherence to colonoid monolayers seeded on Transwell
supports, we also assessed adherence to colonoid monolayers seeded into collagen-
coated wells of 96-well plates, as previously described (24). We used this format for
high-throughput testing of colonoid lines derived from three donors (designated 70C,
75C, and 80C). We observed abundant adherence in AAF/II-producing strains (WT EAEC
and the aafA-repaired strain), and the number of adherent bacteria was significantly
reduced in an aafA mutant and the strain lacking the pAA2 virulence plasmid (Fig. 2).
This trend was observed using colonoid lines derived from three different donors (Fig.
2), suggesting that the role for aafA is not donor-specific.

Bacterial aggregation can affect enumeration by CFU, and AAF/II-deficient strains
are less aggregative than AAF/II-positive strains. To confirm that differences in bacterial

FIG 1 Prewashing cells before EAEC infection increases adherence. Adherence to unwashed colonoids or
washed colonoids after 3 h (A) or 6 h (B) of incubation. One-way ANOVA was performed on log-transformed
data followed by Bonferroni’s test for multiple comparisons: ***, P � 0.001; ****, P � 0.0001 compared to
WT infection after washing. ****, P � 0.0001 for comparisons of each bacterial strain in unwashed versus
washed colonoids at each time point, except for the aafA strain at 3 h (not significant). No statistically
significant differences were observed between strains using unwashed colonoid monolayers.
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aggregation did not affect our results, we also employed quantitative PCR (qPCR) to
quantify adherent bacteria using the chromosomal gene aaiC after 3 h of infection
(Fig. 3). Using this method, we again observed that AAF/II was required for abundant
adherence to human colonoids.

AAF/II also promotes adherence to duodenal enteroids. Previous work has
suggested that EAEC adherence is greater to enteroids derived from the duodenal
segment than to the colon segment (24). To understand the contribution of AAF/II to
adherence to the human duodenum, we utilized a line of enteroids derived from the
human duodenum. We found that adherence of the aafA mutant was lower than that
of the parental strain (Fig. 4A). These results were confirmed by qPCR (Fig. 4B).
Restoration of adherence of the aafA-repaired strain to wild-type levels could only be

FIG 2 Role of AAF/II in adherence to human colonoids is not donor specific. Adherence to colonoid
monolayers seeded in collagen-coated wells in a 96-well plate after 3 h of incubation. Lines (70C, 75C,
and 80C) derived from three different donors are shown in blue, green, and purple, respectively. One-way
ANOVA was performed on log-transformed data followed by Bonferroni’s test for multiple comparisons:
*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001, as compared to WT infection of each colonoid
line.

FIG 3 qPCR quantification of EAEC adherence to human colonoids. qPCR for aaiC for quantification of
adherent bacteria after 3 h of incubation with colonoids from the 75C line. Six replicates were tested in
two independent experiments. One-way ANOVA was performed on log-transformed data followed by
Bonferroni’s test for multiple comparisons: ****, P � 0.0001, compared to WT.
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determined by quantitation by qPCR and not by enumeration by CFU. These data
suggest that the ability to aggregate is increased in the repaired strain in comparison
to the wild-type strain, and this effect may be more pronounced during adherence to
duodenal cells in comparison to colonic cells.

Strains expressing aafA remain adherent when the MUC2 layer is lost during
fixation. In addition to effects on the amount of adherence, we hypothesized that the
location of adherence would also be different in EAEC strains expressing or lacking
aafA. After bacterial binding had occurred, we utilized two different fixation methods
that either preserve (methanol:acetic acid [9:1]) or dissolve (paraformaldehyde) the
MUC2 layer to identify bacterial cells adhering to the epithelial surface versus within the
MUC2 layer. MUC2 staining was not detected in samples fixed with paraformaldehyde
(Fig. S3), which is consistent with previous reports (28, 29). Regardless of the fixative
used, AAF/II-producing strains showed abundant adherence (Fig. 5). However, adher-
ence of the aafA mutant was deficient when the MUC2 layer was retained with

FIG 4 AAF/II mediates adherence to duodenal enteroids. Adherence to duodenal enteroid line DP30 after a 3 h of
incubation. (A) Adherence to enteroid monolayers seeded into a collagen-coated wells in a 96-well plate after 3 h
of incubation. (B) qPCR for aaiC for quantification of adherent bacteria after 3 h of incubation with colonoids from
the 75C line. Six replicates were tested in two independent experiments. One-way ANOVA was performed on
log-transformed data followed by Bonferroni’s test for multiple comparisons: *, P � 0.05; **, P � 0.01; ***, P � 0.001;
****, P � 0.0001, compared to WT.

FIG 5 EAEC strains expressing AAF/II adhere independently of MUC2. EAEC strains were added to
prewashed 75C colonoids seeded on Transwells and incubated for 3 h. Samples were fixed with either
4% paraformaldehyde (stained for actin) (A) or methanol:acetic acid (stained for MUC2) (B) as indicated.
EAEC is shown in green. Representative images are shown. Data are quantified in Fig. 6.
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methanol:acetic acid fixation (primarily as single cells), and adherence was absent or
even more reduced when the MUC2 layer was lost after fixation with paraformalde-
hyde. Quantification of the number of bacteria per field after paraformaldehyde fixation
compared to methanol:acetic acid fixation was significantly different for the aafA
mutant strain (Fig. 6). These data suggest that AAF/II-mediated adherence is indepen-
dent of MUC2 and likely involves a receptor on the apical surface of the monolayer.

Investigation of other adhesins emphasizes the role of aafA as a key factor in
EAEC adherence. Although AAFs are a defining feature of EAEC strains, other adhesins

have been described, and the interplay between these factors is not yet understood.
We investigated whether other EAEC adhesins contribute to adherence to human
colonoids. Dispersin, encoded by aap, is a hypothetical coat protein (30), and its role in
EAEC pathogenesis is unclear. Deletion of aap causes a hyperaggregative and hyper-
adherent phenotype (30), prompting us to investigate whether deletion of aap would
affect adherence to human colonoids. We did not observe a significant difference in
adherence to either colonoid line between the aap mutant strain and WT EAEC (Fig. 7).

In addition to a role in bacterial motility, the flagellum also has a documented role
in adherence in E. coli pathovars (summarized in reference 31). Motility is variable in
EAEC isolates and within strains used in this study, introducing an additional variable
to our experiments. We investigated whether expression of flagella or motility altered
adhesion within our model system. We utilized motile and nonmotile variants of WT
EAEC strain 042 as well as a strain lacking fliC (32), the major subunit that is polymerized
to form the flagellar structure. We observed equivalent adherence among all three of
these strains (Fig. 7), suggesting that the production of flagella and motility are not
required for, nor do they contribute to, adherence to human colonoids.

The E. coli common pilus (ECP) is expressed by the majority of EAEC strains in the
presence of epithelial cells, but its role in adherence in wild-type EAEC strains is unclear
(33). We tested whether the deletion of ecpA, the major subunit of ECP, affected EAEC
adherence to colonoids. The ecpA mutant strain adhered at levels comparable to WT
EAEC (Fig. 7), indicating that ECP is not required for adherence to human colonoids.

FIG 6 Quantification of EAEC adherence with different fixative methods that affect retention of MUC2.
The relative number of bacteria in every image was measured with ImageJ using the particle enumer-
ation algorithm. The numbers of particles (representing a bacterial cell) per image were summed to
generate the total number of bacteria per field. The effect of the two different fixative treatments on each
strain was evaluated using an unpaired t test on log-transformed data: *, P � 0.05; **, P � 0.01.
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In summary, neither flagella, dispersin, nor ECP contributed to adherence to the two
human colonoid lines (70C and 75C) tested, highlighting the importance of AAF/II in
the interaction of EAEC with the human gut mucosa.

Effect of WT 042 and aafA on TEER. We have previously shown that infection of
T84 cells by WT EAEC induced barrier disruption, characterized by a sustained decrease
in transepithelial electrical resistance (TEER), and that this effect required AAF/II (18).
Because colonoids provide a more complete representation of the human colon than
T84 cells, we investigated whether WT EAEC and AAF/II would alter barrier function in
the colonoid model system. We employed the published protocol describing barrier
disruption of T84 monolayers (18). Colonoid monolayers seeded on Transwell supports
were infected with EAEC strains for 6 h. After infection, the monolayers were washed
and fresh medium containing antibiotics was added for an additional 18 h to allow the
cells to recover. Notably, TEER was significantly reduced after infection with WT EAEC
compared to monolayers that were uninfected or infected with the commensal E. coli
strain HS (Fig. 8). Additionally, AAF/II-lacking strains (an aafA mutant and a strain
lacking the pAA2 virulence plasmid) were associated with less TEER disruption than WT
EAEC (Fig. 8). The aafA-repaired strain did not show significant differences compared to
WT EAEC (Fig. 8). These data are the first evidence supporting a role for AAF/II-mediated
binding in alteration of barrier function in the human colonoid model system.

DISCUSSION

Previous work using animal models of infection has failed to identify a role for AAF/II
in colonization or disease (19, 20). This contrasts with in vitro experiments utilizing
human cell lines, where AAF/II is critical for adherence (11, 17). These data suggest that
the receptor for AAF/II is host specific, emphasizing the need for human-derived
models to study the mechanisms of EAEC adherence in the human gut. In this study,
we utilized human intestinal organoids derived from the duodenum or colon, also
referred to as enteroids and colonoids, respectively. Human enteroids and colonoids
have been shown to recapitulate pathogenesis of other enteric pathogens (34–37),
which highlights the usefulness of this model system in studying the interactions
between pathogens and the human intestinal epithelium. Also, enteroid and colonoid
cell lines express secreted and transmembrane mucins (22, 34, 38), which are thought
to play a significant role in EAEC colonization and disease.

FIG 7 Role of EAEC adhesins in adherence to human colonoids. Adherence to colonoid monolayers
seeded in collagen-coated wells in a 96-well plate after 3 h of incubation. Lines 70C (blue) and 75C
(green) were derived from two different donors. One-way ANOVA was performed on log-transformed
data followed by Bonferroni’s test for multiple comparisons: *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001, compared to nonmotile WT infection of each colonoid line.
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A previous study has investigated EAEC adherence to human enteroids and
colonoids (24). These authors reported differences in the level of EAEC adherence based
on the segment or donor that the line was derived from. They found that the presence
of AAF/II promoted aggregative adherence as opposed to diffuse adherence in the
absence of AAF/II, but AAF/II did not affect the overall level of adherence (24). In our
initial experiments, we also did not find a role for AAF/II in the level of EAEC adherence
to human colonoids (Fig. 1) after either 3 or 6 h exposure. These results were
inconsistent with previous studies that suggested a critical role for AAF/II in adherence
to human tissue culture cells and human tissue explants (11, 16, 17). Major differences
between human colonoids and human intestinal cell lines are the heterogeneity of cell
types after differentiation, presence of transmembrane mucins and a soluble mucin
layer, and lack of genetic and phenotypic changes required for immortalization (22, 34,
38). In our experiments, we also noted a lack of bacterial proliferation during the
incubation with human colonoids. Incubation of EAEC in the colonoid differentiation
medium (in the absence of cells) promoted growth (Fig. S2), suggesting that the
medium itself was not inhibiting bacterial proliferation. However, incubation of EAEC in
colonoid differentiation medium that had previously been incubated with colonoid
cells resulted in reduced recovery of viable EAEC. This reduced recovery of viable CFU
suggested that the depleted medium used in our initial adherence experiments con-
tributed to the low recovery of viable adherent bacteria, either due to toxicity or
nutrient depletion of the medium. When cells were prewashed and fresh medium
replaced, EAEC adherence increased, stochasticity decreased, and a role for AAF/II
emerged. We also noted that incorporation of prewashing did not remove the MUC2
layer but did reduce its thickness (Fig. S1). The human gastrointestinal mucosal surface
is subject to the constant flow of intestinal contents, and it is possible that incorpora-
tion of this wash step better models normal turnover of the mucus layer.

Because of the inconsistencies between our study and a previously published report
(24), we employed multiple methods of assessing the level of adherence to increase
confidence that our observations were accurate. We enumerated the adherent bacteria
by counting CFU after infection of monolayers seeded on Transwell supports (Fig. 1) as

FIG 8 Infection with AAF/II-positive EAEC strains decreases TEER. EAEC strains were added to prewashed
colonoid monolayers (line 70C) seeded on Transwell supports and incubated for 6 h. Monolayers were
then washed with PBS and medium containing antibiotics was added to both apical and basolateral
chambers. Cells recovered for 18 h and were then assessed for TEER. A Kruskal-Wallis test was performed
followed by a Dunn’s test for multiple comparisons: *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P �
0.0001, compared to WT strain 042.
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well as monolayers seeded in 96-well plates (Fig. 2). Use of 96-well plates allowed for
higher throughput analyses that included multiple lines derived from different donors,
as well as the addition of a plasmid-less strain (pAA2�) that lacks AAF/II. Because
aggregation can affect enumeration by CFU, we also quantified adherent bacteria by
qPCR (Fig. 3). Lastly, we also visually assessed the level of adherence by immunofluo-
rescence and confocal microscopy (Fig. 5) and quantified the number of adherent
bacteria in these images with a particle-counting algorithm (Fig. 6). By utilizing multiple
methods, we provide strong support for a critical role for AAF/II in adherence to human
colonoids.

The requirement for AAF/II for abundant adherence was not donor- or segment-
specific. AAF/II promoted adherence in three different colonoid lines derived from
different donors (Fig. 2). Previous reports have suggested that EAEC may colonize the
duodenum (25) in addition to the colon. We also observed AAF/II-dependent adher-
ence using an enteroid line derived from the duodenum (Fig. 4). Although these
experiments do not indicate whether one site is preferred over the other for human
colonization, they do suggest that AAF/II plays a critical role at either site.

In addition to effects on the amount of adherence, we were also interested in
determining whether AAF/II affects the location of adherence. During infection, inter-
action with the secreted mucins and movement through the mucin layer is critical for
pathogens to colonize the gastrointestinal epithelium. Colonoids produce a mucus
layer that coats the surface of the monolayer, primarily composed of the secreted
mucin MUC2. This important component of the mucosal surface is absent in many
tissue culture systems that have previously been used to evaluate the role of AAF/II in
adherence. To determine the location of AAF/II-positive and a derivative AAF/II-
negative strain within the MUC2 layer, we utilized two different fixation protocols that
either lose or retain MUC2. Aqueous fixations, like paraformaldehyde, dehydrate the
mucus and result in loss of the mucus layer (28, 29). Water-free fixatives, like methanol:
acetic acid (9:1) better retain the mucus layer (28, 29). We hypothesized that bacterial
cells that are adhering only to the MUC2 layer would be visualized after methanol:acetic
acid fixation but absent after paraformaldehyde fixation, allowing us to determine
whether aafA-positive and aafA-negative strains associate differently with the epithelial
surface and MUC2 layer. We observed abundant adherence with AAF/II-positive strains
(wild-type 042 and the aafA-repaired strains) regardless of which fixative was used (Fig.
5 and 6), suggesting that the increased AAF/II-dependent adherence observed was
independent of the MUC2 layer, but instead likely associated with one or more
receptors present at the apical surface of the monolayer. Fewer aafA-negative bacteria
were visualized, consistent with data shown in Fig. 1 and 3, and significantly more
bacteria were present after methanol:acetic acid fixation versus paraformaldehyde
fixation (Fig. 5 and 6), suggesting that aafA-negative stains may adhere within the
mucus layer through an alternate adhesin.

EAEC encodes multiple putative adhesins, and their role in EAEC infection is not
understood. We tested the contribution of multiple EAEC factors to adherence to
human colonoids. Strains containing single mutations in other potential adhesins,
including fliC, aap, and ecpA, displayed wild-type levels of adherence (Fig. 7). These data
are consistent with previous reports using other tissue culture model systems, showing
that ECP does not promote adherence in AAF/II-positive strains (33, 39). Deletion of the
dispersin-encoding gene has previously been reported to increase adherence to HEp-2
cells and colonic biopsy specimens but to decrease movement through mucus (30).
Since the colonoid model system includes a mucus layer, reduced movement through
mucus may counteract the hyperaggregation and hyperadherence phenotypes re-
ported using model systems that lack this mucin layer. It is well established that motility
may influence bacterial colonization of host tissues. We found that motile and non-
motile 042 strains adhered equivalently, suggesting that expression of flagella and
motility do not affect adherence in the colonoid model system tested here. The flagella
and motility could play a more significant role in adherence to host surfaces with
thicker mucus layers. It is possible that these factors mediate adherence in the absence
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of AAF/II or affect other aspects of EAEC infection, but our data suggest that AafA is the
dominant adhesin when present. In WT EAEC, all the adhesins are present together
(although their expression may be induced at different times during the pathogenetic
sequence), and therefore the dominant role of AAF/II is germane. Further study in
different model systems, or even slight modifications to this model system, might
reveal roles for the other adhesins in EAEC adherence.

We have previously shown that EAEC infection of polarized T84 monolayers results
in AAF/II-dependent disruption of tight junctions, characterized by a decrease in TEER
and aberrant expression of tight junction proteins (18). We investigated whether EAEC
infection affected barrier function by measuring TEER before and after EAEC treatment.
We observed that infection of colonoids with EAEC but not with the nonpathogenic E.
coli HS strain resulted in a decrease in TEER, which was AAF/II-dependent (Fig. 8). These
data replicate the previous observations in the more complex human colonoid model
system, providing evidence that AAF binding to the mucosal surface is required for
effects on barrier function either through promoting adherence and/or directly mod-
ulating host processes. In addition to their roles in adherence, interactions between
fimbriae and their ligands on the host cell surface can initiate signaling events, further
impacting the outcome of infection. We speculate that AAF/II binding to target
receptor(s) on human colonoids both promotes bacterial adherence and alters barrier
function, either directly by affecting host cell signaling or indirectly by promoting
delivery of other bacterial factors through close contact. Current work in our laboratory
is focused on distinguishing between these two possibilities, as well as identifying
receptors for AAF/II. A candidate receptor for AAF/II is MUC1 (9) and this interaction is
currently being explored. Together, our results suggest a multifactorial role for AAF/II
in EAEC infection, affecting the amount and location of EAEC adherence as well as
disruption of barrier function in human colonoids. This work highlights the relevance of
the colonoid model system in studying interactions of intestinal pathogens with the
human gastrointestinal mucosa.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this study are described in Table

1. Before addition to colonoid cultures, bacterial strains were incubated for 16 to 18 h at 37°C in
Dulbecco’s modified Eagle’s medium with 0.4% glucose (Gibco) under static conditions. Cultures were
then diluted to prepare an inoculum of approximately 2 � 106 CFU/10 �l.

Construction of the aafA-repaired strain. The aafA gene in the EAECaafA::km-sacB strain was
reconstructed using the � red recombination approach (40). Briefly, a linear DNA fragment encoding the
aafA gene flanked by 60-bp upstream and downstream regions of the aafA locus was prepared by PCR
using the pAA2 virulence plasmid as a DNA template. The DNA fragment was electroporated into the
EAECaafA::km-sacB strain containing the pKD46 plasmid, which encodes the genes required for � red
recombination (40). The strain was grown in LB medium containing 5% sucrose. Sucrose-resistant
electroporants were screened for sensitivity to kanamycin and by the insertion of aafA by PCR. In-frame
insertion of aafA was verified by DNA sequencing.

Intestinal organoid (enteroid and colonoid) medium composition. All cell culture media were
prepared as reported previously (38). Advanced Dulbecco’s modified Eagle’s medium (DMEM)-F-12
medium supplemented with 1� GlutaMAX (Gibco), 10 mM HEPES (Sigma-Aldrich), and 100 units/ml
penicillin-streptomycin (Sigma-Aldrich) was used as the basal medium. Complete medium with growth
factor (CMGF�) is basal medium supplemented with 50% (vol/vol) Wnt3a-conditioned medium, 20%

TABLE 1 Strains used in this study

Strain name Description Reference

042 Prototype EAEC strain isolated from a child with diarrhea in Lima, Peru 25
aafA Deletion mutant of aafA created using lambda red linear recombination method (40),

also referred to as EAECaafA::km-sacB
44

aafA-repaired Strain with aafA restored by pAA2 plasmid This study
pAA(�) 042 that has been cured of the pAA2 plasmid 45
HS Human commensal E. coli strain 46
Motile 042 Motile variant of 042 isolated after growth on 0.3% agar This study
fliC Aflagellar mutant that harbors the suicide plasmid pJP5603 inserted into the fliC gene 32
aap Mutant that harbors the suicide plasmid pJP5603 inserted into the aap gene 30
ecp Deletion mutant of ecpA created using lambda red linear recombination method (40) 33
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(vol/vol) R-spondin-1-conditioned medium, 10% (vol/vol) Noggin-conditioned medium, 1� B27 supple-
ment (Gibco), 1 mM N-acetylcysteine (Sigma), 1� Primocin (InvivoGen), 50 ng/ml human epidermal
growth factor (R&D Systems), 10 nM [Leu-15]-gastrin (AnaSpec), 500 nM A83-01 (Tocris), and 10 �M
SB202190 (Tocris). Differentiation medium is comprised of basal medium (no penicillin-streptomycin
added), 10% (vol/vol) Noggin-conditioned medium, 1 mM N-acetylcysteine (Sigma), 50 ng/ml human
epidermal growth factor (R&D Systems), 10 nM [Leu-15]-gastrin (AnaSpec), 500 nM A83-01 (Tocris), and
10% fetal bovine serum (Sigma-Aldrich).

Human intestinal organoid cultures. Human enteroid and colonoid cultures were established from
deidentified biopsy specimens from healthy subjects obtained after endoscopic or surgical procedures
using previously described methods (41). Subjects provided informed consent at Johns Hopkins Univer-
sity and all methods were carried out in accordance with approved guidelines and regulations. All
experimental protocols were approved by the Johns Hopkins University Institutional Review Board (IRB)
(protocol NA_00038329).

Organoids were cultured as 3D cysts embedded in Matrigel (Corning) and passaged approximately
every 7 to 10 days. 3D organoids were harvested by gentle scraping in TrypLE express (Gibco), incubated
at 37°C for 4 min, triturated 25 to 30 times, washed using an equal volume of basal medium, and
collected by centrifugation at 500 � g for 5 min. For passaging, the pellet was resuspended in Matrigel
and seeded such that each well contained at least 50 organoids. The plate was incubated at 37°C for
10 min to allow the Matrigel to polymerize. A total of 0.5 ml of CMGF� containing 10 �M each Y-27632
(Tocris) and CHIR99021 (Tocris) was added to each well. The medium was replaced with CMGF� without
Y-27632 and CHIR99021 after 48 to 72 h. Fresh CMGF� was added to the wells every other day.

To form monolayers, the triturated organoids were resuspended in CMGF� containing Y-27632 and
CHIR99021, as described previously (34, 35). Transparent polyester membrane 24-well cell culture inserts
with 0.4-�m pore size (Transwell supports; Corning) or polystyrene 96-well plates (Corning) were
precoated with 100 �l of a 34-�g/ml human collagen IV solution (Sigma) and incubated at 4°C overnight.
An aliquot of 100 �l of resuspended organoid fragments was added to each well, and 600 �l of CMGF�

with Y-27632 and CHIR99021 was added to the receiver well for Transwell supports. Cultures were
incubated at 37°C with 5% CO2. Typically, monolayer confluence was achieved in 7 to 14 days. Monolayer
confluence was assessed visually and by increased transepithelial electrical resistance (TEER) measured
using an epithelial volt/ohm meter (EVOM2; World Precision Instruments). Confluent monolayers were
differentiated by incubation with Wnt3A-free and R-spondin-1-free medium (differentiation medium) for
3 to 5 days.

Adherence assays. Prior to infection, monolayers prepared on Transwell supports were washed
three times (unless otherwise indicated) with sterile phosphate-buffered saline (PBS), fresh differentiation
medium was replaced, and cells rested for 1 h before infection. For monolayers seeded in 96-well plates,
the medium was changed but the monolayers were not washed. Bacterial strains were added as
indicated and incubated 3 or 6 h. The monolayers were then washed three times with PBS, lysed with
1% Triton X-100/PBS, and adherent bacteria were enumerated by dilution and plating on Luria agar.

Quantitative PCR. Monolayers were infected as described for the adherence assay in 96-well plates.
After 3 h of incubation, monolayers were washed 3 times with PBS, and resuspended in ATL buffer from
the QIAamp DNA minikit (Qiagen). Two wells were pooled per sample. Genomic DNA was extracted
following the manufacturer’s instructions.

The aaiC primers were previously validated and published (aaiC Fd 5=-CATTGTCCTCAGGCATTTCA-3=
and aaiC Rv 5=-TGCATACGACACCCCTGATA-3=) (42). Reaction mixtures were prepared containing 1�
SYBR green master mix (Applied Biosystems) and 50 nM of each primer. Quantitative PCR (qPCR) was
performed using an ABI 7500-FAST sequence detection system (Applied Biosystems). A standard curve
with known concentrations of purified EAEC strain 042 genomic DNA was used to determine the
concentration of EAEC DNA per sample.

Confocal microscopy. Human colonoid monolayers were washed three times with PBS, fixed with
90% (vol/vol) methanol/10% (vol/vol) glacial acetic acid or 4% (vol/vol) paraformaldehyde (Electron
Microscopy Sciences), permeabilized with 0.1% saponin, and blocked with 2% bovine serum albumin/
fetal bovine serum for 30 min (all Sigma-Aldrich, USA). Cells were rinsed with PBS and incubated
overnight at 4°C with primary antibodies diluted 1:100 in PBS. Primary antibodies included rabbit
anti-Muc2 conjugated to Alexa-fluor 647 (Santa Cruz Biotechnology, USA), and rabbit sera anti-044
(Denka Seiken Co., Ltd., Tokyo, Japan) to detect EAEC. Stained cells were then washed 3 times for 5 min
each with PBS followed by incubation with an Alexa-fluor 488-congugated goat anti-rabbit antibody
(Molecular Probes/Invitrogen, USA) diluted 1:100 in PBS or an Alexa-fluor 594-conjugated phalloidin for
actin staining diluted 1:40 in PBS (Thermo Fisher Scientific). Hoechst (Vector Laboratories, USA) was used
at a 1:1,000 dilution in PBS for DNA labeling. After incubation, cells were washed 3 times for 5 min each
and mounted in ProLong Diamond (Life Technologies). Samples were imaged at the Imaging Core
Facility at the University of Virginia using an LSM-710 Multiphoton laser-scanning confocal microscope
(Zeiss, Germany) running ZEN 2012 imaging software (Zeiss, Germany) using a 64� oil objective.

Z-stack images of 2-�m intervals were converted to single channel images showing only bacterial
cells (green channel only). The relative number of bacteria in every image was measured with ImageJ
using the particle enumeration algorithm as follows. Images were opened as 16-bit type images with
ImageJ (43). Threshold values were adjusted to eliminate the background. For particle enumeration,
images were processed as Binary�Watershed images. This algorithm separates particles that are close
together (e.g., aggregated bacteria). Lastly, images were analyzed as particles set as: size (pixel^2) � 20-
infinite, which is close to the size of E. coli in 64� confocal images. Particle (bacteria) counts in each
image were summed to enumerate the total number of bacterial cells per field.
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TEER measurements. Before infection, monolayers on Transwell supports were washed three times
(unless otherwise indicated) with sterile PBS, fresh differentiation medium was replaced, and cells
recovered for 1 h. Monolayers were incubated with bacterial strains for 6 h, and then washed three times
with PBS. Fresh medium containing 1� primocin was replaced and the cells incubated for 18 h before
measurement of TEER with an epithelial volt/ohm meter (EVOM2; World Precision Instruments). This
protocol was adapted from that used in previous studies with T84 monolayers (18).

Statistics. Statistical analyses were performed using GraphPad Prism version 7 for Mac OS X,
(GraphPad Software, La Jolla, California). For data generated from adherence assays, data were log
transformed and then analyzed by one-way ANOVA followed by Bonferroni’s test for multiple compar-
isons. For quantification of bacterial number per field by particle counting, the effect of the two different
fixative treatments was evaluated using an unpaired t test on log-transformed data. The effect of EAEC
treatment on TEER was assessed by a Kruskal-Wallis test followed by a Dunn’s test for multiple
comparisons.
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