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ABSTRACT Secretory IgA (SIgA) is the most abundant antibody type in intestinal secre-
tions where it contributes to safeguarding the epithelium from invasive pathogens like
the Gram-negative bacterium, Salmonella enterica serovar Typhimurium (STm). For exam-
ple, we recently reported that passive oral administration of the recombinant monoclonal
SIgA antibody, Sal4, to mice promotes STm agglutination in the intestinal lumen and
restricts bacterial invasion of Peyer’s patch tissues. In this report, we sought to recapitu-
late Sal4-mediated protection against STm in human Enteroids and human intestinal
organoids (HIOs) as models to decipher the molecular mechanisms by which antibodies
function in mucosal immunity in the human gastrointestinal tract. We confirm that
Enteroids and HIO-derived monolayers are permissive to STm infection, dependent on
HilD, the master transcriptional regulator of the SPI-I type three secretion system (T3SS).
Stimulation of M-like cells in both Enteroids and HIOs by the addition of RANKL further
enhanced STm invasion. The apical addition of Sal4 mouse IgA, as well as recombinant
human Sal4 dimeric IgA (dIgA) and SIgA resulted a dose-dependent reduction in bacterial
invasion. Moreover, basolateral application of Sal4 dIgA to Enteroid and HIO monolayers
gave rise to SIgA in the apical compartment via a pathway dependent on expression of
the polymeric immunoglobulin receptor (pIgR). The resulting Sal4 SIgA was sufficient to
reduce STm invasion of Enteroid and HIO epithelial cell monolayers by ;20-fold.
Recombinant Sal4 IgG was also transported in the Enteroid and HIOs, but to a lesser
degree and via a pathway dependent on the neonatal Fc receptor (FCGRT). The models
described lay the foundation for future studies into detailed mechanisms of IgA and IgG
protection against STm and other pathogens.
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The Centers for Disease Control and Prevention (CDC) estimates that Salmonella
cause in excess of 1.35 million infections and more than 25,000 hospitalizations in

the United States every year. Globally, the bacterium is a leading cause of diarrheal dis-
ease in children and adults, as well as the etiologic agent of typhoid fever. With the
emergence of multidrug resistant strains of typhoidal and nontyphoidal Salmonella in
virtually every corner of the world, there is mounting pressure to develop alternatives
to antibiotics in the prevention and control of disease. The capacity of Salmonella to
breach the intestinal epithelial barrier is a pivotal event in the infection process, lead-
ing to local inflammation, gastroenteritis, and in some instances, bacteremia and sys-
temic infection (1). Arguably, the most well-studied Salmonella serovar is Salmonella
enterica serovar Typhimurium (STm). The bacterium employs flagella-based motility
and a multitude of adhesins (e.g., fimbriae, pili) to secure contact with the apical surfa-
ces of intestinal epithelial cells (IECs). From there, STm gains entry into IECs using a
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specialized Salmonella pathogenicity island-1 (SPI-1) encoded type-three secretion sys-
tem (T3SS-1) that is transcriptionally controlled by HilD, along with an array of effector
proteins involved in actin depolymerization and membrane remodeling (2). The bacte-
rium can survive intracellularly within Salmonella-containing vacuoles (SCVs) or exit
epithelial cells and take up residence in dendritic cells and/or macrophages located in
the intestinal mucosa. When administered intragastrically to mice, STm preferentially
invade M cells, a specialized epithelial cell type located overlying gut-associated
lymphoid tissues such as Peyer’s patches (3–6).

A fundamental feature of the human immune response to enteric pathogens like
STm is the production of vast quantities of secretory IgA (SIgA) antibodies. SIgA is the
most abundant class of antibody in intestinal secretions, where concentrations can
exceed 1000 mg/mL (7). SIgA is delivered into the intestinal lumen via active transport
across the epithelial barrier (Fig. 1). Specifically, B cells located in the gut mucosa
secrete dimeric IgA (dIgA), which is recognized by the polymeric immunoglobulin re-
ceptor (pIgR) and transported from the basolateral to apical epithelial cell surface via
transcytosis. The dIgA is then released into the intestinal lumen in complex with secre-
tory component (SC), an ;70 kDa proteolytic fragment of pIgR (8). Thus, in its final
form, SIgA is an assemblage of two IgA monomers and SC (9, 10). Once released into
the intestinal lumen, SIgA protects the intestinal epithelium from pathogens through a

FIG 1 Schematic representation of IgA transcytosis and secretory IgA (SIgA) formation. SIgA is
delivered into intestinal secretions through a process involving intestinal epithelial cells themselves.
Specifically, B cells located in the gut mucosa secrete dimeric IgA (dIgA), which is recognized by the
polymeric immunoglobulin receptor (pIgR) on the basolateral surfaces of intestinal epithelial cells.
The pIgR transports dIgA from basolateral to apical cell surfaces, where dIgA is then released into the
intestinal lumen in complex with secretory component (SC), an ;70 kDa proteolytic fragment of
pIgR. Thus, in its final form, SIgA is an assemblage of two IgA monomers and SC.
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process known as “immune exclusion” via antigen and pathogen cross-linking, entrap-
ment in the intestinal mucus, and eventual clearance from the gastrointestinal tract
through peristalsis (11).

Sal4 is a well-characterized IgA monoclonal antibody (MAb) isolated from mice
immunized with an attenuated strain of STm (12). Sal4 recognizes the O5-antigen of
STm lipopolysaccharide (LPS) (13) and has been shown to block STm invasion into
HeLa cells in vitro (5, 6). In the so-called backpack tumor model, it was shown that Sal4
IgA, when actively transported into the intestinal lumen of mice in form of secretory
IgA (SIgA), was able to reduce STm uptake into Peyer’s patch tissues (13). Peyer’s patch
M cells represent the point of entry for invasive strains of Salmonella enterica and the
bottleneck for systemic dissemination (14). Recently, we produced and characterized
recombinant human SIgA versions of Sal4. We demonstrated by flow cytometry, light
microscopy, and fluorescence microscopy that Sal4 SIgA promotes the formation of
large, densely packed bacterial aggregates in vitro. Using a mouse model, we also
showed that oral administration of Sal4 SIgA entrapped STm within the intestinal
lumen and reduced bacterial invasion into gut-associated lymphoid tissues by several
orders of magnitude (5). In addition to promoting bacterial agglutination, Sal4 IgA is
also a potent inhibitor of STm flagella-based motility and SPI-1 mediated invasion of
epithelial cells in vivo (15). Sal4 IgA also impacts STm transit time and shedding in the
gut (16), although the exact mechanisms by which Sal4 IgA prevents bacterial uptake
into Peyer’s patch tissues have not been fully resolved.

While most studies with SIgA have been conducted using in vitro approaches and
in vivo mouse models, SIgA function in the context of the human intestine has
remained largely unknown. Human Enteroids and human intestinal organoids (HIOs)
have revolutionized our ability to probe the molecular interactions between the
human intestinal mucosa and invasive bacterial pathogens like STm (17–20). There are
many similarities between HIOs and Enteroids; however, HIOs are fetal-like and are
generated from the directed differentiation of pluripotent stem cells (21), whereas
Enteroids are generated from crypt fractions from intestinal tissue explants and typi-
cally represent mature adult tissue (22). These cells have the potential to self-organize
into intestinal tissue-like structures that contain a high percentage of nonenterocyte
cell types, including Goblet cells and enteroendocrine cells and M-like cells. It is now
possible to use Enteroids and HIOs to investigate how different intestinal epithelial cell
types (e.g., M cells), physical forces (e.g., shear stress), and stress-activated signaling
pathways (e.g., TLR4, NF-kB) influence infection and inflammation (23–25). Others
have used Enteroids and HIOs to study STm pathogenesis in detail (26–28).

In their three-dimensional state, the apical membrane of Enteroids and HIOs is only
accessible to bacteria and xenobiotics by microinjection (26, 29, 30). In order to use
Enteroids and HIOs to study transcytosis, access to both the apical and basal epithelial
membranes is required. Protocols now exist for the culture of Enteroids as 2-D mono-
layers on Transwell inserts and scaffolds (17, 31–34) which allow easy access to both
the apical and basolateral membranes. Enteroids are typically cultured in high wnt
media, allowing formation of 2-D monolayers from a 3-D cyst due to the high numbers
of proliferating undifferentiated cells. We and others have found that supplementing
media with exogenous wnt agonist (Chir99021) and Rock Inhibitor also enables pluri-
potent-stem cell derived HIOs to be cultured on Transwells (35–37).

In this report, we sought to recapitulate Sal4-mediated protection against STm in
Enteroids and HIOs to show that these models can be used to decipher the molecular
mechanisms by which antibodies function in mucosal immunity in human gastrointes-
tinal tract. We observed that the induction of M-like cells in Enteroids and HIO-derived
monolayers significantly enhanced STm invasion in a SPI-1 dependent manner.
Moreover, our studies showed for the first time that IgA transcytosis can occur in a
human organoid model. We showed that basolateral application of Sal4 dIgA to
Enteroid and HIO monolayers enabled transcytosis to the apical compartment via a
pathway dependent on expression of the polymeric immunoglobulin receptor (pIgR).
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The resulting Sal4 SIgA was sufficient to reduce STm invasion of Enteroid and HIO epi-
thelial cell monolayers by ;20-fold. Recombinant Sal4 IgG was also transported in the
Enteroid and HIOs, but to a lesser degree and via a pathway dependent on the neona-
tal Fc receptor (FCGRT). These findings reveal the potential of both Enteroid and HIO
monolayer models to study IgA and IgG transcytosis and protection against infection.

RESULTS
RANKL induces M-like cell formation in both Enteroid and HIO monolayers

leading to increased and localized STm invasion. It has been reported that M-like cells
are induced in Enteroid and HIOs by the addition of RANKL (38–40). To confirm this in our
model, Enteroid and HIO monolayers were prepared as described in Materials and Methods
and treated with RANKL for 5 days. M-like cells were then visualized within HIO and
Enteroid monolayers via confocal microscopy and immunofluorescence staining with anti-
GP2 (Fig. 2A and B). After 7 days, mRNA expression of M-like cell markers SpiB and GP2
were assessed via qRT-PCR. Transcription of both genes significantly increased in RANKL-
treated monolayers relative to untreated control monolayers (Fig. 2C–D), while mRNA levels
of RANK, the receptor for RANKL, were not affected (Fig. 2E). HIOs appeared to express
more M-like cells than Enteroids following RANKL treatment, as evidenced by the increase
in staining for GP2 in HIOs and increase in M cell marker transcript abundance. To assess the
impact of RANKL-treatment on STm invasion, RANKL-treated and untreated control Enteroid
and HIO monolayers were inoculated with STm 14028s for 2 h, after which intracellular bac-
teria were quantified through gentamicin protection assay. STm invasion increased signifi-
cantly in RANKL-treated Enteroids and HIOs, compared to non-RANKL treated controls (Fig.
2F). Moreover, HIOs were more susceptible to invasion than Enteroids, which correlates with
the increased number of M-like cells in HIO compared to Enteroids. STm invasion was fur-
ther shown to be dependent on the SPI-1 type 3 secretion system (T3SS-1) (Fig. 3). Confocal
imaging revealed that GFP-tagged STm WT localized inside the HIOs, while STm DhilD was
largely excluded from the epithelial layer. These observations were further confirmed
through gentamicin invasion assays, which revealed the hilD deletion strain exhibited
;1000-fold decrease in invasion relative to WT STm (Fig. 3).

Apically administered Sal4 IgA and Sal4 IgG significantly reduces STm invasion
of M cells in Enteroid and HIO monolayers. Sal4 IgA is an anti-LPS IgA monoclonal anti-
body that blocks STm invasion into HeLa cells in vitro, and prevents Peyer’s patch infection
in mice (5, 6). To investigate the ability of Sal4 IgA to protect against STm invasion of
Enteroid and HIO monolayers, we employed a competitive infection assay using STm WT
and two mutants, STm DhilD (T3SS-1 invasion deficient) and STm DoafA (which lacks the
Sal4 epitope O5 antigen but otherwise invasion competent). Enteroid and HIO monolayers
were first pretreated with either monomeric Sal4 IgA (mIgA), dimeric Sal4 IgA (dIgA), Sal4
IgG, or PBS, and then inoculated with 1:1 mixtures of STm WTand STm DhilD, or STm WT
and STm DoafA. After 2 h, intracellular bacteria were enumerated via gentamicin protec-
tion assayas described above. As expected, STm DhilD had significantly reduced invasion
in both Enteroid and HIO monolayers compared to both STm WT and STm DoafA (CFU/mL
values of,20 CFU/mL), (Fig. 4A and B). Furthermore, the oafA deletion mutant did not ex-
hibit an invasion defect relative to STm WT, confirming that the lack of the O5 antigen
does not alter STm infectivity in Enteroids and HIOs. In contrast, treatment with all three
Sal4 derivatives significantly inhibited STm WT invasion into both Enteroid and HIO mono-
layers. In line with previous reports, Sal4 mIgA and IgG were less effective than the dIgA in
preventing STm invasion (6). In Enteroids, dIgA reduced WT STm invasion by 10-fold, com-
pared to mIgA and IgG which both reduced WT STm invasion by approximately 3-fold.
However, the trend proved not to be statistically significant. Similarly, in HIOs dIgA was
more effective than mIgA and IgG in reducing STM invasion (4.5-fold compared to 3-fold
and 2.5-fold, respectively). Again, the difference did not achieve statistical significance. In
contrast, none of the three Sal4 MAbs affected STm DoafA invasion.

Transcytosis of Sal4 IgA and Sal4 IgG can occur in Enteroid and HIO monolayers.
We next sought to examine whether Sal4 IgA transcytosis could be recapitulated in either
the HIO or Enteroid models. Transcytosis is mediated by pIgR in vivo. In preliminary
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FIG 2 Induction of M Cell formation in Enteroids and HIOs Enhances STm Invasion. Addition of RANKL
(100 ng/mL) enriches M cells, as determined by GP2 staining in Enteroids (A) and HIOs (B). RANKL
significantly increases GP2 and Spi-B mRNA (C, D) but not RANK receptor (E). WT STm (0.01 OD600) was
applied for 2 h to monolayers treated with and without RANKL. Results show RANKL treated monolayers
have significantly increased STm invasion in a gentamicin invasion assay (F) *, P , 0.05, one-way ANOVA
with Tukey posttest. Confocal images shown are representative images from (n = 3) biological replicates.
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experiments we found that HIOs express low levels of pIgR, but expression could be
induced through IL-1 or IFNg treatment (Fig. S1). However, IFNg is detrimental to tight junc-
tion integrity as shown by Lucifer Yellow permeability (Fig. S2), which could lead to para-
cellular MAb diffusion. Therefore, HIO and Enteroid monolayers were treated with IL-1.
Following a 16 h treatment with IL-1 (10 ng/mL), we assessed pIgR and FCGRT transcript
abundance through qRT-PCR and protein expression via IF. pIgR staining increased follow-
ing induction with IL-1 in both Enteroids and HIOs (Fig. 5A). Similarly, qRT-PCR revealed
that pIgR mRNA transcript abundance increased;20-fold in both Enteroid and HIO mono-
layers in response to IL-1. However, baseline pIgR expression levels differed substantially
between Enteroids and HIOs prior to IL-1 stimulation (Fig. 5C).

It has been reported that IgG is also transported across polarized intestinal epithe-
lial cells by the neonatal Fc receptor (FCGRT or FcRN). Indeed, IF (Fig. 5B) and qRT-PCR
(Fig. 5D) revealed that both Enteroids and HIOs express FCGRT, although IL-1 treat-
ment did not have a significant impact on expression. Here, HIOs expressed almost

FIG 4 Apically Administered Sal4 Inhibits STm Invasion in Enteroid and HIO Monolayers. Monolayers of Enteroids
and HIOs were infected for 2 h with 50 mL 0.1 OD600 OSTm WT or STm DoafA (final concentration 0.01 OD600).
Additional treatments were either 1 mg/mL Sal4 mIgA, Sal4 dIgA or Sal4 IgG or no antibody. STm invasion was
measured through gentamicin invasion assay. Results show all antibodies significantly reduced invasion of WT
STm, but not STm DoafA (Fig. 3A and B). *, P , 0.05, one-way ANOVA with Tukey post test. Invasion assays are
combined data from (n = 3) biological replicates.

FIG 3 STm invasion into HIO Monolayers is Dependent on SPI-1 T3SS. HIOs were infected for 2 h with WT STm
and DhilD (0.01 OD600). Confocal images (A) show that WT STm (green) is able to permeate the epithelial layer
and invade the organoid, but not DhilD (red) which is mostly excluded from the epithelial layer. Using a
gentamicin invasion assay (B) we show that HilD has significantly reduced invasion into HIOs by (1000-fold). *,
P , 0.05, one-way ANOVA with Tukey post test. Invasion assays are combined data from (n = 3) biological
replicates.
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two times more FCGRT mRNA compared to Enteroids. We also examined the expres-
sion levels of other IgG receptors, including FcgR2A, FcgR2B, FcgR2C, FcgR3A and
FcgR3B; however, their transcripts were not detected by qRT-PCR (data not shown). To
test whether transcytosis of Sal4 occurs in across monolayers, we basolaterally adminis-
tered 10 mg/mL of dIgA, mIgA, or IgG for 16 h and then assessed antibody levels in the
apical compartment by ELISA. Sal4 dIgA was detected in media collected from the api-
cal compartments of both HIO and Enteroid monolayers, while Sal4 mIgA was not
detected, suggesting MAb transport was pIgR mediated (Fig. 5E). In Enteroids, ;4% of
the basolateral concentration of dIgA was detected in the apical compartments, com-
pared to just 1% in HIOs.

We also observed transport of Sal4 IgG in our Enteroid and HIO model, which sug-
gests the existence of an IgG-specific pathway in these two monolayers (41). In
Enteroids, ;0.2% of the basolateral concentration of IgG was detected in the apical
compartments, compared to 0.5% in HIOs. This difference between the two cell types
was statistically significant.

FIG 5 Expression of pIgR and FCGRT in Enteroids and Organoids for Sal4 transcytosis. Effect of IL-1 on pIgR (A) and FCGRT (B) expression in Enteroids and
HIOs. Treatments shown are no IL-1 and 10 ng/mL IL-1. Confocal microscopy shows IL-1 significantly increases pIgR staining relative to control in both
Enteroids and HIOs, but IL-1 does not have an effect on FCGRT expression. The effect of IL-1 was also determined by measuring relative mRNA levels of
pIgR (C) and FCGRT (D). Results show IL-1 significantly increases pIgR relative to control in both Enteroids and HIOs, but IL-1 does not have an effect on
FCGRT expression. Transcytosis of IgA and IgG was quantified with an ELISA using STm LPS (E). MAbs (10 mg/mL Sal4 dIgA, Sal4 mIgA and Sal4 IgG) were
added to monolayers basolaterally for 16 h. Apical medium was collected for ELISA. Results show dIgA and IgG was transported through the membrane,
but the monomers were not. The bar graphs depict combined data from biological replicates (n = 3) P , 0.05, one-way ANOVA with Tukey post test.
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Dimeric IgA is converted to secretory IgA during transcytosis in both Enteroid
and HIO monolayers. Following transcytosis, a 70 kDA fragment of the pIgR known as
SC remains covalently associated with dIgA, giving rise to SIgA in the intestinal lumen.
The observation that Sal4 dIgA is transported across HE and HIOs prompted us to
examine whether apically localized Sal4 dIgA was in fact dependent on pIgR and asso-
ciated with SC. We therefore repeated the transcytosis experiment using Enteroid and
HIO monolayers that were depleted of plgR through RNAi. Confocal microscopy (Fig.
6A to D) and qRT-PCR (Fig. 6E) revealed that siRNA treatment resulted in an ;50%
reduction of pIgR expression in both Enteroid and HIO monolayers.

To SC levels following basolateral administration of dIgA (20 and 10 mg/mL), we col-
lected apical media and quantified SIgA using an SC-specific via ELISA (Fig. 6F). In
Enteroids, SIgA was detected apically when 20 or 10mg/mL dIgA was applied basolaterally.
In each case, 1.1 – 1.2 mg/mL was detected apically, which corresponds to ;5–10% of the
number of antibodies initially seeded in the basolateral compartment. Significantly less SC
was detected in the apical compartment of siRNA-treated monolayers designed to knock-
down pIgR, suggesting that the SIgA conversion is pIgR-dependent. SIgA was also
detected apically in HIO monolayers (Fig. 6F), however at a much lower concentration than
Enteroids, with 0.5–1% of the basolateral concentration detected. There was no significant
difference to the siRNA knockdown in HIOs, potentially due to the lower native levels of
pIgR shown in Fig. 5A.

Basolateral application of Sal4 to Enteroid and HIO monolayers protects M
cells against STm invasion. Finally, we sought to examine whether basolateral appli-
cation of Sal4 IgA (and IgG) can reduce apically mediated STm invasion of Enteroid and
HIO monolayers. To test this, Enteroid and HIO monolayers were treated basolaterally
with Sal4 mIgA, dIgA, or IgG, and then incubated overnight to allow transcytosis. The

FIG 6 Secretory IgA is formed using pIgR after basolateral addition of dimeric Sal4 IgA. Monolayers were incubated with siRNA to
knockdown pIgR expression. Results are confocal imaging of Enteroid monolayers (A–B) and HIO monolayers (C–D) stained for pIgR
(red) and nuclei (blue) after incubation for 36 h with siRNA. Images shown are representative images from (n = 3) technical replicates
from (n = 2) biological experimental replicates. Results show pIgR staining decreases in intensity with addition siRNA. Knockdown
was further confirmed with qPCR (E). Results show relative mRNA levels of pIgR is significantly reduced with siRNA in Enteroids but
not HIOs. Antibodies (10 and 20 mg/mL Sal4 dIgA) were added to monolayers basolaterally for 16 h. Apical medium was collected for
a sIgA ELISA. Results show both 10 and 20 mg/mL Sal4 dIgA results in significantly more SIgA formation in control Enteroid
monolayers relative to pIgR knockdowns, but not in HIOs. Confocal images shown are representative images from (n = 3) biological
replicates. Bar graph depict combined data from biological replicates (n = 3) P , 0.05, one-way ANOVA with Tukey post test.
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monolayers were then challenged with STm, and bacterial invasion was quantified 2 h
later through gentamicin protection assays (Fig. 7A and B). Interestingly, dIgA treat-
ment significantly reduced STm invasion into both Enteroid and HIO monolayers, while
mIgA did not. Specifically, STm invasion was reduced by ;20-fold in Enteroid and
;17-fold in HIOs when dSal4 (20 mg/mL) was applied basolaterally. In both Enteroid
and HIOs, Sal4 IgG (20 mg/mL) also partially protected against invasion by STm (;5-
fold in Enteroids and HIOs). The lower concentration (10 mg/mL) was only protective in
HIOs, which could be linked to the higher levels of FCGRT. Finally, dSal4 reduced inva-
sion into M-like cells, as demonstrated by confocal microscopy with GFP-tagged STm
WT and co-staining for GP-2 (Fig. 7C–F). STm WT costained with GP2 antibody in the
absence of dIgA, but not when dIgA is added basolaterally. Conversely, STm DoafA
Sal4 which lacks the Sal4 epitope, costains with GP2 in the presence and absence of
dSal4 (Fig. 7E–F).

DISCUSSION

Understanding the interplay between bacterial pathogens and the human intestinal
epithelium is not complete without considering the mucosal immune system, a com-
plex network of local gut-associated lymphoid tissues (e.g., Peyer’s patches), antigen-
presenting cells, T cell subsets and antibody-secreting B cells. Indeed, a cardinal feature
of the human immune response to enteric pathogens like STm is the production of
vast quantities of SIgA. While SIgA both shapes the gut microbiota and protects the
epithelium from enteric pathogens, how SIgA accomplishes these two opposing tasks
(e.g., promoting and preventing intestinal colonization) remains unknown. In this
study, we demonstrated that the apical or basolateral addition of Sal4 MAbs were suffi-
cient to protect both Enteroid and HIO-derived monolayers from STm infection. When
added basolaterally, dIgA (but not mIgA) was transported across Enteroid and HIO-

FIG 7 Basolateral addition of Sal4 IgA and Sal4 IgG reduces STm invasion Antibodies (10 or 20 mg/mL Sal4 dIgA, Sal4 mIgA and Sal4
IgG) were added to monolayers basolaterally for 16 h. Monolayers of Enteroids and HIOs were infected for 2 h with WT STm (0.01
OD600). STm invasion was measured with a gentamicin invasion assay. In Enteroids (A) and HIOs (B), results show Sal4 dIgA and Sal4
IgG significantly reduced invasion of WT STm in a dose dependent manner, but not Sal4 mIgA. Monolayers of HIOs were incubated
with no antibody or basolateral dSal4 for 16 h, and then infected with either WT or KO oafA STm for 2 h and costained for GP2 (red)
and nuclei (blue). Confocal images show GFP WT STm co-stains with M cells (C) but not after addition of dSal4 (D). GFP KO oafA STm
co-stains with M cells (E) and dIgA does not affect KO oafA co-staining with M cells (F). Images shown are representative images
from (n = 3) technical replicates from (n = 2) biological experimental replicates. Bar graphs depict combined data from biological
replicates (n = 3) P , 0.05, one-way ANOVA with Tukey post test.
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derived monolayers into the apical Transwells compartment at sufficient levels to limit
bacterial uptake. To our knowledge, this is the first demonstration of active dIgA trans-
cytosis in an Enteroid or HIO model.

We confirmed that treatment of semiconfluent monolayers of Enteroids and HIOs
with RANKL results in an increase in the formation of M-like cells (39, 40, 42, 43). We
refer to them as “M-like cells” rather than bona fide M cells, which are characterized by
a basolateral pocket occupied by leukocytes. In our hands, HIOs expressed more M-like
cells than Enteroids in response to the same dose of RANKL. Whether this is due to the
fact that our Enteroids are duodenal-derived, which is where Peyer’s patches are con-
centrated, or other factors will be the subject of future studies (44). Nonetheless, the
presence of increased numbers of M-like cells enhanced T3SS-1 dependent STm inva-
sion. One limitation of our study is that we did not determine whether M-like cells
facilitated STm transport across the epithelium. In other words, does STm exploit M-
like cells in the Enteroids and HIO monolayers as gateways to breach the epithelial bar-
rier like what occurs in vivo (45)? Or do M-like cells simply serve as a replicative niche?
In the case of Yersinia pseudotuberculosis (Yptb) the presence of M-like cells in
Enteroids resulted in increased bacterial uptake as well as transcytosis (46). Yptb also
induced M-like cell extrusion from the monolayers, revealing another dimension of the
host-pathogen interaction that can be modeled using organoids. Whether this occurs
in the case of STm infection of Enteroids and HIOs remains to be determined.

In this study, we were able to recapitulate dIgA transcysosis from the basolateral to
apical direction across Enteroid/HIO monolayers and detect the presence of SIgA in api-
cal compartments. As noted earlier, secretion of IgA into the intestinal lumen requires
pIgR, which transports polymeric IgA (or IgM) from the basolateral surface to the apical
side. At the apical membrane, a portion of pIgR (secretory component) is cleaved by a
host serine proteinase and remains bound to IgA, forming SIgA (11). pIgR can be overex-
pressed in intestinal cells by a variety of pro-inflammatory cytokines (47–49) however we
chose IL-1 to induce pIgR to minimize damage to the intestinal monolayers. In Enteroid
monolayers we showed that pIgR can be expressed at high levels and this enables trans-
cytosis of IgA from the basolateral to the apical membrane as seen in vivo, and that the
transcytosis results in formation of SIgA. In vivo, unbound pIgR can also be transcytosed
via the endosome to the luminal side of the epithelium alongside with SIgA. It similarly
undergoes cleavage and is released into the gut lumen as nonspecific targeting secre-
tory component, which enhances adaptive immunity by protecting IgA from host degra-
dation and proteases (50). In future studies it will be important to determine if this phe-
nomenon is replicated in human organoid models. Studies have shown that secretory
component can anchor IgA into in the intestinal mucus, with a likely 2-fold effect of
agglutinating bacteria to be cleared in mucus secretions (50). In future work the Enteroid
model could be used to study this phenomenon in further detail, particularly in a micro-
fluidic device that could simulate the peristaltic and dynamic fluid flow of the intestine
(51–54). We showed that HIOs expressed low levels of pIgR even with IL-1 stimulation,
and much lower IgA transcytosis. Serum IgA levels are usually undetectable at birth in
newborns, increasing throughout life and peaking in adolescence (55, 56). The lack of
pIgR found in HIOs could be attributed to their fetal-like phenotype (21, 57), and as such
they could be a useful tool to study the phenotypic switching events that occur in infant
development, perhaps in conjunction with B-cell cocultures or other protocols that now
exist for the maturation of HIOs which could potentially also improve pIgR expression,
including bacterial stimulation, IL-2 and in vivo implantation (21, 36).

Our results with IgG reflect previous in vivo data where Sal4 IgG orally administered
to mice was less effective than Sal4 IgA at protecting against Stm invasion (CITE).
Interestingly, we also show here for the first time that Enteroids and HIOs express
FCGRT. Originally identified in neonatal rats, it is now known that FCGRT is present in
both fetal and adult tissues (58). While we saw almost no pIgR expression in HIOs, we
found that FCGRT was upregulated, which also mimics what is seen in human fetus
and newborns, where IgG/IgM are the primary host defense (56). Similarly, Navis (59)
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found that mouse fetal organoids express high levels of FCGRT. Unlike pIgR, FCGRT is
found on both apical and basolateral membranes and enables maternal IgG to protect
against allergic reaction in the fetus through FCGRT mediated antigen presentation to
dendritic cells, as well as allowing for bidirectional transport of immune complexes for
antigen delivery to the lamina propria (60) in both fetus and adults. In a coculture
model with intestinal myeloid cells, the Enteroid and HIO monolayers could be a useful
tool to study signaling pathways involved in both human adult and fetal IgG transport
and changes that occur in expression from immature (fetal) to mature (adult) tissue.

In this work, we have shown the potential for the Enteroid and HIO model to be used
to identify critical pathways in this immune response due to the ability to mimic the
immune-complex and mucosal membrane environment. Additionally, in future studies, we
can use this model to elucidate any SIgA-M cell interactions. It should be noted that
Enteroid and HIOs models have their shortcomings, especially when considering antibody
functionality. Namely, they lack the myriad of physiological conditions in the gut that could
affect the IgA and IgG localization, half-life and overall intestinal dynamics. For example,
the mucus layer in Enteroid/HIOs is not necessarily representative of the thickness of the
inner and outer mucus layers along the length of the GI tract (61). Enteroid/HIOs lack a
microflora which would normally compete with STm for access to nutrients and even phys-
ical space along the epithelial surface (62, 63). Moreover, epithelial physiology is intrinsically
different due to the fact that culture in an aerobic environment instead of the mostly anaer-
obic conditions of the intestinal lumen (64). Ultimately, more work is needed to develop an
organoid-based GALT like Peyer’s patch tissues with bonafide M cells with basolateral pock-
ets populated by leukocytes (38, 65–68). Nevertheless, our data demonstrate the utility of
Enteroid and HIO monolayer models for examining mucosal immunity in simplified models
and provides the foundation for further studies of local antibody-mediated immunity.

MATERIALS ANDMETHODS
Intestinal tissue culture. HIOs were cultured from human induced pluripotent stem cells (hIPSCs) as

described (69), with some modifications. Bone-marrow derived hIPSC line IISH1i-BM1 (Wicell) was expanded
and maintained in mTesr (Stem Cell Technologies [SCT]). The hIPSCs were differentiated into endoderm
using Definitive Endoderm kit (SCT). Hindgut was formed by adding 500 ng/mL FGF-4 (R&D systems) and
3 mM Chiron 99021 (Cayman) in RPMI with 2% FBS for 5 days until floating spheroids were formed. Floating
hindgut spheroids were collected and embedded in Matrigel (BD Biosciences) with Intesticult (SCT) supple-
mented with 10 mM Rock Inhibitor (Cayman) 3 mM Chiron 99021. HIOs were passaged once a week for
6 weeks before experiments. Human Duodenal Enteroids were from the Baylor College of Medicine GEMs
Core (22), received at passage 9 and maintained in Intesticult (SCT) in Matrigel beads.

HIO and enteroid monolayer formation. Transwells (24-well, Corning) were coated with 40 mg/mL
human collagen (Sigma) in 0.6% acetic acid. HIOs and Enteroids were dissociated into single cells by adding
TrypLE supplemented with 10 mM Rock Inhibitor for 20 min at 37°C. Cells were passed through a 40mm cell
strainer and resuspended in Intesticult with 10 mM Rock Inhibitor and 3 mM Chiron 99021. The cell concen-
tration was adjusted to 1 � 106 cells/mL and 250 mL was seeded to the apical compartment of Transwells,
with 500 mL Intesticult media added to the basolateral compartment. After 2 days, medium was changed to
differentiation media (Advanced Dmem F12, 1� Glutamax, 1� B-27 supplement, 1 mM N-acetylcysteine,
500 nM A-8301, 100 ng/mL EGF, 100n ng/mL Noggin, 10 mM HEPES) and monolayers were cultured for a fur-
ther 5 days. RANKL (Biolegend) 200 ng/mL was included in differentiation media for experiments with M-like
cell formation. Monolayer integrity was verified by Lucifer Yellow exclusion before experiments.

siRNA knockdown of pIgR in enteroid and HIO monolayers. siRNA knockdown of pIgR was per-
formed once monolayers reached ;70% confluence. Silencer Select siRNA for pIgR (1 mM working stock)
and Lipofectamine RNAimax (3 mL per well) were mixed with Opti-MEM and added to monolayers for
36 h. siRNA knockdown was verified by qPCR for pIgR mRNA (primers: 5’ATTGCACAGGAGAAGTCGG,
3’CCTTCCACACTATTCACCTCC) with normalization to GAPDH (primers: 5’ACATCGCTCAGACACCATG, 39
TGTAGTTGAGGTCAATGAAGGG) and reduced expression of pIgR was confirmed by immunofluorescence
using anti-pIgR antibody (Thermo).

Bacterial strains and growth conditions. Derivatives of Salmonella Typhimurium 14028s (Salmonella
enterica subsp. enterica [ex Kauffmann and Edwards] Le Minor and Popoff serovar Typhimurium) were
used in this study and are described in Table S1. Bacteria were maintained in Luria-Bertani (LB) at 37°C
with aeration, unless otherwise noted. LB medium was supplemented with carbenicillin (100 mg/mL),
kanamycin (50 mg/mL), or gentamicin (10 mg/mL) when appropriate. Recombineering constructs were
designed using Benchling’s cloud-based software platform and were engineered with primers (Table S2)
custom synthesized by Integrated DNA Technologies (Coralville, IA). Plasmids used in fluorescent re-
porter strain construction were obtained through Addgene.org and are listed in Table S3. A detailed
methodology describing STm deletion mutant and fluorescent reporter strain construction is provided
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in the supplementary methods. For all experiments, WT bacteria and mutants were grown overnight in
LB broth, then cultured to midlog-phase 0.5 OD600 before diluting into cell culture media.

Sal4 monoclonal IgG and IgA. Sal4 monomeric (mIgA2) and dimeric IgA2 (dIgA2) used in this study were
generated as described (5). Chimeric Sal4 IgG1 was kindly provided by MappBiopharmaceutical (San Diego, CA).

Invasion assays. Monolayers of Enteroids and HIOs were infected apically with 0.01 OD600 STm (106 CFU/
mL) for 2 h, with or without co-administration of Sal4 antibodies (dIgA, mIgA or IgG). Concentrations of antibod-
ies were 1 mg/mL for apical experiments and 10 or 20 mg/mL for basolateral experiments. STm invasion was
assessed through a gentamicin protection assay as previously described (70, 71). Briefly, nonadhered bacteria
were removed by washing with PBS, followed by incubation with 250mL gentamicin (150mg/mL in DMEM) for
1 h to kill the adhered extracellular bacteria. Dead bacteria were removed by washing in PBS. For colony counts,
monolayers were incubated with 500mL 0.1% Triton X-100 for 15 min to lyse the cells and release the intracellu-
lar (invaded) bacteria. Serial fold dilutions and plating were then employed to determine CFU/mL invasion.

Immunofluorescence. For fluorescent staining of Enteroid and HIO monolayers, cells were fixed in
4% formaldehyde overnight at 4°C. Next, an antigen retrieval step was performed by incubating in
10 mM sodium-citrate buffer in a vegetable steamer for 20 min. The monolayers were then blocked with
normal donkey serum (10% in PBS with 0.1% Triton X-100) for 2 h at RT. Samples were incubated over-
night at 4°C with primary antibodies: rabbit anti-GP2, rabbit anti-pIgR, or rabbit anti-FCGRT or normal
Rabbit IgG control (all from Thermo). All primary antibodies were used at 1:50 dilution in primary anti-
body buffer (1� PBS/1% BSA/0.1% Triton). Samples were then immersed in Alexa Flour 488 or 555 don-
key anti-rabbit secondary antibodies (Thermo) at a 1:500 dilution in PBS-0.05% Tween 20 for 2 h at RT.
Nuclei were stained with To-Pro-3 (1:1000 in PBS) for 30 min at RT. The monolayers were imaged using a
Zeiss LSM880 Confocal/Multiphoton Upright Microscope, with 3-D image rendering using ImageJ.

RNA extraction and quantitative RT-PCR. HIOs and Enteroids monolayers were washed with PBS
and RNA was isolated using a RNeasy minikit (Qiagen, MD). On column DNase (Qiagen) was used to
remove any contaminating DNA and RNA purity and concentration was determined using a Nanodrop
(Thermo). Reverse transcription of the RNA was performed using iScript cDNA Synthesis kit (Bio-Rad). A
negative control with no reverse transcriptase was used in each data set. Primers are shown in table S4.
Quantitative real-time PCR was performed with SsoAdvanced Universal SYBR green kit (Bio-Rad) with
normalization to GAPDH and GUSB.

ELISA. STm LPS ELISAs were conducted as described by Richards (5). Clear Flat-Bottom Immuno 96-
well plates (Thermo) were coated with 0.1 mL of STm LPS (1 mg/mL in sterile PBS) overnight at 4 ³C.
Wells were blocked with PBS containing 0.1% Tween 20 (PBST) and 2% goat serum for 2 h before wash-
ing with PBST. Plates were developed using goat anti-human HRP-conjugated secondary IgG antibodies
(final concentration of 0.5 mg/mL) and SureBlue TMB Microwell Peroxidase Substrate (KPL). A secretory
IgA ELISA (Eagle biosciences) was used for measuring sIgA translocation to apical membrane according
to manufacturer’s instructions.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.2 MB.
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