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Abstract: The pathogenesis of Clostridioides difficile infection (CDI) has largely been attributed
to the action of two major toxins - A and B. An enhanced systemic humoral immune response
against these toxins has been shown to be protective against recurrent CDI. Over the years,
fully human monoclonal antibodies against both of these toxins have been developed in

an attempt to counter the increasing incidence of recurrent CDI. Clinical trials conducted

to evaluate the efficacy of anti-toxin A monoclonal antibody, actoxumab, and anti-toxin B
monoclonal antibody, bezlotoxumab, demonstrated that bezlotoxumab substantially lowered
the rate of recurrent infection, while actoxumab did not. A significant therapeutic benefit

was appreciated in patients with at least one high-risk factor for recurrence, including, age
=65years, immunocompromised state, prior CDI and severe CDI. In light of toxins A and B
being immunogenic, vaccine trials are underway with the aim to prevent primary infection.
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Introduction

Clostridioides difficile was established as the causa-
tive agent of pseudomembranous colitis in 1978
and has since emerged as one of the most com-
monly encountered nosocomial infections in the
United States.!»> A population- and laboratory-
based surveillance study estimated that the
national burden of C. difficile infection (CDI) in
the United States was 462,100 cases in 2017.3
Annual treatment costs related to CDI are esti-
mated at US$4.8 billion in United States acute
healthcare settings, with additional burden in the
outpatient settings and long-term care facilities.*
A recent systemic review and meta-analysis exam-
ined reports of CDI incidence rates to develop an
estimate in the current global evidence of the
infection. They estimated that the overall inci-
dence rate of healthcare facility-associated CDI
was 2.24 per 1000 admissions per year and 3.54
per 10,000 patient-days.> Another global systemic
analysis, which included 195 countries, estab-
lished that C. difficile was responsible for the most
deaths among children younger than 5years and
among all age groups in countries with a higher
socio-demographic index.®

The host response to the C. difficile bacterium
ranges from asymptomatic carriage, mild diarrhea
to life-threatening colitis and, in some cases, even
death.” The recurrence of disease after an initial
infection continues to pose one of the greatest
challenges in its management. Recurrent CDI is
seen in 15-35% of patients after a first infection
and in 33-65% of patients who have had two or
more infections.® The wide spectrum of out-
comes is influenced by bacterial virulence fac-
tors including toxins that are encoded in the
pathogenicity locus, and adherence and motility
factors, as well as host comorbid conditions and
immune responses.® The presence of a healthy gut
microbiome also has a bearing on the develop-
ment of CDI as it provides a resistance against
C. difficile colonization.!®© The rates of asympto-
matic colonization in healthy adults have been
found to be up to 17.5%.11-13 Asymptomatic colo-
nizers may serve as potential disease carriers and
have the risk of transmitting CDI to others or may
progress to infection themselves if they carry the
toxigenic strains.!®!5 Although disruption of the
protective gut microbiome, mostly by the use of
antibiotics, can predispose to CDIL!% the host
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immune system also determines the development
of symptomatic disease and it is believed that
repeated reinfection from the environment results
in a protective antibody response in healthy
adults.!” The realization of the critical role that
human immune response plays in the pathogene-
sis of the disease has also led to the development
of drug therapies that target the immune system.

Pathogenesis of C. difficile infection

Transmission of the bacteria occurs by the fecal—
oral route in the form of spores. Favorable condi-
tions, such as gut microbiota perturbations,
facilitate C. difficile to manifest as an infection. C.
difficile spores survive the acidic environment of
the stomach and reach the intestine, where they
germinate and convert to vegetative, toxin-pro-
ducing forms. Although there are a number of
virulence factors possessed by C. difficile, includ-
ing motility and adherence, the symptoms of
infection correlate with the production of two
large exotoxins, namely toxin A and toxin B.!8
These two major virulence factors are the toxin A
and toxin B proteins, which are 308 and 270 kDa
in size respectively, and they have 48% identical
amino acid sequences. Once internalized into the
human colonic epithelial cytosol, these toxins cat-
alyze glycosylation and inactivation of Rho-
GTPases, which are regulatory proteins of the
actin cell cytoskeleton. This leads to the disrup-
tion of the cytoskeleton and dissociation of tight
junctions between the colonic epithelial cells,
causing a loss of epithelial integrity.!°

On breaching the host intestinal epithelium, tox-
ins A and B access the lamina propria and act on
macrophages and peripheral blood mononuclear
cells to trigger an immune response.2? These cells
further cause the release of proinflammatory
cytokines including interleukin (IL)-la, IL-1f,
IL-6, IL-8 and tumor necrosis factor-o..21-22 The
proinflammatory cytokines enable the infiltration
of neutrophil and monocytes from peripheral
blood. This is followed by localized mast cell
degranulation promoting histamine release,
which increases vascular permeability, resulting
in fluid loss and watery diarrhea. An initial expo-
sure to C. difficile also results in the release of
cytokines such as II.-10 and IL-4. These inter-
leukins promote the maturation of naive B cells
into mature Ig-producing plasma cells and mem-
ory B cells.??

Host immune response to infection

The mammalian immune system manifests both
innate and adaptive immune responses. The
innate immune system constitutes non-specific
defenses such as phagocytosis, oxidative Kkilling
and cytokine mediated responses, and the adap-
tive immune system is generally more specific
with T- and B-lymphocyte mediated responses
which entail antigen processing and presentation.
The innate immune response to CDI has been
exhaustively studied and characterized by using
mouse models.?>-2> These studies have found that
mice lacking components of the innate immune
system, such as interleukin-1f or the nucleotide-
binding oligomerization domain-containing pro-
tein 1 receptor, exhibit a high mortality after
CDI.23 A selective loss of innate lymphoid cells-3
or IL-22 reduces the resistance to acute CDI and
the loss of interferon-y markedly increases mor-
bidity and mortality.2* In addition, the adaptive
immune response, especially antibody responses
via IgA, IgM and IgG, have been extensively
investigated. Efforts to understand the implica-
tions of these antibody responses in CDI and
extend this knowledge into therapy have been
underway.

The role of antibodies

Conceivably, immunoglobulins IgA, IgG and
IgM may protect against CDI. Since IgM anti-
bodies play a role in the initial immune response
and have a lower antigen affinity, research evalu-
ating IgM responses has been limited. A retro-
spective study that measured serial IgM responses
to CDI concluded that IgM levels against both
toxin A and toxin B were lower in patients with
recurrent CDI compared with patients with an
initial infection.2¢

Immunoglobulin A response against C. difficile

IgA is an antibody that is widely secreted across
mucosal surfaces. Serum IgA exists as a monomer
and lacks a secretory component, which enables it
to bind to myeloid cells,?” whereas secretory IgA
exists as a dimer that is produced by plasma cells
in the lamina propria and is taken up into the cell
via endocytosis, where it passes through the cell
before being secreted onto the mucosal surface.?8
Production of secretory IgA against specific
mucosal antigens depends on sampling by M cells,
dendritic cells, T-cell activation and mesenteric
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lymph nodes.?® Given the crucial role it plays in
maintaining mucosal immunity, it would be
expected to provide substantial protection against
CDI. Two studies showed that low total fecal IgA
levels and low total colonic IgA producing cells
are associated not only with prolonged CDI symp-
toms, but also with higher rates of recurrence.30-31

Immunoglobulin G response against C. difficile
Higher IgG levels in response to colonization are
thought to be protective against the development
of CDI.3233 It has been demonstrated that serum
IgG levels in response to toxin A, toxin B and non-
toxin antigens are elevated on day 12 after the
onset of diarrhea in patients who have a single epi-
sode of CDI as compared with recurrent CDI.2¢
Further, another study found that subclasses of
antitoxin A IgG antibodies, IgG2 and IgG3, were
deficient in patients with recurrent CDI.34

Immunotherapy: a promising therapeutic
venture

Through animal studies, it was demonstrated that
passive immunization against both the toxins A
and B confers better protection than against either
toxin alone.3%-36 Initial studies focused on confer-
ring protection against toxin A, as it was believed
to be more pathogenic and animal models sug-
gested that toxin B did not establish infection.3?
Toxin A was demonstrated to be lethal when
administered intragastrically in hamster and
mouse models.?® Toxin B did not cause disease
symptoms unless it was co-administered with
toxin A or if intestinal damage was present.38

Another study constructed and characterized
four independently derived toxin A and toxin B
mutants of C. difficile in vitro and in vivo, in ham-
ster models. They that highlighted toxin B is an
essential virulence factor as disrupting the toxin
B gene, 1cdB, resulted in an attenuated virulence
phenotype. Also, the presence of toxin A, even at
higher levels, was not lethal. Isolates that lack
toxin A can still cause disease, and toxin B does
not require the presence of toxin A for its
activity.3?

Recent research using human colon also illus-
trated that toxin B is rather more toxigenic than
toxin A.%0 Additionally, toxin A-negative, toxin
B-positive strains of C. difficile have also recently
emerged, suggesting that perhaps both toxins play

an important role in the pathogenesis of CDI,
rather than toxin A alone.!

Translation to therapy

Actoxumab and bezlotoxumab

Building on the role that toxins A and B poten-
tially play in the causation of CDI, efforts to
directly neutralize these toxins by passive immu-
nization have been undertaken. Actoxumab and
bezlotoxumab are fully humanized monoclonal
IgG antibodies that bind to and neutralize toxin A
and toxin B respectively. These monoclonal anti-
bodies were developed in conjunction on the basis
that neutralization of both toxins of C. difficile
would provide the highest benefit. A number of
animal and human studies have since been car-
ried out to evaluate the efficacy of bezlotoxumab
(Table 1). A murine model demonstrated that
mice who were administered bezlotoxumab and
actoxumab 1 h before the administration of toxins
A and B were protected from toxin-induced death
in a dose dependent manner.*? Further, ileal sam-
ples taken from mice injected with the antibodies
prior to toxin exhibited a reduction in fluid accu-
mulation and histological evaluation of the ileal
walls indicated protection from toxin-mediated
damage and inflammation, as compared with
mice pre-treated with placebo. Morbidity and
mortality were lower in hamsters treated with
bezlotoxumab plus actoxumab than in vehicle
and vancomycin treated animals.43 Similar results
were also exhibited in a murine model.43

Although the mechanism of action of bezlotox-
umab is not completely understood, it is specu-
lated that the antibody is transported from the
basolateral to the luminal compartment via para-
cellular transport after toxin mediated epithelial
disruption.4” As this epithelial damage induced by
the toxin increases, it allows more antibody to
enter the lumen to enable neutralization, epithe-
lial recovery and consequently a decrease in anti-
body transportation.4?

A randomized, double blinded, placebo-con-
trolled phase II study was undertaken where
patients on standard-of-care therapy received
either monoclonal antibody to toxin A (CDA1) or
placebo.** Twenty-nine patients were adminis-
tered infusions of CDA1l while 17 patients
received placebo. These patients were followed
up for 56 days and serum antibodies against toxin
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A and B were measured before and after the infu-
sion. It was subsequently observed that the rates
of recurrence were almost identical by the end of
8weeks.** In the same trial, patients who did not
develop recurrent CDI had higher levels of anti-
toxin B antibodies as compared with those who
did. In another trial, patients were randomly
assigned to receive standard-of-care therapy plus
either actoxumab and bezlotoxumab or placebo.%
By 12 weeks, the rate of recurrence was 7% in the
treated group, as compared with 25% in the con-
trol group.

Two large, double-blind, randomized, placebo-
controlled, phase III trials, a study of MK-3415
(human monoclonal antibody to C. difficile toxin
A), MK-6072 (human monoclonal antibody to
C. difficile toxin B) and MK-3415A (combination
of human monoclonal antibodies to C. difficile
toxin A and toxin B) in participants receiving
antibiotic therapy for Clostridium difficile infection
(MK-3415A-001) (MODIFY I) and a study of
MK-6072 and MK-3415A in participants receiv-
ing antibiotic therapy for C. difficile infection
(MK-3415A-002) (MODIFY II) were conducted,
with adults receiving oral standard-of-care antibi-
otics for the treatment of primary or recurrent
CDI.46 Overall, 2655 adults were enrolled who
were receiving oral standard-of-care antibiotics
for primary or recurrent CDI. Out of these, 2580
were treated and 2559 were included in the modi-
fied intention-to-treat population. These patients
were randomly assigned in a 1:1:1:1 ratio to
receive a single dose of bezlotoxumab, actoxumab
plus bezlotoxumab, placebo or actoxumab alone
(in MODIFY I only). Of these, 773 patients
received actoxumab plus bezlotoxumab infusion,
781 received bezlotoxumab, 232 received actox-
umab alone and 773 received placebo and were
followed up for a total of 12weeks.

In both trials, the proportion of participants who
had recurrent infection was lower in the bezlotox-
umab group than in the placebo group (MODIFY
I: 17% wversus 28%; p<0.001; MODIFY II: 16%
versus 26%; p<<0.001) and was also lower in the
actoxumab-bezlotoxumab group than in the pla-
cebo group (MODIFY I. 16% wversus 28%;
MODIFY II: 15% wversus 26%; both p<<0.001).4¢
There was no significant difference in the rate of
recurrent infection between the actoxumab group
and the placebo group in MODIFY I (26% and
28%, respectively; p=0.64). In the pooled data
set, the rate of sustained cure (initial clinical cure

without recurrent infection in 12 weeks) was 64%
with bezlotoxumab, 58% with actoxumab-bezlo-
toxumab and 54% with placebo.4¢

In summary, bezlotoxumab had a rate of recur-
rence that was 38% lower than that with stand-
ard-of-care therapy alone and actoxumab was not
beneficial when administered alone, or even when
used in conjunction with bezlotoxumab. These
findings reiterated the fact that toxin B might be
the main virulence factor for recurrent CDI.
Since then, several studies have been carried out
to assess the utility and benefit of bezlotoxumab.

Clinical utility of bezlotoxumab

Bezlotoxumab has been approved by the United
States Food and Drug administration as a one-
time intravenous therapy in patients receiving
standard-of-care antibiotics for CDI to prevent
recurrent CDI. Patient characteristics such as age
=65 years, history or present use of immunosup-
pressive therapy, severe CDI and prior episode of
CDI have been shown to increase the risk of
recurrent CDI or CDI-related adverse events. A
post hoc analysis of the data from the MODIFY I
and MODIFY II trials analyzed the efficacy of
bezlotoxumab in patients with these high-risk fea-
tures.*® The greatest risk reduction was seen in
patients with at least three risk factors and patients
with only one risk factor also benefit from the
monoclonal antibody.#® Patients without even
one of the prespecified risk factors at the time of
diagnosis of CDI are not likely to benefit from
bezlotoxumab. Individuals with other risk factors
that were not included in the study, such as renal
impairment, inflammatory bowel disease or con-
comitant antibiotic use, may also benefit from
bezlotoxumab.

A study estimated 30-day all-cause and CDI-
associated hospital readmissions in participants
that were enrolled in MODIFY I and MODIFY
I1.4° Bezlotoxumab reduced the number of 30-day
rehospitalizations associated with CDI by 6%
overall and by 8% in subpopulations with a higher
risk of recurrent CDI. A retrospective study of 46
patients in a university hospital setting in Finland
aimed to assess the real-world efficacy of bezlo-
toxumab for preventing recurrent CDI.>% Bezlo-
toxumab infusion was used as an adjunctive to
standard-of-care therapy and was found to be
effective in preventing recurrent CDI in 73%
patients in the following 3 months, with a 71%
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efficacy in immunocompromised patients. Also,
63% patients with severe CDI remained free of
recurrence a follow-up period of 3 months. A sim-
ilar study sought to evaluate the use of bezlotox-
umab in the real world setting across 34 infusion
centers in the United States.’! This multicenter
study produced results comparable to the
MODIFY clinical trials and demonstrated that
bezlotoxumab was successful in preventing recur-
rent CDI in 84.1% patients after a single dose in
combination of standard-of-care therapy. The
timing of infusion and type of standard of care
therapy used did not affect the results in the
study.

A study determined the cost-effectiveness of bezl-
otoxumab in conjunction with standard-of-care,
compared with standard-of-care alone to prevent
recurrence of CDI in high-risk patients.52 Their
cost-effectiveness model demonstrated that bezl-
otoxumab added 0.12 quality-adjusted life-years
and was cost-effective in the prevention of recur-
rent CDI in the trial population. It was also cost-
effective in subgroups of patients >65years of
age, immunocompromised and those with severe
CDL

To further evaluate the benefit of bezlotoxumab
in relation with standard-of-care antibiotics for
CDI, an analysis of the MODIFY I/II trial
revealed that participants who received bezlotox-
umab in addition to metronidazole or vancomy-
cin had similar significant reductions in the rates
of recurrent CDI as compared with those who
received placebo.>? A similar reduction rate was
also observed in patients who received bezlotox-
umab with fidaxomicin in the same analysis.
However, to date, data for the use of bezlotox-
umab with fidaxomicin are limited.

A post hoc analysis was conducted to investigate
the impact of timing of bezlotoxumab infusion as
compared with placebo, which found that there
was a reduction in the incidence of recurrent CDI
with bezlotoxumab regardless of the timing of
infusion.5* Bezlotoxumab did not improve the
initial clinical cure rates or the time to resolution
of diarrhea if administered early during the course
of antibiotic treatment. This probably occurs
because stool toxin B levels have been found to
rise 9-25 days after the end of antimicrobial ther-
apy, representing the start of the recurrent CDI
risk period,> thus, making it essential to adminis-
ter bezlotoxumab before the end of antimicrobial

therapy for CDI to protect against the effect of
the new toxin that is produced during the period
of risk of recurrence.>*

Current treatment guidelines for CDI do not yet
include the use of bezlotoxumab for therapy.
Since its use provides maximal benefit to patients
who have high risk features such as age =65 years,
immunosuppression, prior CDI episode and
severe CDI, its use could be reserved for this
patient population. Individuals with one or more
of these risk features could benefit from bezlotox-
umab when used as an adjunct to existing stand-
ard-of-care therapy. Its administration should be
withheld in patient groups without high risk fea-
tures due to lack of proven clinical advantage.

Vaccine development

Several vaccine efforts have been undertaken that
focus on immunogenicity. A few vaccine candi-
dates with variable targets, patient populations,
different dosages and formulations have under-
gone phase I and phase II studies. One vaccine
candidate developed by the Centre for Applied
Microbiological Research containing formalin
inactivated C. difficile toxin A and B underwent a
phase I study of 30 young healthy adults.>® The
vaccine resulted in detectable IgG antibodies
against both toxins in 90% of patients and fecal
IgA in half of the patients.>® Another phase I dose-
finding study of a toxoid vaccine with an adjuvant
was carried out in two population groups — 18—
55years and =65-year-old volunteers — who
received three doses.’” Seroconversion was
observed for toxin A in the younger population by
the second dose, but seroconversion rates seemed
to be dose dependent in the elder population. This
seroconversion was sustained in younger individu-
als. Seroconversion for toxin B was found to be
lower than for toxin A in both groups and the rate
increased with increasing dose levels. In a follow-
up two staged phase II trial, adults were enrolled
to receive a high dose with or without adjuvant or
placebo.>® In stage I, the immune response against
both the toxins was highest in the high-dose plus
adjuvant group, which was then chosen for stage
I1. In stage II, the immune response for this high-
dose formulation was better than the previous two
schedules to day 180. A phase III study evaluated
the efficacy of this candidate to prevent primary
CDI in individuals who were at risk [Clinical Trials.
gov identifier: NCT01887912]. Participants were
randomized to receive either the vaccine (where
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high dose with adjuvant was selected, based on the
phase II study®®) or placebo in three doses. The
primary goal was to assess the efficacy of the vac-
cine in preventing the development of CDI. It was
found that the percentage of participants with a
=2-fold increase in antibody levels against toxin A
was 93.3% and for toxin B was 82.2%. The active
group subsequently had 34 confirmed cases of CDI
and the placebo group had 16, indicating no signifi-
cant efficacy of the vaccine.?® Due to futility this
trial was terminated after an interim analysis.>®

Another phase I dose-escalation study was con-
ducted to evaluate the safety and immunogenicity
of a another toxoid vaccine, administered alone
or with adjuvant.® There was an immune
response seen with a rise in antitoxin A- and anti-
toxin B-antibodies in both the groups. This rise
was higher in the toxoid only groups as compared
with the toxoid plus adjuvant groups. In a follow-
up phase II trial, adults were randomized 3:3:1 to
receive low-dose or high-dose vaccine or placebo
in a 30-day or 6-month regimen.®! The higher
dose elicited a higher immune response and the
6-month regimen produced a stronger and more
persistent response. A follow-up phase III trial of
this vaccine is currently underway.

What is next?

Despite the development of various therapies to
treat and prevent CDI, recurrence of infection
continues to be one of the main problems.
Bezlotoxumab seems to be a promising therapeu-
tic option that can be used adjunctively in patients
with CDI. Its use also seems to be beneficial in
patients with high-risk features including age
=65years, immunocompromised state, severe
CDI and prior episode of CDI. However, whether
formation of an immune response against CDI
prevents primary infection still needs exploration.

With the discovery of C. difficile toxoids being
immunogenic, several vaccine trials are being car-
ried out. While the results of these trials are
encouraging, it is still premature to conclude their
efficacy. It is pertinent that vaccines confer long-
term sustained immune responses and provide
benefit to high-risk populations.

The knowledge of immune responses can also be
used to formulate clinical prediction tools for rec-
ognizing patients who are at risk of developing pri-
mary CDI, at risk of recurrence and development

of severe CDI and complications. These tools
would then be able to categorize patients who
would benefit maximally from the use of immu-
notherapeutic interventions.
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