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Blood Group O-Dependent Cellular Responses to Cholera Toxin: Parallel Clinical
and Epidemiological Links to Severe Cholera
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Abstract.

*Veterans Affairs Medical Center, Saint Louis, Missouri

Because O blood group has been associated with more severe cholera infections, it has been hypothesized

that cholera toxin (CT) may bind non-O blood group antigens of the intestinal mucosae, thereby preventing efficient
interaction with target GM1 gangliosides required for uptake of the toxin and activation of cyclic adenosine mono-
phosphate (cAMP) signaling in target epithelia Herein, we show that after exposure to CT, human enteroids expressing
O blood group exhibited marked increase in cAMP relative to cells derlved from blood group A individuals. Likewise,
using CRISPR/Cas9 engineering, a functional group O hne (HT-29-A™"") was generated from a parent group A HT—29
cells relative to HT-29 cells. These findings provide a direct
molecular link between blood group O expression and differential cellular responses to CT, recapitulating clinical and

line. CT stimulated robust cAMP responses in HT-29-A™/

epidemiologic observations.

Cholera is a leading cause of epidemic diarrhea worldwide
with estimates of 3-5 million cases occurring annually." The
voluminous watery diarrhea characteristic of cholera is caused
by cholera toxin (CT), the principal virulence determinant of
Vibrio cholerae. CT is an ABs5 toxin consisting of an active A
subunit and a pentameric B subunit (CT-B), responsible for
binding to its cognate receptor, GM1 ganglioside, on the surface
of enterocytes. Endocytosis and eventual release of the A
subunit leads to adenosine diphosphate-ribosylation of the
intracellular guanine nucleotide protein, Gsa. Inhibition of
GTPase activity of Gsa promotes activation of adenylate
cyclase resulting in increase in intracellular cyclic adenosine
monophosphate (cAMP) levels. This increase in cAMP activates
protein kinase A-mediated phosphorylation of the cystic
fibrosis transmembrane receptor, enhancing chloride secretion
into the intestinal lumen while reducing sodium uptake by
inhibition of sodium/hydrogen ion exchange via NHE3.
Combined, the net electrolyte loss leads to profound secretory
diarrhea characteristic of cholera.””

Similar to other important enteric pathogens,*> blood group
antigens appear to be an important determinant of the out-
come of infections by V. cholerae. Blood group O individuals
tend to develop more severe disease after infection with
either classical or El Tor strains.®™ Strengthening this obser-
vation, group O individuals are underrepresented in the
Ganges delta where cholera infections are highly endemic.®

However, the reasons for the association between blood
group O and severe illness have not been thoroughly elucidated.
Hypothetically, differential binding of CT to non-O blood group
gastrointestinal glycans may impair efficient interaction of
CT with cognate GM1 receptors.”!” Indeed, CT has been
shown to bind blood group antigens.”'*1? Although the affin-
ity of these interactions relative to CT binding to GM1 is rela-
tively weak,'>!* it has been suggested that more rapid
dissociation of CT from O-antigen glycans’ could permit accel-
erated binding to cognate GM1 gangliosides receptors in blood
group O individuals.

*Address correspondence to James M. Fleckenstein, Washington
University School of Medicine, 660 South Euclid Avenue, Saint Louis,
MO 63110. E-mail: jflecken@wustl.edu
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Human blood groups are determined by allelic variations in
a glycosyltransferase that in blood group B adds terminal galac-
tose residues to the core H (blood group O) antigen, whereas
the blood group A enzyme adds N-acetylgalactosamine
(GalNac). Blood group O is determined by a premature stop
codon within the glycosyltransferase gene yielding a trun-
cated allele, resulting in complete loss of enzymatic activity
and undecorated core H antigens.

To investigate the direct impact of blood group expression
on CT activation of target epithelia, we chose two novel
enteric model systems. First, we examined the ability of CT
to stimulate cAMP responses in enteroids derived from gas-
trointestinal stem cells obtained from individuals with either
blood group O or A. In addition, we compared the effect of CT
on transformed HT-29 gastrointestinal epithelial cells derived
from an individual with blood group A to CRISPR/Cas9
engineered cells in which the glycosyltransferase was disrupted
yielding isogenic HT-29-A ™" cells expressing the core H (blood
group O) antigen.

Enteroids can recapitulate many features of human intestinal
epithelium including generation of enterochromaffin cells,
goblet cells, and enterocytes.15 In addition, we found that
enteroids appropriately express blood group antigens on the sur-
face of enterocytes (Figure 1A). We therefore used enteroids
derived from ileal or colonic biopsies from individuals belong-
ing to different blood groups to examine CT-mediated activa-
tion of cAMP. Interestingly, intestinal cells derived from
blood group O individuals exhibited consistently higher levels
of cAMP (P value = 0.0096) relative to cells expressing the
blood group A (Figure 1B). Although cholera is thought to
be an ileal infection, we also found that cells derived from
colonic biopsies from blood group O individuals exhibited
more robust cAMP response on exposure to CT (P value =
0.016, Figure 1C). These data provide additional in vitro evi-
dence to support an association between O-blood group
expression and differential responses to CT.

Furthermore, to examine more directly the specific impact of
blood group expression on CT activation of target epithelia, we
compared the responses of parental HT-29 cells (blood group A)
to isogenic H-antigen expressing CRISPR/Cas9 engineered
HT-29-A™" cells (effectively, blood group O; Figure 2A).
Although both the parental and mutant cell lines responded to
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Ficure 1. (A) Confocal immunofluorescence images of enteroids grown on transwells demonstrating the presence of H antigen (group O) in
ileal enteroids derived from a blood group O individual (top panel), or blood group A subject (bottom panel). (B) Cyclic adenosine mono-
phosphate (cAMP) production after overnight stimulation of ileal enteroids with cholera toxin (CT, 0.1 pg/mL). Data for both blood groups repre-
sent composite data from two different subjects (**P value = 0.0096) (C) cAMP production in colonic enteroids from two blood group A and two
blood group O subjects after CT stimulation as described in B (**P value = 0.016). Statistical calculations in B, C performed using two-tailed,

Mann-Whitney U comparisons.

forskolin, a diterpene activator of adenylate cyclase (Figure 2B),
CT stimulation of cAMP production in HT-29-A " cells consis-
tently exceeded that observed in the parental A blood group—
expressing cells (range: 3.7- to 4.2-fold increase; Figure 2C).
Collectively, these in vitro data obtained using two different
enteric systems strongly suggest that blood group O expression
by gastrointestinal epithelia permits an accelerated response
to CT, the principal effector molecule of V. cholerae responsi-
ble for cholera diarrheal illness. Interestingly, the data
obtained using the enteroids derived from multiple individ-
uals expressing different blood groups offer striking parallels
to clinical and epidemiologic associations between O-blood
group and the risk for severe cholera. Our findings suggest

that O-blood group enterocytes respond vigorously to CT stim-
ulation, potentially providing a direct cellular link to disease
severity. Moreover, the enhanced responses to CT observed in
cells engineered to express only the core-H (blood group O)
antigen suggest that this phenomenon is not simply a genetic
association between O blood group factors that segregate by
blood type, but a direct effect of expression of the unmodified
core-H glycan.

These findings could not be explained by differences in
direct binding of CT to the respective epithelial cells as we did
not observe a strict association between overall CT binding to
epithelial cells and blood group. We were unable to detect signif-
icant differences in either the pattern (Supplemental Figure 1A)
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FiGURE 2. (A) Confocal immunofluorescence images demonstrat-
ing the presence of group A antigen expressed on the surface of
parental HT-29 cells (first row), but not the CRISPR engineered HT-
29-A™"" cells which lack the «l1-3-N-acetylgalactosaminyltransferase
required to form the A blood group (second row), but which retain
expression of the core H (blood group O) antigen (third row). (B)
Parental HT-29 (blue symbols), and the engineered HT-29-A™"" cells
(grey) exhibit similar response to the adenylate cyclase agonist
forskolin. (C) HT-29 A/A™ cells exhibit enhanced cyclic adenosine
monophosphate (cAMP) responses to cholera toxin (CT) compared
with parent HT-29 cells. (**P = 0.002, two-tailed Mann-Whitney U
comparisons).

or the amount of CT bound to the surface of HT-29 and HT-
29-A""" cells (Supplemental Figure 1B). Likewise, in both A
and O blood group—derived enteroids, we observed similar
colocalization of labeled CT-B subunit and the major secreted
mucin, MUC2 (Supplemental Figure 1C). The studies reported
here were limited by the lack of available cells from blood
group B individuals for comparison. Although we were unable
to discern a clear difference in binding of CT to cells express-
ing the different blood group antigens, our experiments were
not designed to detect a more rapid dissociation of CT from
blood group O glycans, which could accelerate binding to its
cognate GM1 ganglioside receptor.” Nevertheless, they high-
light the advantages of these newly available tools in the dis-
section of clinically important pathogen-host interactions.

In summary, we have established the utility of two model
enteric systems, to study the effects of a major virulence

effector, CT. In particular, we are able to show that cellular
responses to CT are enhanced in cells that express the O blood
group, offering interesting parallels to the earlier epidemiologic
and clinical observations that have associated blood group O
with severe cholera.
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