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Background. Clostridium difficile infection (CDI) is a debilitating nosocomial infection. C. difficile produces toxins A and B, 
which cause inflammation. Existing therapies have issues with recurrence, cost, and safety. We aim to discover a safe, effective, 
and economical nonmicrobiological therapeutic approach against CDI.

Methods. We included human primary peripheral blood mononuclear cells (PBMCs), fresh human colonic explants, and 
humanized HuCD34-NCG mice. Toxin A+B+ VPI 10463 and A−B+ ribotype 017 C. difficile strains were used. We used single- 
cell RNA profiling and high-throughput screening to find actionable toxin B–dependent pathways in PBMCs.

Results. Histamine 1 receptor–related drugs were found among the hit compounds that reversed toxin-mediated macrophage 
inflammatory protein (MIP) 1α expression in PBMCs. We identified loratadine as the safest representative antihistamine for 
therapeutic development. Loratadine inhibited toxin B–induced MIP-1α secretion in fresh human colonic tissues. Oral loratadine 
(10 mg/kg/d) maintained survival, inhibited intestinal CCl3 messenger RNA expression, and prevented vancomycin-associated 
recurrence in the VPI 10463–infected mice and ribotype 017-infected hamsters. Splenocytes from loratadine-treated mice 
conferred anti-inflammatory effects to the VPI 10463–infected T/B-cell–deficient Rag−/− mice. Oral loratadine suppressed human 
MIP-1α expression in monocytes/macrophages in toxin B–expressing ribotype 017-infected humanized HuCD34-NCG mice.

Conclusions. Loratadine may be repurposed to optimize existing therapies against CDI.
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Clostridium difficile infection (CDI) is a common nosocomial 
infection among patients who received prolonged antibiotic 
treatment. C. difficile bacterium produces toxin A, toxin B, 
and binary toxin. CDI symptoms include severe diarrhea, fever, 
abdominal pain, loss of appetite, and nausea (Centers for 
Disease Control and Prevention) [1]. As CDI infection rates 
soar, the disease burden and associated morbidity and mortality 
rates continue to rise [2]. C. difficile was the most frequently re
ported pathogen, resulting in 12.1% of all healthcare-associated 
infections [3]. CDI affected nearly half a million people in 2011 
and quadrupled the cost of hospitalizations [4]. Old age, 

hospitalization, immunocompromised status, and previous 
C. difficile exposure are risk factors for CDI [5].

About 1 in 6 CDI cases will recur within 2–8 weeks. 
Metronidazole and vancomycin are associated with high 
relapse rates; while fidaxomicin can reduce recurrence, it is ex
pensive and cost-ineffective [6]. Anti–toxin B antibody (bezlo
toxumab) can prevent recurrent CDI with a modest, sustained 
cure rate (64%) [7]. Some CDI cases are not responsive to med
ications and eventually require surgical resection [8].

Fecal microbiota transplantation has a 90% success rate, but 
the US Food and Drug Administration (FDA) has not approved 
the treatment owing to adverse effects [9]. On the other hand, a 
phase 3 PUNCH CD3 clinical trial showed that a single dose of 
REBYOTA, a live fecal microbiota biotherapeutic product from 
Ferring Pharmaceuticals, demonstrated superiority over place
bo for reducing CDI recurrence after standard-of-care antibiot
ic treatment [10]. REBYOTA was approved by the FDA in 
November 2022. Similarly, a phase 3 ECOSPOR III clinical trial 
showed that oral administration of SER-109, an orally active 
therapeutic with fecal microbiota spores, live-brpk in capsules, 
from Seres Therapeutics, reduced the risk of recurrent CDI 
[11]. Ser-109 was later renamed VOWST and approved by 
the FDA in April 2023.
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Small-molecule experimental drugs showed mixed results 
in preclinical models. For example, niclosamide inhibits en
dosomes and primary CDI but cannot prevent weight loss 
during relapse in mice [12]. Ebselen targets toxin B cysteine pro
tease domain [13], while VB-82252 inhibits toxin B–mediated 
uridine diphosphate-glucose hydrolysis [14], but they failed to 
protect the infected hamsters [13, 15]. Ceragenin CSA-13 can 
treat CDI in mice by modifying intestinal microbiota and metab
olites [16]. However, it is toxic to host cells at high concentra
tions [17].

Exposure to toxins A and B leads to cytokine secretion 
[18, 19]. We used single-cell RNA profiling and found that a 
CDI-dependent proinflammatory cytokine is secreted 
from toxin B–treated peripheral blood mononuclear cells 
(PBMCs). Therefore, we used high-throughput screening to 
discover drugs that prevent toxin-mediated proinflammatory 
cytokine release. The hits reflected toxin-mediated pathogenic 
pathways. We found an FDA-approved drug for modulating a 
toxin-mediated pathogenic pathway. Our study also included 
validations with clinically relevant human colonic tissues, pri
mary cells, and immunologically humanized mice.

METHODS

Chemical information is shown in Supplementary Table 1. 
PBMCs from healthy male and female donors (70025; 
Stemcell Technologies) were suspended in Roswell Park 
Memorial Institute 1640 medium with 10% fetal bovine serum 
and 1% penicillin-streptomycin. The baseline characteristics of 
the blood donors are shown in Supplementary Table 1.

RESULTS

C. difficile Toxin B Affected Macrophage Inflammatory Protein 1α 
Expression in Monocytes

Our previous report identified macrophage inflammatory protein 
(MIP) 1α as a proinflammatory mediator in CDI among human 
and mouse colons [19]. Immune cells are the probable source of 
MIP-1α in CDI. We therefore used 10× genomics single-cell fixed 
RNA profiling to determine the changes in messenger RNA 
(mRNA) expression in specific cell subpopulations in PBMCs.

Toxin B is more clinically significant than toxin A in 
mediating pathogenic effects in CDI [7]. The exposure to toxin 
B caused a different mRNA expression pattern in healthy 
donor–derived PBMCs (Figure 1A). We identified CD14- 
expressing classic monocytes in cluster 2 in both phosphate 
buffered saline–treated and toxin B–treated PBMCs 
(Figure 1B). IRAK2/3, CXCL1, and GPR84 in cluster 7 are 
monocyte markers (Figure 1B). Interestingly, toxin B induced 
mRNA expression of CCL3 (gene name of MIP-1α) and other 
proinflammatory cytokines—such as interleukin 1β (IL-1β), in
terleukin 6, and tumor necrosis factor—in cluster 7, suggesting 
an intermediate monocyte phenotype (Figure 1B).

High-Throughput Drug Screening Identified the Involvement of Histamine 1 
Receptor in Toxin B–Mediated MIP-α Expression in PBMCs

As the single-cell RNA profiling identified PBMCs as a source 
of toxin B–dependent CCL3/MIP-1α (Figure 1B), we used drug 
screening to find anti-inflammatory drugs against toxin B–me
diated MIP-1α secretion in PBMCs. Of 2621 FDA-approved 
drugs, 111 (4%) showed inhibition of toxin B–mediated 
MIP-1α secretion in PBMCs by ≥1 standard deviation. 
STITCH chemical association analysis showed that some are 
linked to histamine, serotonin, and estrogen receptors and 
SRC (Figure 2A). The relevant hit drugs are shown in 
Figure 2B. Modulation of the serotonin pathway is unlikely use
ful for treating CDI because it affects nervous system functions. 
As the Human Protein Atlas shows the positive expression of 
histamine H1 receptor (HRH1) protein in the human colon, 
HRH1 antagonism may be a promising anti-inflammatory ap
proach for CDI.

Loratadine as a Safe Histamine 1 Receptor Antagonist

The median age of patients C. difficile in the United States is 74 
years [20]. Acrivastine is an FDA-approved antihistamine, but it 
is not recommended for patients above the age of 65 years. Five 
of 6 antihistamines in the hit list (Figure 2B) are uncommon for 
treating allergies owing to adverse effects and interference with 
other receptors. Histamine H2 receptor (HRH2) antagonists 
are contraindicated due to an elevated risk of CDI [21]. Many 
first-generation H1 receptor antagonists cross the blood-brain 
barrier and cause sedation [22]. However, this adverse effect 
can be circumvented by using the specific second-generation 
H1 blocker loratadine [23]. Loratadine is approved for patients 
aged ≥2 years. It has a more extended history of clinical uses 
than other second-generation H1 blockers, such as deslorata
dine and fexofenadine. Its bioavailability, pharmacokinetic- 
pharmacodynamic, and absorption, distribution, metabolism, 
excretion, and toxicity data are available [24, 25].

Non–life-threatening somnolence, tachycardia, and head
ache had been reported with overdoses (40–180 mg) in adults 
(loratadine product information). No deaths occurred in 
mice at 5000 mg/kg (oral) (PubChem). Oral loratadine (medi
an lethal dose, >5000 mg/kg) is safer than desloratadine (medi
an lethal dose, 353 mg/kg) in mice (Claritin and Clarinex 
product information). Loratadine is FDA pregnancy category 
B, safer than desloratadine and fexofenadine at class C [26]. 
Loratadine is less likely to cause drowsiness than cetirizine 
(Drugs.com). Thus, we chose over-the-counter loratadine for 
further studies.

Loratadine Inhibited Toxin-Mediated MIP-1α Expression in Immune Cells 
via SRC and NF-kB Inhibition

Loratadine reduced toxin B–induced MIP-1α secretion in fresh 
human colonic explants (Figure 3A). Starting at 30 μmol/L, 
loratadine inhibited toxin B–induced MIP-1α secretion in 
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primary human PBMCs (Figure 3B). Toxin A modestly in
duced MIP-1α secretion in fresh human explants and PBMCs 
unaffected by loratadine treatment (Figure 3A and 3B). 
Loratadine is metabolized to desloratadine [27], an approved 
second-generation nonsedating H1 blocker (Clarinex). 
Similarly, desloratadine also inhibited toxin A– and toxin 
B–mediated MIP-1α secretion in PBMCs (Figure 3B). 
However, other second-generation antihistamine/HRH1 antag
onists (cetirizine and fexofenadine) and HRH4 receptor antag
onist JNJ7777120 failed to inhibit toxin A– and B–mediated 
MIP-1α secretion in PBMCs (Figure 3C).

Loratadine inhibits endotoxin-induced cytokine production 
in macrophages via SRC binding and NF-κB inhibition [28]. 
Single-cell fixed RNA profiling showed SRC activation in toxin 
B–treated monocyte clusters 2 and 7 (Figure 1B). We therefore 
used an NF-κB phosphorylation protein array to discover the 
protein target of loratadine. Toxin B increased NF-κB phos
phorylation in human PBMCs, which was reduced by 
30 μmol/L loratadine (Figure 3D and 3E). Pretreatment with 
an SRC family activator or NF-κB activator reversed the anti- 
inflammatory effect of loratadine in toxin B–exposed PBMCs 
(Figure 3F). Thus, the anti-inflammatory effect of loratadine 
against toxin B in PBMCs was mediated by SRC and NF-κB 
inhibition.

Oral Loratadine Administration Was Safe for Mice and Reached the Colon

A previous study used loratadine at 10 mg/kg/d for 6–7 days to 
treat atopic dermatitis in mice [29]. We therefore used the same 
dosage dose to treat CDI in animals. Based on the blood chem
istry panel data, repeated treatment of the normal C57BL/6J 
mice with a 4-fold amount of loratadine (40 mg/kg/d) via 
oral gavage for 7 days did not cause a toxic response in the liver 
and kidney functions (Supplementary Figure 1A).

Consistent with findings of a previous study [30], oral 
loratadine treatment (10 mg/kg given once) in normal 
mice resulted in the presence of loratadine and its metabo
lites (desloratadine and 3-hydroxydesloratadine) in the fecal 
samples collected at 6 hours later (Supplementary Figure 1B 
and 1C). These results indicated that the colons of the 
loratadine-treated mice had exposure to loratadine.

Loratadine Inhibited CDI in Mice via Anti-inflammatory Effects in 
Splenocyte-derived Immune Cells

To determine the protective effect of loratadine against CDI 
in vivo, we started administering loratadine to the infected 
mice 24 hours after infection (Figure 4A). The mice were in
fected with toxin A+B+ reference strain VPI 10463 [31]. Oral 
loratadine treatment prevented death in mice with primary 
CDI (Figure 4B). The body weights of all groups fluctuated 
within a narrow range throughout the 10-day observation pe
riod (Figure 4B). Loratadine treatment did not affect the co
lonic mucosal structure in normal mice (Figure 4C).

As expected, CDI colitis caused colonic mucosal injury on 
day 3 after infection, as reflected by the histology scores 
(Figure 4C). Our previous studies indicated that MIP-1α is cru
cial in mediating CDI disease activity [19, 32]. CDI increased 
colonic mRNA expression of CCl3 in the infected mice 
(Figure 4D). Oral loratadine treatment ameliorated CDI colitis 
with reduced colonic injury and CCl3 mRNA expression 
(Figure 4C and 4D).

Multicolor flow cytometric immunophenotyping indicated 
that loratadine treatment restored the CD8 memory T-cell 
count in the colonic intraepithelial lymphocytes of the infected 
mice (Figure 4E). As T cells are derived from the spleen, we iso
lated splenocytes from loratadine-treated C. difficile–infected 
mice and transplanted them to T-cell deficient Rag−/− mice 
via intraperitoneal injection (Figure 4A). Splenocytes from 
the loratadine-treated donors successfully prevented CDI 
deaths in mice without affecting body weight (Figure 4B). 
The loratadine-conditioned splenocytes also protected colonic 
mucosal integrity and reduced colonic CCl3 mRNA expression 
in the infected recipient Rag−/− mice (Figure 4C and 4D). Thus, 
the protective effect of loratadine was mediated by splenocytes.

Oral loratadine treatment did not affect fecal toxin levels in 
the infected mice (Figure 4F). Although loratadine affected beta 
diversity in the fecal microbiome of the infected mice, it did not 
affect fecal alpha diversity and relative abundance (including 
C. difficile) in the infected mice (Supplementary Figure 2A 
and 2C).

As the intestinal memory CD8 T cells may protect against re
infection [33], we evaluated the long-term effect of loratadine 
in vancomycin-associated CDI recurrence (Supplementary 
Figure 2D). Consistent with a previous study [34], vancomycin 
initially protected the mice but showed mortality after tapering 
(Supplementary Figure 2E). Loratadine treatment prevented 
recurrent CDI-associated mortality in the vancomycin-treated 
mice (Supplementary Figure 2E). Body weights of mice fluctu
ated within a narrow range regardless of vancomycin or lorata
dine treatment (Supplementary Figure 2F).

Loratadine Exerted Toxin B–Specific Anti-inflammatory Affects in 
Human Immune Cells in Humanized Mice.

Toxin B is a main pathogenic factor in patients with CDI [7]. 
We established the first CDI colitis model with immunological
ly humanized HuCD34-NCG mice to study the toxin B–depen
dent human immune cell responses (Figure 5A). The 
HuCD34-NCG mice infected with hypervirulent toxin A−B+ 

C. difficile ribotype 017 showed mild weight loss without death 
(Figure 5B). The infected mice also had moderate colonic mu
cosal injury, as reflected by an increased histology score 
(Figure 5C and 5D). Oral loratadine treatment partially re
versed the weight loss and colonic mucosal damage 
(Figure 5B–5D). As in the regular mice (Figure 4E), loratadine 
increased the proportion of human naive CD8 T cells in the 
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blood and spleen of humanized mice (Figure 5E). Flow cytome
try also detected a reduced proportion of human MIP-1αhi cells 
in human CD14hi-expressing cells in colonic intraepithelial lym
phocytes (Figure 5F), suggesting reduced human MIP-1α ex
pression in colonic monocytes and macrophages.

Loratadine Inhibited CDI in Hamsters Infected With Toxin B–Expressing 
C. difficile

Since loratadine inhibited toxin B–mediated MIP-1α secre
tion in human colonic explants and PBMCs (Figure 3A and 
3B), we further evaluated whether loratadine ameliorates tox
in B–dependent cecitis in hamsters infected with a hyperviru
lent toxin A−B+ ribotype 017 C. difficile strain by an 

established method (Figure 6A) [18, 32]. Consistent with 
our group’s previous studies [18, 32], all hamsters infected 
with ribotype 017 survived with insignificant changes in 
body weight (Figure 6B). However, on day 3 after infection, 
the infected hamsters presented with signs of cecal inflamma
tion, such as neutrophil infiltration and thickened submucosal 
layer, as reflected by increased histology score (Figure 6C and 
6D). Oral loratadine treatment partially reduced cecal neutro
phil infiltration and submucosa thickness (Figure 6C), as re
flected by a lowered histology score (Figure 6D). Loratadine 
also significantly reduced cecal MIP-1α levels without affect
ing circulating MIP-1α levels in the infected hamsters 
(Figure 6E).

Figure 1. Single-cell fixed RNA profiling discovered toxin B–dependent gene signature in human peripheral blood mononuclear cells (PBMCs). A, t-Distributed stochastic 
neighbor embedding (t-SNE) projection of cells by clustering. The PBMCs were treated with either phosphate-buffered saline (PBS) or toxin B (0.1 μg/mL) for 6 hours. PBMCs 
are heterogeneous. Toxin B changed the gene expression signature in multiple clusters of cells, as determined by 10x genomics single-cell fixed RNA profiling. B, Differential 
expression analysis shows the highly expressed genes in a specific cluster relative to the rest of the sample. The log2 fold change is an estimate of the log2 ratio of expression 
in a cluster to that in all other cells. A value of 1.0 indicates a 2-fold greater expression in the cluster of interest. Significantly up-regulated genes are shown in the tables. 
Cluster 2 in PBS-treated and toxin B–treated cells showed a CD14 monocyte marker. Overall, the gene signature suggested that cluster 2 might be classic monocytes. Cluster 
7 in toxin B–treated cells expressed CCL3 (macrophage inflammatory protein [MIP] 1α) and monocyte-relevant markers (CXCL1, IRAK2/3, and GPR84), suggesting them as 
intermediate monocytes. The single-cell fixed RNA profiling used pooled PBMCs from 3 male and 3 female donors.
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As in the infected mice (Figure 4F), oral loratadine treatment 
did not affect cecal toxin B levels in infected hamsters 
(Figure 6F). Shotgun metagenome sequencing showed that 

loratadine did not influence the hamsters’ cecal alpha and 
beta diversities or the relative abundance of C. difficile and oth
er dominant bacterial species (Supplementary Figure 3A–3C). 

Figure 2. High-throughput screening identified histamine 1 receptor antagonists that prevented toxin B–mediated macrophage inflammatory protein (MIP) 1α secretion in 
peripheral blood mononuclear cells (PBMCs). A, STITCH analysis of all chemicals in the hit list. Some hits are associated with histamine 1 receptor (HRH1), serotonin receptor 
(HTR2A), estrogen receptors (ESR1 and ESR2), and SRC. Abbreviation: EDTA, ethylenediaminetetraacetic acid. B, Target-grouped hit list for Food and Drug Administration 
(FDA)–approved drugs that inhibited MIP-1α secretion in toxin B–treated PBMCs.
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Figure 3. Loratadine inhibited toxin B–mediated macrophage inflammatory protein (MIP) 1α secretion in peripheral blood mononuclear cells (PBMCs). A, MIP-1α enzyme- 
linked iimmunosorbent assay (ELISA). Fresh human colonic tissues from 3 male and 3 female patients were pretreated with loratadine for 30 minutes, followed by toxins for 
6 hours. Loratadine diminished MIP-1α secretion. Abbreviation: PBS, phosphate-buffered saline. B, MIP-1α ELISA. PBMCs from 3 male and 3 female donors were pretreated 
with loratadine and desloratadine for 30 minutes, followed by toxins for 6 hours. Loratadine (30 μmol/L) inhibited toxin B–mediated MIP-1α secretion. Desloratadine inhib
ited MIP-1α secretion induced by both toxins. Results were pooled from 3 experiments. C, MIP-1α ELISA. PBMCs from 2 male and 2 female donors were pretreated with 
histamine H1 receptor antagonists (cetirizine, fexofenadine) and HRH4 receptor antagonist JNJ7777120 for 30 minutes, followed by toxins for 6 hours. Cetirizine, fexofena
dine, and JNJ7777120 had no anti-inflammatory effect against either toxin. Results were pooled from 2 experiments. D, E, NF-κB phosphorylation array data. PBMCs from 
2 donors were pretreated with loratadine for 30 minutes, followed by toxin B for 2 hours. The cells were centrifuged and lysed by the array lysis buffer. The phosphorylation 
protein signals were captured and analyzed as described in Materials and Methods section. Abbreviation: pNF-κB, nuclear factor kappa-light-chain-enhancer of activated 
B cells; POS, positive control. Results were pooled from 2 experiments. F, PBMCs from 3 male and 3 healthy female donors were pretreated with SRC family activator or PMA 
for 30 minutes and then loratadine for 30 minutes, followed by toxins for 6 hours. The inhibitory effect of loratadine against toxin B–mediated MIP-1α secretion was reversed 
by the SRC family activator and PMA (NF-κB activator). Results were pooled from 3 experiments. A–F, Data represent means with standard deviations; 1-way analysis of 
variance was used. Abbreviations: NS, not significant; PMA, phorbol 12-myristate 13-acetate.
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Figure 4. Oral loratadine treatment ameliorated Clostridium difficile infection (CDI) colitis in mice. A, Experimental plan of mouse primary CDI. C57BL6/J mice were in
fected with C. difficile VPI 10463. B, Survival rate and change in body weight. C, Hematoxylin-eosin–stained images of colonic tissues and colonic histology score. D, Colonic 
CCl3 messenger RNA (mRNA) expression. Both oral loratadine treatment and splenocyte transplantation of loratadine-treated mice ameliorated colitis and reduced colonic 
CCl3 mRNA expression in the infected mice (6 per group). E, Flow cytometry–based immunophenotyping of whole blood and intraepithelial lymphocyte (IEL) compartments in 
mice with CDI on day 3 after infection. Only statistically significant data were shown. Loratadine treatment enhanced CD8 memory T cells in the infected mice (4 mice per 
group). F, Fecal toxin A and toxin B levels in mice infected with C. difficile VPI 10463 (day 3; 6 mice per group. Abbreviation: NS, not significant. D–F, Data represent means 
with standard deviations; 1-way analysis of variance was used.
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Again, oral loratadine treatment exerted anti-inflammatory ef
fects in the infected hamsters without modifying the cecal 
microbiome.

Loratadine is Not Antibacterial Against C. difficile

Oral loratadine treatment did not affect the fecal relative abun
dance of C. difficile in mice and the cecal relative abundance of 
C. difficile in hamsters (Supplementary Figures 2C and 3C). 
Loratadine does not have antibacterial effects against C. difficile 
(Supplementary Figure 4).

DISCUSSION

This is the first study to our knowledge use single-cell fixed 
RNA profiling and drug screening to discover a new toxin B– 
dependent pathway in human immune cells. This is also the 
first report to describe the anti-inflammatory effect of HRH1 

antagonist loratadine in C. difficile toxin B–treated human im
mune cells. This anti-inflammatory effect conferred protection 
against CDI in vivo.

High-throughput drug screening to discover new therapeu
tic drugs against C. difficile pathogenesis was attempted by sev
eral groups using a variety of assays. For example, Pal and 
Seleem developed a high-throughput screen of the 
AnalytiCon MEGx library of 1000 compounds to discover nat
ural compounds that inhibit C. difficile growth and toxin pro
duction [35]. Six natural compounds were identified as having 
good antibacterial effects against C. difficile with some inhibi
tion of toxin production. These 6 compounds had no toxic ef
fect on human colonic epithelial Caco2 cells. A compound 
(NP-003875) was found to confer 100% survival protection 
against primary CDI in mice up to 6 days after infection. 
Structural analysis of NP-003875 showed a similarity to mithra
mycin and chromomycin A2, which are known to possess an
tibacterial functions.

Tam et al used a toxin B–dependent cell rounding assay with 
image analysis [12]. Microsource’s Spectrum library with 2320 
compounds and Sigma’s LOPAC library with 1280 compounds 
were screened. Sixty hit compounds reversed toxin B–mediated 
cell rounding of human lung IMR90 fibroblasts. Niclosamide 
was the best performing of several anthelmintic drugs on the 
hit list. Niclosamide ethanolamine (NEN) was then chosen for 
the in vivo study. It protects epithelial barrier function against 
toxin B. Although NEN does not kill C. difficile, it conferred 
100% survival protection in the infected mice up to 16 days after 
infection, with a minimal impact on intestinal microbiota.

We performed a similar high-content screening to find drugs 
against toxins’ cytopathic effect (Supplementary Figure 5A). 
We found that 60 of 4480 drugs (1.34%) reversed cell rounding 
in the C. difficile–conditioned media exposed HEK293 cells 
(Supplementary Figure 5B). STITCH chemical association 
analysis showed that some are linked to histamine and seroto
nin receptors (Supplementary Figure 5C). In the hit list, 

clemizole, homochlorcyclizine, and ziprasidone are HRH1 an
tagonists. Loratadine diminished toxin-induced actin cytoskele
tal disruption in toxin A+B+ VPI 10463–conditioned human 
colonic CCD-18Co fibroblasts (Supplementary Figure 6), a key 
event in cell rounding. Consistent with our finding, loratadine 
showed 57% inhibition of cell rounding in the hit list used by 
Tam et al [12].

Cell rounding typically occurs before cell death. However, 
loratadine did not affect the toxin-mediated apoptosis in hu
man colonic epithelial cells (Supplementary Figure 7). 
Apoptosis in intestinal epithelial cells may be a defense tactic 
to restrict CDI [36]. The lack of direct antiapoptotic effects 
does not affect loratadine’s protective effects in CDI. For the 
same reason, the cell rounding assay in drug screening may 
be inadequate to identify drugs that are protective against 
C. difficile toxins.

An HRH1 antagonist, lodoxamide reversed toxin A–mediat
ed leukocyte adherence and emigration and albumin leakage in 
rat mesenteric venules [37]. Antihistamines may mediate anti- 
inflammatory effects against both toxins in animals. 
Desloratadine, but not loratadine, inhibited toxin A–mediated 
MIP-1α release in PBMCs (Figure 3B). We speculate that lora
tadine and desloratadine are similarly effective against CDI in 
real-world situations, as toxin B is a main pathogenic factor 
in CDI. No drug interactions between loratadine/desloratadine 
and vancomycin were found (Drugs.com and DrugBank).

The binding affinities of several popular antihistamines to 
HRH1 are as follows: desloratadine > cetirizine > loratadine  
> fexofenadine [38]. The lack of an anti-inflammatory effect 
of cetirizine against toxin B cannot be explained by its high 
binding affinity to HRH1. The similar anti-inflammatory effect 
of loratadine and desloratadine against toxin B–mediated 
MIP-1α expression was not correlated with their different bind
ing affinities to HRH1 (Figure 3B). Thus, the binding affinity to 
HRH1 is irrelevant to the anti-inflammatory effects of antihis
tamines against toxin B.

No report in the literature suggested the involvement of his
tamine in the toxin B–mediated inflammatory processes. Toxin 
A induces tumor necrosis factor α secretion without histamine 
release from rat mast cells [39]. Thus, the anti-inflammatory ef
fect of loratadine should be independent of histamine. 
Loratadine binds not only to HRH1 but also to other intracel
lular proteins. SRC is associated with the toxin B pathway 
(Figure 2B). Loratadine, but not other antihistamines (ketotifen 
and cetirizine), directly binds to SRC protein to form a complex 
in the whole lysates of HEK293 cells [28]. This explains why 
loratadine, but not cetirizine, inhibited toxin B–mediated 
MIP-1α expression in PBMCs (Figure 3C).

We used SuperPred to perform target prediction of compounds 
based on machine learning models (https://prediction.charite. 
de/index.php). Loratadine (98.58%), desloratadine (85.25%), 
cetirizine (97.13%), fexofenadine (98.71%), and JNJ7777120 
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Figure 5. Oral loratadine increased circulating human naive CD8 T cells and reduced colonic human macrophage inflammatory protein (MIP) 1α–expressing monocytes in 
immunologically humanized HuCD34-NCG mice infected with toxin B–expressing Clostridium difficile ribotype 017. A, Experimental plan of mouse primary C. difficile infection 
(CDI). The HuCD34-NCG mice were infected with C. difficile ribotype 017 (2 mice per group). B, Body weight. C, Hematoxylin-eosin (HE)–stained images of colonic tissues. 
Multiple regions were evaluated. D, Colonic histology score. Data represent means with standard deviations (SDs); 1-way analysis of variance (ANOVA) was used. E, Flow 
cytometry of blood and spleen cells. Cells were labeled with human CD45RA and CD8A antibodies. Loratadine significantly increased the proportion of CD45RAhi naive cells 
among human CD8 T cells. Data represent means with SDs; 1-way ANOVA was used. F, Flow cytometry of pooled colonic intraepithelial lymphocyte (IEL) cells. Cells were 
pooled from 2 mice per group. Cells were labeled with human MIP-1α and CD14 antibodies. Loratadine reduced the proportion of MIP-1αhi cells in human CD14hi monocytes 
and macrophages.
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Figure 6. Oral loratadine reduced Clostridium difficile infection (CDI) severity in infected hamsters. A, Experimental plan of hamster primary CDI. Hamsters were infected 
with hypervirulent C. difficile ribotype 017, which expresses toxin B only. All infected hamsters survived until day 3. B, Changes in body weight in primary CDI. C, Hem
atoxylin-eosin staining images of cecal tissues. D, Cecal histology scores. Abbreviation: NS, not significant. E, Cecal toxin B levels in hamsters infected with C. difficile 
ribotype 017 (day 3; 6 hamsters per group. F, Cecal and serum macrophage inflammatory protein (MIP) 1α levels in hamsters. CDI caused cecitis with increased cecal histology 
scores and cecal MIP-1α levels, reduced by loratadine (6 hamsters per group). D–F, Data represent means with standard deviations; 1-way analysis of variance was used.
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(96.23%) were predicted to have a high probability of 
interacting with NF-κB p105 subunit. On the other hand, the 
drug-target interaction network inference engine based on su
pervised analysis (https://www.genome.jp/tools-bin/dinies) 
predicted that loratadine, but not cetirizine and fexofenadine, 
may interact with the NF-κB p105 subunit with a predicted prob
ability of 0.4428. Loratadine has a relatively higher chance of 
NF-κB interaction than other second-generation antihistamines.

In our previous study [19], neutralization of MIP-1α amelio
rates CDI colitis with restoration of Slc26a3 and reduction of 
IL-1β expression in the colons of the infected mice. SLC26a3 
regulates fluid transport in colonic epithelial cells, and its 
down-regulation leads to diarrhea [40]. IL-1β is another proin
flammatory cytokine in the toxin B–treated monocyte cluster 7 
(Figure 1B). Therefore, the loratadine-mediated MIP-1α inhi
bition mediates therapeutic effects via multiple downstream 
mechanisms. Similarly, loratadine treatment also showed anti- 
inflammatory effects in mouse models of gastritis, hepatitis, 
peritonitis, and ulcerative colitis [28].

In addition to antihistamines, serotonin receptor 2A (HTR2A) 
antagonists inhibited toxin-mediated pathogenesis (Figure 2). A 
noradrenergic and serotonergic antidepressant, mirtazapine, 
and a selective serotonin reuptake inhibitor (SSRI), fluoxetine, 
but not many other SSRIs, are associated with increased CDI risks 
[41]. As many SSRIs act with different mechanisms of action, the 
effects of drug screening with cells cannot address the diverse 
mechanisms of CDI in a system (Figure 2). Comorbid conditions 
in patients with CDI (such as cancer, depression, and immunolog
ical disorders) can further complicate the risk factor calculation of 
HTR2A-related drug use.

The association of the female sex hormone estrogen with 
CDI has been reported previously. Postmenopausal women 
have an increased risk of CDI-related hospitalization [42]. 
Our group demonstrated that estrogen depletion increased sus
ceptibility to CDI in female mice [32]. As estrogen-related 
chemicals showed anti-inflammatory effects in toxin B–treated 
PBMCs (Figure 2A), a single estradiol injection delayed the on
set of death in C. difficile–infected female mice [32]. Repeated 
oral estrogenlike soy isoflavone genistein treatment prevented 
death in the infected female mice and hamsters [32]. The 
estrogen-based intervention may be feasible among postmeno
pausal female patients with CDI.

Oral loratadine reaches peak plasma concentration in 
1–2 hours. As vancomycin takes several days to stop diarrhea, 
loratadine may relieve CDI symptoms acutely and accelerate 
recovery. In hamsters infected with hypervirulent toxin A+B+ 

ribotype 027, oral loratadine treatment showed moderate sur
vival protection (CDI survival rate, 50% with loratadine vs 
20% with phosphate buffered saline) on day 3 after infection. 
In real-world situations, loratadine may be suitable for optimiz
ing existing therapies rather than for stand-alone use. Although 
loratadine does not affect the gut microbiome in C. difficile– 

infected mice and hamsters (Supplementary Figures 2 and 3), 
it prevented vancomycin-associated CDI recurrence in mice 
(Supplementary Figure 2E and 2F). Loratadine may prevent 
vancomycin-associated recurrence in patients with CDI.

Some patients with CDI have inflammatory bowel disease 
(IBD) [43]. Patients with ulcerative colitis have a higher risk 
of CDI than those with Crohn’s disease and those without 
IBD [44]. Ketotifen, an HRH1 antagonist, partially reduced en
doscopic injury in pediatric patients with ulcerative colitis [45]. 
Ketotifen also reduced 5-aminosalicylate intolerance among 
patients with IBD [46]. Thus, loratadine may be effective in pa
tients with both CDI and IBD.

In summary, PBMCs, mainly monocytes, are the source 
of CDI-dependent proinflammatory cytokine MIP-1α. 
Histamine 1 receptor pathway is involved in the toxin B–me
diated MIP-1α expression. The anti-inflammatory loratadine 
may be repurposed to optimize existing therapeutic ap
proaches. A graphic summary is shown in Supplementary 
Figure 8.
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