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Abstract: Pathogenic bacteria are a global health threat, with over 2 million infections caused by
Gram-negative bacteria every year in the United States. This problem is exacerbated by the increase in
resistance to common antibiotics that are routinely used to treat these infections, creating an urgent need
for innovative ways to treat and prevent virulence caused by these pathogens. Many Gram-negative
pathogenic bacteria use a type III secretion system (T3SS) to inject toxins and other effector proteins directly
into host cells. The T3SS has become a popular anti-virulence target because it is required for pathogenesis
and knockouts have attenuated virulence. It is also not required for survival, which should result in less
selective pressure for resistance formation against T3SS inhibitors. In this review, we will highlight selected
examples of direct antibody immunizations and the use of antibodies in immunotherapy treatments that
target the bacterial T3SS. These examples include antibodies targeting the T3SS of Pseudomonas aeruginosa,
Yersinia pestis, Escherichia coli, Salmonella enterica, Shigella spp., and Chlamydia trachomatis.
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1. Introduction

The type III secretion system (T3SS) is a multimeric protein complex used by many pathogenic Gram-
negative bacteria to cause and maintain an infection [1]. Pathogens that use a T3SS include Chlamydia trachomatis,
Escherichia coli, Pseudomonas aeruginosa, Salmonella enterica, Shigella spp., Vibrio cholerae, and Yersinia pestis [2].
The T3SS functions as a molecular syringe, sometimes called an injectisome that bacteria use to translocate
effector proteins directly into a host cell (Figure 1) [3]. The T3SS is comprised of three major components. First,
a basal body that anchors the structure to the bacterial membrane containing an ATPase at the base that powers
the secretion of proteins. Next, the needle itself acts as a tunnel that spans the extracellular space between the
pathogen and host cell. Finally, there is a translocon that forms a pore in the host cell membrane [4]. Due to the
small diameter of the needle, the effector proteins must be unfolded to be translocated and then are re-folded
after entering the host cell [5]. These effector proteins are responsible for modifying the host cell functions in
ways that are beneficial to the pathogen. This includes mechanisms such as reprogramming host machinery to
allow for colonization through interference with actin and tubulin, gene expression, or cell cycle progression
(Salmonella spp., Shigella spp.) [6,7]. Some pathogens even interfere with or induce programmed cell death
(Yersinia spp., Pseudomonas spp.) [8,9].
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The T3SS is becoming an important anti-virulence target for many reasons. The T3SS is specific
to Gram-negative pathogens, meaning any interventions targeting it should not affect commensal
bacteria [10]. Bacteria containing a nonfunctional T3SS also have attenuated virulence but are still
capable of growth [11–15]. This lends to the theory that inhibiting the T3SS will reduce the selective
pressure on the bacterial pathogen to form resistance, leading to slower formation of resistance to T3SS
inhibitors [16]. Small molecule inhibitors of the T3SS have been shown to increase survival rates after
infection with otherwise lethal doses of bacterial pathogens [10,17].

Mammalian immune systems produce antibodies (Ab) against T3SS proteins when natural infection
occurs [18–22]. Due to the high prevalence of infection caused by bacteria utilizing the T3SS, the majority
of humans have antibodies to the T3SS of some pathogens already in their system [22]. Durand et al.
tested human colostrum samples for Abs against T3SS proteins for Salmonella spp., Shigella spp., and E. coli
including the needle tip, translocon, and secreted effectors. They found that every sample collected
contained Abs to at least one of the aforementioned proteins and 10% of the samples contained Abs to
all 11 proteins tested [22]. When pregnant cattle were vaccinated against E. coli with two recombinant
T3SS-related proteins, EspB, and γ-intimin, the Abs produced against these antigens was passed to their
calves through breast milk [23]. Rabinovitz et al. showed that calves with vaccinated mothers showed
markedly higher survival rates after a challenge of enterohemorrhagic E. coli (EHEC) than those with
sham-vaccinated mothers [24].

Antibody recognition can lead to rapid and robust responses by the immune system, removing
the pathogen before any symptoms can be felt or seen in the host. When this is the case, we consider
the host to be immune to the pathogen [25]. The presence of anti-T3SS Abs is enough to identify that
an individual has come into contact with the pathogen with the T3SS protein in question, but not
necessarily that they have immunity. This is because not all Abs have the same immunoprotective
properties [26]. Notwithstanding this fact, the presence of the Abs targeting the T3SS and its effectors
across multiple bacterial species implies a significant therapeutic potential. The most T3SS structural
components are not expressed by non-pathogenic bacteria, allowing for the potential for enhanced
specificity. In this review, we will cover selected examples of promising and effective antibody-based
treatments and prophylactics that target the T3SS of pathogenic bacteria.

2. Antibody Structure and Function

The majority of antibodies are “Y” shaped immunoglobulin (Ig) proteins that are used by the
immune system to recognize antigens. They contain a variable domain on the tips on the Y and
bind to antigens. A non-variable or constant domain on the stem of the Y binds to cellular receptors
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(Figure 2A) [25]. There are five main isotypes of Abs found in humans: IgA, IgD, IgE, IgM and IgG.
IgA and IgG are the most commonly used in therapeutics [25,27,28]. IgA are found in the mucosal
membranes and help to prevent the colonization of mucosal pathogens. They are commonly found as
dimers that take the shape of two Y’s bound together at the stem [27]. IgG are considered memory
Abs and provide the main Ab-based immunity against pathogens and comprise approximately 80%
of total pooled Abs within humans [28]. Some antibodies, such as IgD, are membrane-bound and
involved in cellular signaling. Nearly all antibodies are glycosylated to assist in specificity and binding.
There are two main types of Abs in the context of antigen binding. Monoclonal antibodies (mAbs)
are identical in their sequence and specificity, while polyclonal antibodies (pAbs) are not identical in
sequence [25]. MAbs are more often used as therapeutics and vaccines due to their higher specificity
and homogeneity [29,30].
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Antigen binding fragments (Fabs or Fvs) can often be used in place of whole antibodies. These fragments
are one light chain and a section of a whole Ab that contains the variable domain. Another type of fragment
called F(ab’)2, essentially two Fabs linked together, can also be isolated from Ab solutions (Figure 2B).
Another Ab type that has become important in pharmaceutical development is small- or single-domain
antibodies (sdAb) which were discovered in the family Camelidae (Figure 2C) [31,32]. These sdAb consist of
the heavy chain homodimers that lack the light chains entirely. SdAbs are often cleaved at their disulfide
bonds to separate the variable domain from the Fc region. The variable domain fragments are also called
single variable domains (VHH, scFv) because their antigen-binding site is a singular variable domain of a
heavy chain IgG. VHHs are also often called nanobodies due to their small size (Nanobody™ is a trademark
of Ablynx N.V., Ghent, Belgium) [32].

There are multiple mechanisms by which an antibody can act to destroy or inactivate infectious
agents. These include: (1) Complement-dependent bacteriolysis; (2) Opsonization or phagocytosis;
(3) Antibody-dependent cell-mediated cytotoxicity (ADCC); (4) Agglutination; (5) Neutralization;
and (6) Secretion blockade (Figure 3) [25,33,34]. Mechanisms 1–3 and 5 were the original biological
effects that Abs were thought to perform. Agglutination (4) is not typically considered one of
the mechanisms of Abs against bacterial pathogens because it leads to mechanism 2 or 3 but is
included here for clarity. Secretion blockades (6) were only recently discovered in the context of T3SS
inhibition research.

Complement activation occurs when Abs bind to an antigen of the bacteria or virus. This attracts
the first component of the complement cascade and subsequently the classical complement system [33].
This activation results in pathogen death. The entire process is called complement-dependent
cytotoxicity (CDC). CDC is divided into two distinct pathways for pathogen elimination; the Ab
attracts and begins the formation of a membrane attack complex which then assists in bacteriolysis
(1) or the Ab marks the bacteria for opsonization by neutrophils, macrophages, or other phagocytes
(2) [33]. Opsonization is considered an indirect inactivation or inhibition of pathogenesis by Abs.
This is because the Ab itself does not cause the halt of pathogenesis. Along with eventual bacterial
death, complement activation also attracts inflammatory cells to the site [25].
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Figure 3. Mechanisms initiated by antibodies to destroy bacteria or toxins. (1) Bacteriolysis occurring
after complement activation; (2) Opsonization by a macrophage or neutrophil after Fc sequence
recognition; (3) Antibody-dependent cell-mediated cytotoxicity (ADCC) of an infected host cell;
(4) Agglutination; (5) Neutralization of a bacterial secreted toxin; (6) Secretion blockade preventing
T3SS proteins from being secreted. Image modified from [34].

ADCC is initiated by Abs that mark infected host cells for digestion or lysis (3). For example,
after a pathogen invades a host cell, the host cell may break up some of the pathogen’s proteins and
display them on the host membrane. Abs can bind to the displayed pathogen protein fragments and
be recognized by natural killer (NK) cells. The NK cells then induce apoptosis of the infected host
cell [35]. For clarity within this review, Abs that attach to antigens presented on the host cell will be
considered marked for ADCC. When the bacterial cell is attached to the host cell then either ADCC or
opsonization can be considered.

Agglutination occurs when the Ab binds to multiple foreign cells, clumping them together into
large attractive targets for phagocytes (4). This eventually leads to opsonization (2). Agglutination also
activates natural killer cells and initiates ADCC (3) [33,35]. Agglutination helps to prevent cell division
in bacterial pathogens by physically lumping the cells together [25].

Neutralization is the process in which an Ab binds to an antigen, typically a toxin, causing physical
or chemical inactivation of that antigen (5) [33]. Precipitation is another specific way in which antigens
can be neutralized. Abs may bind to multiple soluble antigens to create larger, insoluble clumps that
precipitate out of solution, once again making them attractive targets for phagocytes [33].

The most recently discovered mechanism for deactivating pathogens are secretion blockades.
A secretion blockade occurs when the Ab binds to a secretion system and physically blocks the secretion
of protein (6). This helps to prevent the bacteria from binding to host cells and infecting them [34].
This mechanism is initiated by Abs targeting the translocon or needle tip proteins of the T3SS. When
Abs latch onto these proteins it can create a physical barrier, preventing the needle tip from attaching
to the translocon correctly or the translocon from integrating into host cell membranes. One example
of this phenomenon is seen by specific anti-LcrV Ab blocking the apoptotic action of LcrV, the Yersinia
spp. needle tip, against human T-cells [36].

3. Antibodies as Pharmaceuticals

Edward Jenner, the father of the modern vaccine, used the blood serum of milkmaids who were
immune to smallpox due to their exposure to cowpox to successfully vaccinate a child against smallpox [37].
This strategy was inspired by the way infants receive protection from maternal antibodies contained
in their mother’s milk and was considered to be a passive immunization [23,38]. Since Jenner’s time,
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passive immunization has come to mean the direct administration of purified antibodies or antibody
serum rather than human blood containing antibodies [30]. In contrast, active immunization is done with
an antigen, such as a toxoid, or with whole-cell vaccines. The passive distinction comes from the lack of
immune response required by the host to confer immunity.

Any vaccine can become ineffective over time due to mutations of the bacteria or virus, but when the
protein’s sequence is highly conserved the chance of mutation is decreased [38]. Many components of the
T3SS, such as the translocon, needle tip, needle subunits, and ATPases, are highly conserved between strains
of a species of bacteria and often even between species of a particular genus [2]. This conservation allows
for the immune response elicited by the injected antigen to have a high likelihood of recognition amongst
different species or serovars of bacteria within the same genus. Vaccines targeting the T3SS also have
shown promise as some subunit vaccines of the Yersinia needle tip protein have gone into clinical trials [39].

Nonspecific polyclonal human IgG pooled from 10,000 s of donors is known as intravenous
immunoglobulin (IVIG) and has a wide variety of clinical uses that highlight the importance of using IgG
as a therapeutic. IVIG contains antibodies with the ability to bind to a wide variety of antigens because
it is pooled from so many donors [40,41]. IVIG is often used in immunocompromised patients as a
prophylactic to prevent infection [42,43], or in those struggling with active infections [44,45]. If a grouping
of non-specific antibodies can help to prevent and treat disease, then antibodies designed specifically to
act upon pathogens should be able to do the same at a higher specificity without some of the common
side effects and complications of IVIG, such as fever, migraines, anxiety, nausea, and vomiting [46,47].
Other benefits to designed antibody therapeutics are the consistency in their preparation, homogeneity of
contents, and ease of engineering [48].

Antibodies have recently come into prominence as therapeutics. To date, there have been approximately
85 mAbs approved by the FDA for use as immunotherapy and 80 that have been approved by countries
within the European Union [49]. Abs used as therapeutics are often administered via intravenous (IV)
injections, intramuscularly, or parenterally [28,47]. The route of administration can be very important for
the effectiveness of therapeutic Abs. For example, Sécher et al. showed the administration of anti-PcrV
pAbs is more effective at treating Pseudomonas aeruginosa infections when done via airways than through
parenteral injections [50]. This is likely due to the localization of the therapeutic at the area of infection
as P. aeruginosa infects lung epithelial tissue. In the case of a gastrointestinal pathogen, such as E. coli
or Shigella spp., an oral route of administration may be more effective than IV injections [51]. Hill et al.
showed that local administrations of anti-LcrV and F1 Abs could be used as a Yersinia infection treatment or
prophylactic, while injections of the same Abs could only act preventatively when administered multiple
weeks in advance [52]. Their research suggests that this method of localization to the lung could be effective
as a fast-acting post-exposure treatment for pneumonic plague.

Breastfeeding has been shown to reduce the risk of infant diarrheal disease, of which E. coli is a
main culprit, from 76% to 26% [53]. Loureiro et al. showed that passive immunization of infants with
anti-T3SS Abs via breastfeeding protects them against infection with two strains of EPEC. Abs targeting
three separate T3SS-related proteins were discovered in infants in areas where EPEC-caused diarrhea
is endemic. These Abs were isolated from blood samples and shown to decrease host cell binding of
EPEC. They also acted as potent opsonins for killing EPEC [18]. Both of these are evidence for the
protective properties of anti-T3SS Abs against Gram-negative pathogenic bacteria.

No studies on Abs protecting against a bacterial challenge have been performed in human
infants. There have, however, been studies in baboons. Kapil et al.’s study of maternal vaccination
against Bordetella pertussis, the causative agent of whooping cough, showed that Abs transferred
via breastfeeding were sufficient to protect against a B. pertussis infection. Infant baboons born to
vaccinated mothers did become highly colonized with the pathogen but did not exhibit signs of disease
and cleared the infectious bacteria approximately three weeks after bacterial challenge. The infants
born to non-vaccinated mothers, on the other hand, exhibited severe disease symptoms and all but one
were euthanized due to the severity of symptoms [54].
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3.1. Challenges of Anti-T3SS Antibody Therapies

Compared to small molecules, Abs have much higher specificity and affinity to their targets and can
easily be identified as drug candidates. They also have longer half-lives due to lower CYP450 metabolism
and high serum stability [29]. Along with these benefits, Abs are twice as likely to be approved and
moved to market once entering in-human trials than small molecules [55]. All of these traits make Abs
desirable candidates for drug development. Unfortunately, there are some downsides to Ab therapeutics
when compared to small molecules. Abs typically cannot penetrate cell membranes, which means
that intracellular targets are unavailable to them [56]. This issue has inspired techniques to engineer
cell-penetrating Abs and antibody fragments, but these increase the cost of production [57]. Abs also
have a higher cost of production than small molecules [58].

When discussing antibody therapies the risk of host rejection and severe side effects must also
be considered. A higher dosage leads to a higher risk of adverse side effects or effects on plasma
viscosity. This is most commonly an issue with IVIG where replacement treatments are approximately
200–400 mg/kg given every two to three weeks continuously and acute treatments can reach 2000 mg/kg
monthly. The large doses in IVIG treatment are less desirable when compared to the treatment of acute
infections with mAbs that range closer to 5–50 mg/kg [59]. This can be contrasted, however, with the
risk of anti-antibody formation.

Prolonged use of biologics, particularly mAbs, can cause the development of anti-drug antibodies
(ADAs). IVIG is at low risk for ADA neutralization because the solution of Abs is from separate donors
and less likely to contain high concentrations of any particular antibody. In comparison, mAbs are a
singular Ab, meaning only one type of ADA is required for neutralization. Once ADA are present in the
patient the treatment is often no longer administered due to changes in pharmacokinetics (PK) and the
risk of allergic reactions. ADAs can function by a variety of different mechanisms. Some ADAs, called
binding ADAs, increase clearance by complex formation while others, neutralizing ADAs, increase
clearance and neutralize by binding to the epitope associated with the therapy [59]. Once a biologic
therapy reaches preclinical status, the effect of ADAs on immunogenicity and PK must be considered
and determined. The risk of an allergic reaction due to ADA formation must also be documented.
The production of ADAs against an anti-T3SS antibody would not necessarily be prohibitory to its
success. The risk of ADAs against mAbs currently on the market range from 0% to 89%, although the
majority are under 10% [59].

Clinical trials of antibodies used to treat Gram-negative infections, including sepsis, have had
limited success in the past. IVIG has been approved to treat sepsis, but there is a high degree of
heterogeneity in the results of treatment, leading to unclear guidelines for dosing and preparation [48].
MAbs have faced even larger difficulties. A clinical trial on the effects of anti-lipopolysaccharide (LPS)
IgG revealed no therapeutic benefit in any clinical parameter measured from either the administration
of anti-LPS mAbs or endogenously produced antibodies [60]. It is unclear whether therapeutic
antibodies targeting the T3SS will encounter the same difficulties. A clinical trial on an anti-PcrV F(ab’)2

was tested for its efficacy at preventing and treating sepsis due to P. aeruginosa. The treatment did
significantly prevent onset of sepsis, but protection was not considered complete. When administered
after the onset of sepsis there was a slowing of disease progression, resulting in a decreased rate of
septic shock. Presence of the pathogen, however, was not significantly decreased by the administration
of anti-PcrV F(ab’)2 [61]. This suggests that anti-T3SS antibody treatments alone may not be enough to
treat or prevent disease.

The research presented in this review is focused on the use of anti-T3SS Abs as individual therapies,
but combination therapies are more likely in practice [62,63]. Combination therapy may reduce drug
resistance emergence by allowing for reduced dosages and treatment duration of antibiotics [64].
Evidence of this synergistic approach can be seen in Secher et al.’s study of an anti-P. aeruginosa mAb
with meropenem, a broad-spectrum antibiotic. They found treatment with this combination led to
an additive effect. When the combination was given to patients with meropenem-resistant infections
the mAb efficacy was comparable to treatments with the mAb alone against meropenem-sensitive
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infections [65]. Le at al. demonstrated that MEDI3902, an anti-T3SS mAb, showed enhanced activity
when treating P. aeruginosa infections when administered in combination with a subtherapeutic
dose of meropenem [66]. These studies, along with others discussed in this review, are evidence
of practical applications of anti-T3SS Ab therapeutics when used in combination with traditional
antibiotic approaches.

3.2. Strategies to Enhance Antibody Production

The costs associated with antibody production and isolation can be a limiting factor in their
use. Strategies to enhance and reduce the cost of antibody therapeutics is an ongoing research area.
Since the mid-1970s, hybridomas have been the main technology used in mAb production. The most
common cells used for recombinant mAb production are Chinese hamster ovary (CHO) cells [67,68].
Identification and engineering of high-Ab production cell lines have long been a challenge. CHO cells
are known to produce antibodies at approximately 1 g/L after optimization [68,69]. Factors that play
a role in the success and efficiency of cell lines include the time until desired cell density is reached,
the duration of production time allowing for antibody harvesting, and the overall titer of antibody
produced [67]. Itoh et al. found that suppression of apoptosis-associated genes allows for longer
culture times and therefore higher Ab titers [70]. The overproduction of proteins involved in protein
folding, such as CHOP, have also shown improvement in the viability of antibodies produced [71].
Sittner et al. developed fluorescence-activated cell sorting (FACS) to produce Abs more effectively
against LcrV, a T3SS needle tip protein. This technique is intended to be used in conjunction with
hybridoma mAb production. FACS increased yields of mAbs by 773%, from 22 to 170 positive clones
per spleen [72].

MAbs are routinely produced by hybridomas; replacing them with bacteria is a strategy to reduce the
cost of production [73,74]. MAbs produced in bacteria face challenges of protein aggregation, inefficient
folding, and low yields [75]. Zhou et al. produced a full-length mAb in E. coli by fusing the signal
peptide of disulfide oxidoreductase to the N-terminus of the heavy chain of the mAb to assist in secretion
into and accumulation in the periplasm. This tag helped to reduce the bottleneck in production caused
by inefficient heavy chain secretion [73]. Plants have also been used to produce Abs cost-effectively.
Saberianfar et al. isolated sdAbs that target a T3SS effector from tobacco (Nicotiana benthamiana) leaves at
a level of 1% to 3% of total soluble protein [74].

4. T3SS Components Targeted by Antibodies

The two most common targets of antibodies against the T3SS are the needle tip and translocon
proteins. The binding sites of Abs to either of these proteins are easily accessible to the antibodies due to
their extracellular location. Binding marks the bacteria for opsonization or creates a secretion blockade
to prevent effectors from entering the host cell. Part of the basal body is available extracellularly and
has been used as an Ab target. Secreted effector proteins are also common targets of Ab therapies
because they are often toxins and humans naturally produce Abs against them. There has been limited
experimentation targeting regulatory proteins to prevent expression of the T3SS.

4.1. Needle Tip

The needle tip protein of many T3SSs, also called the V antigen, causes mammalian hosts to
produce specific IgG. Kinoshita et al. found relatively high and comparable antibody titers in human
sera against V-antigen homologs from five different bacterial species: P. aeruginosa, Y. pestis, Photorhabdus
luminescens, Aeromonas salmonicida and Vibrio parahaemolyticus [76]. Abs targeting the T3SS needle tip
will likely adopt the secretion blockade mechanism of pathogenesis prevention [34]. This has two
variations: translocation blockade or a true secretion blockade (Figure 4). Translocation is defined as
secretion directly into a host cell while secretion is an expulsion of protein through the T3SS needle.
When an anti-needle tip Ab binds to the needle tip it can create a physical barrier between the tip
and the translocon. This barrier prevents secreted effectors from directly entering the host cell and
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instead are secreted into the extracellular matrix. True secretion blockades occur when the Ab binding
prevents the effector proteins from exiting the needle. When designing anti-needle tip Abs, a true
blockade style inhibition is desirable because the effector proteins are never released.
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Vaccines for bubonic plague have existed since the late 19th century [77,78]. In 1958, researchers
noticed V antigen was present in pathogenic strains of Yersinia, but not in non-pathogenic strains [79].
Passive transfer of anti-V antigen antisera limits infection by Yersinia pestis, the bacterial agent of
the plague [80]. Motin et al. confirmed this immunogenicity by testing mAbs and recombinant Abs
against V antigen in 1994 [81]. Once the T3SS was discovered, the V antigen was determined to be
LcrV, the needle tip protein of the Y. pestis T3SS [82,83]. Abs targeting LcrV were sufficient to prevent
translocation of effector proteins by the Y. pestis T3SS [84]. Since this time, there has been an explosion
of research regarding anti-LcrV antibodies [72,85–90].

Miller et al. demonstrated the importance of cross-strain and cross-species compatibility when
designing therapeutic Abs. PAbs and mAbs against one strain of Y. pestis LcrV were able to bind the
LcrV of two other strains of Y. enterocolitica, but no other species or strains tested [85]. Ivanov et al.
confirmed that anti-LcrV mAbs were sufficient to directly prevent the secretion of Yop effector proteins.
Comparison of IgG mAbs to deglycosylated F(ab’)2 and unmodified Fab revealed that the mAb did not
require opsonophagocytosis to neutralize Yop translocation [86]. Their work provided a foundation to
show that anti-needle tip Abs were acting as a secretion blockade and not a translocation blockade [34].

P. aeruginosa has a needle tip protein that is a homolog to LcrV called PcrV [2]. There is a wide
breadth of knowledge on anti-PcrV Abs [61,66,91–101]. The use of anti-PcrV Abs as a vaccine or
therapeutic is a topic of interest for many researchers. Taking inspiration from the successes of anti-LcrV
therapeutics, Shime et al. investigated anti-PcrV polyclonal IgG and F(ab’)2 [61]. Anti-PcrV whole IgG
significantly improved the survival rate of mice infected with otherwise lethal doses of P. aeruginosa
and protected against septic shock in an airspace-infected rabbit model. F(ab’)2 derived from the IgG
was also tested and the results were comparable.

Polyclonal anti-PcrV IgG as a passive immunization has been evaluated in other models. Burned
mouse model results showed that anti-PcrV IgG was significantly better than control IgG at increasing
survival rates of mice challenged with a lethal dose of P. aeruginosa [91]. Anti-PcrV Abs showed
increased effectivity in combination therapy with three separate antibiotics against acute P. aeruginosa
infection. The combination showed better effectivity than any of the antibiotics or Ab when administered
alone [92]. IgY is chicken egg yolk immunoglobulin that is functionally homologous to mammalian
IgG. IgY does not react with the mammalian complement system. This reduces the inflammatory
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response during administration, which makes it an attractive alternative to mammalian IgG [102].
Ranjbar et al. have recently shown that anti-PcrV IgY was more protective against P. aeruginosa acute
pneumonia and burn-associated infections than control IgY. IgY was comparable to IgG and could
serve to be a more affordable alternative in the future [93].

In 2002, Frank et al. tested anti-PcrV mAbs from 80 strains of P. aeruginosa to determine which
would confer the highest immunoprotection. T3SS secretion assays were performed to determine which
mAbs could prevent the translocation of ExoU, a T3SS effector of P. aeruginosa. The mAbs showing T3SS
inhibition were evaluated for their ability to protect against an otherwise lethal challenge of P. aeruginosa
in a mouse survival assay. MAb166 was the only antibody tested that showed dose-dependent T3SS
inhibition and immunoprotection [94]. De Tavernier et al. has turned to computational methods to find
more effective anti-PcrV nanobodies. Three hundred and sixty-one bivalent and biparatopic nanobodies
were screened computationally for their ability to cause secretion blockades. T3SS secretion inhibition
assays using these nanobodies was performed, followed by mouse survival assays. The most potent
nanobody, 13F07-5H01, was effective as a prophylactic up to 24 h after administration, the longest time
point tested [95].

Some anti-PcrV mAb therapies have gone into human trials. One of these, termed KB001-A, is a
human PEGylated IgG monoclonal anti-PcrV Fab [96–98]. In France, KB001-A underwent phase I and
II clinical trials for ventilator-associated P. aeruginosa and was considered to be safe and well-tolerated.
It did not advance to phase III trials due to a lack of evidence that it reduced pulmonary disease
exacerbation in mechanically ventilated patients [103,104]. KB001-A also underwent phase II clinical
trials in the US for treatment of chronic pneumonia in cystic fibrosis patients and performed well in
safety-based phase I trials but did not continue to phase III [105].

More recently, an alternative anti-PcrV mAb, MEDI3902, has entered human clinical trials.
This mAb is bispecific, targeting both PcrV and Psl exopolysaccharide, an anti-biofilm formation target.
MEDI3902 showed a dose-dependent survival increase and a decrease in bacterial load in both rabbit
and mouse P. aeruginosa challenge models. MEDI3902 also reduced lung inflammation caused by
bacterial colonization [99]. Le et al. showed MEDI3902 was effective as a treatment and a prophylactic
for acute blood and acute lung P. aeruginosa infections. Combination therapy with a subtherapeutic
dose of the antibiotic meropenem enhanced effectivity [66]. MEDI3902 performed well in phase I
clinical trials and is currently undergoing phase IIb trials in the US [106,107].

EspA is the needle tip in the T3SS of E. coli [2]. In 2006, recombinant anti-EspA pAbs were shown
to reduce actin cytoskeleton rearrangement of the host cell but did not show any reduction of bacterial
adhesion [108]. This was the first report of anti-EspA Abs showing inhibitory effects upon the T3SS.
Girard et al. investigated the effectivity of bacterial adherence inhibition with IgY to multiple E. coli
T3SS-related colonization factors, one of which was EspA. Unfortunately, the anti-EspA polyclonal
IgY did not significantly reduce bacterial adhesions in multiple strains of pathogenic E. coli [109].
The Girard results were disputed when Cook et al. published that anti-EspA IgY and rat IgG reduced
adherence of E. coli to HeLa cells and prevented T3SS secretion [110].

Yu et al. discovered a novel anti-EspA mAb, 1H10 that provided protection for mice in a survival
assay and blocked actin polymerization within host cells [111]. In 2014 Praekelt et al. researched the
five major variants of EspA to create over 200 mAbs. Three separate mAbs reacted with multiple EspA
variants [112]. While this research was intended to create a better E. coli diagnostic test, the results
could be applied to treat or prevent E. coli infections.

Salmonella enterica serovar Enteritidis (S. Enteritidis) causes a large portion of food-related illnesses
around the world. Salmonella has two T3SSs. The first, called T3SS1, is encoded by the SPI-1
pathogenicity island and is used for host cell entry. The second, called T3SS2, is encoded by the SPI-2
pathogenicity island and is used for further pathogenesis once inside the host cell. SipD is the T3SS1
needle tip protein [2]. Desin et al. have shown that anti-SipD pAbs in sera protected human Caco-2
cells from the entry of S. Enteritidis [113].



Antibodies 2020, 9, 35 10 of 23

The needle tip protein in Shigella spp. is IpaD [2]. Barta et al. showed that small molecule binding
to IpaD induced conformation changes. These changes are accompanied by a significant reduction in
the invasive potential of Shigella [114]. A panel of anti-SipD nanobodies was tested for their binding
affinity and their epitopes were determined. Nanobodies targeting the same section of the needle
tip protein resulted in the same conformational change [115]. This research supports the theory that
anti-needle tip antibodies may be able to create secretion blockades without physically blocking the
effectors from being secreted.

4.2. Translocon

The translocon is made of two proteins that are secreted and subsequently enter the host cell
membrane and form a pore. They then link to the needle tip to complete the channel between the
pathogen and host cells. Humans naturally produce antibodies against translocon proteins [22].
Abs that target these proteins adopt similar mechanisms to anti-needle tip Abs. They can bind at
three time points: before integration into the host membrane, preventing pore formation; after pore
formation but before the needle tip has attached, therefore blocking it from attaching and creating a
translocation blockade; or once the T3SS is active, mark the cell for ADCC or opsonization (Figure 5).
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or ADCC. IM: bacterial inner membrane; OM: bacterial outer membrane.

The Y. pestis T3SS translocon is composed of the proteins YopB & YopD [2]. Ivanov et al. investigated
these proteins and their potential for therapeutic use in the treatment and prevention of Y. pestis infection.
Active and passive immunization protected against otherwise lethal injections of Y. pestis in mice [116].
They posited YopD was the dominant immunogen due to the higher titers of Abs and that passive
immunization with anti-YopD Abs alone would be enough to confer protection.

The translocon of E. coli’s T3SS is formed with two proteins, EspB and EspD [2]. A study of
Brazilian children showed that those with naturally occurring anti-EspB Abs were less likely to
have a severe EHEC infection [117]. Maternal vaccination with EspB affords passive immunization
of offspring with anti-EspB Abs. These Abs are effective at reducing risk for E. coli infection and
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increasing infection survival rates [24]. Similar experiments using mice have shown comparable
survival results. Placebo-vaccinated mothers had offspring with significantly higher plasma urea
concentrations, a marker of renal failure [118].

Salmonella Enteritidis’ translocon is comprised of proteins SipB and SipC [2]. Although there is
limited information about antibodies targeting these proteins there is evidence of a mAb indirectly
preventing the formation of the T3SS-1 translocon in Salmonella. The mAb Sal4 targets a surface
polysaccharide of Salmonella named O antigen. Forbes et al. observed that Sal4 appeared to interfere with
flagellum-based motility and T3SS-mediated entry of the host intestinal epithelium [119]. Interference
with host cell entry by Sal4 was due to inhibition of the T3SS. Direct interaction of SipB or SipC with
Sal4 was not tested, but other T3SS components and effectors were eliminated as antigens for Sal4 [120].

4.3. Basal Body

The basal body of the T3SS contains four major components. These include an ATPase that powers
secretion, the lower ring within the inner bacterial membrane, an export apparatus that is visible
between the bacterial membranes, and the upper ring located in the outer membrane of the bacterial
cell. Of these components, only the upper ring of the basal body is exposed to the extracellular matrix.
Research regarding therapeutic anti-upper ring Abs has focused on Abs that will mark the T3SS,
and therefore the pathogen, for opsonization [121]. There is a possibility that the needle formation
could be inhibited if Abs bind to the correct area of the upper ring (Figure 6). YscC makes up the
upper ring of the Y. pestis T3SS basal body [2]. Goodin et al. have shown that passive immunization
with anti-YscC pAbs induced the mouse immune system to produce more anti-YscC Abs but did
not provide sufficient protection against a lethal Y. pestis challenge in comparison to an F1 & LcrV
protein-based vaccine [121]. The outer membrane ring of the T3SS basal body shares high similarity to
other outer membrane proteins in secretion systems unrelated to pathogenesis [122]. The similarity
could, in theory, allow for Ab binding to secretion systems on commensal bacteria. This potentially
reduced specificity along with the lack of protection in the Goodin study highlights the challenge of
using the basal body as a target for therapeutic Abs.
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4.4. Effector Proteins

The critical function of the T3SS is to secrete proteins directly into host cells. These effector proteins
have a wide variety of mechanisms and purposes [6–9]. Knockout or mutations of some effectors
can result in attenuation of virulence and reduced pathogenesis, making them attractive targets [123].
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The majority of effector proteins are translocated into the host cell and are unable to leave. This creates
a challenge in using antibodies against these particular effectors [56]. Some effectors, however, can
transverse and exit the host cell after translocation, making them available for neutralization by antibodies.
Other effectors may be presented on the surface of host cells. These proteins are more accessible for
targeting by antibodies.

4.4.1. Antibodies Targeting Extracellularly Available Effectors

Yersinia outer proteins (Yops) are a class of T3SS effectors in Y. pestis, Y. enterocolitica and
Y. pseudotuberculosis. Some Yops are present both internally and in the extracellular space (Figure 7,
Left). Akopyan et al. observed the presence of Yops outside host cells and found that YopE is localized
to the surface of host cells, but not necessarily where the T3SS is attached. They hypothesized that some
Yops (e.g., YopE) can enter host cells in a T3SS-independent manner by hijacking host transporters
while others must utilize the T3SS (e.g., YopH) [124].
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Ivanov et al. discovered that anti-YopE Abs inhibited bacterial infection but to a lesser extent than
Abs against the translocon proteins, YopB, and YopD [116]. Later, Singh et al. vaccinated mice against
rVE, a YopE-LcrV fusion protein, using both active and passive approaches. Active immunization
with the protein conferred high titers of Abs against both antigens. The serum from vaccinated mice
was used to vaccinate another batch of mice. These passively immunized mice showed nearly 90%
survival against a lethal challenge of Y. enterocolitica with the majority showing no signs or symptoms
of infection even after necropsy [125]. YopE specific CD8+ T cells are naturally occurring immune cells
coated in Abs that recognize YopE. Immunization of mice with these cells was 60% protective against
mucosal and systemic Y. pseudotuberculosis infection in a survival assay. YopE specific CD8+ T cells,
not just anti-YopE Abs, are required for protection against infection [126].

The essential effector YopM is a modulator of kinases PRK1 and PRK2. This modulation eventually
leads to a reduction in pro-inflammatory cytokines lessening the effectivity of the host immune response [8].
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YopM is the first effector to be recognized as a bacterial cell-penetrating protein as it can leave and re-enter
host cells after translocation [127]. Neutralization of YopM would in theory restore the host cytokine
response as well as precipitation of YopM, resulting in the recruitment of phagocytes to the infection site
(Figure 7, Left). Rüter et al. have isolated an anti-YopM mAb that binds to multiple strains of pathogenic
Yersinia’s YopM but not to YopM from non-pathogenic strains [128]. This specificity may be beneficial
when designing therapeutics and diagnostics.

The translocated intimin receptor (Tir) is one of the first effector proteins translocated by E. coli’s
T3SS into host cells. After folding, Tir integrates into the host membrane to provide a pedestal for
adhesion via intimin binding [129]. This extracellular expression allows for Abs to bind without having
to cross the eukaryotic membrane (Figure 7, Right). Girard et al. found that anti-Tir IgY were effective
at preventing bacterial adhesion to host cells in a porcine model against both porcine and human
strains of enteropathogenic E. coli (EPEC) [109]. Ruano-Gallego et al. assessed the potential of an
anti-Tir nanobody, TD4, as a potential treatment or prophylactic for EHEC infections. TD4 inhibits the
attachment of EHEC to HeLa cells and reduces adherence to human colonic mucosa [130]. Anti-intimin
IgY was effective at reducing adherence of both EPEC strains to host gut epithelial tissue in an ileal
loop assay as well as in oral administration of the IgY [109]. Kühne et al. purified nanobodies binding
to the Tir-binding domain of intimin [131]. Saberianfar et al. investigated the Tir-binding domain of
intimin as a target to isolate sdAbs from tobacco leaves. These sdAbs were used to design a chimeric
Ab, VHH10-IgA. This Ab inhibited four strains of EHEC from adhering to host cells, with three of the
four completely inhibited [74]. VHH10-IgA’s cross-serotype inhibition of bacterial adhesion is highly
promising for future studies.

4.4.2. Adjuvating Antibodies Targeting Effectors

Effector proteins that are only present within the host cell become available upon cell lysis [25].
Abs targeting these effectors will not be able to prevent T3SS formation or secretion but will add to the host
immune response [132,133]. Some infected host cells will also participate in antigen presentation. This is
the process of breaking up non-native proteins, such as T3SS effectors, and displaying the fragments on
the host membrane surface so that Abs can access them [25]. Although not as immunoprotective as T3SS
inhibitory Abs, adjuvating Abs can be important to increase natural host immune response. Their use is
common in combination with inhibitory Abs or as diagnostics.

Desin et al. were inspired by traditional research on T3SS protein-based vaccines in cattle and other
ruminants, the main animal reservoir for Shiga toxin-producing E. coli (STEC) [18]. Passive immunization
using uncharacterized rabbit-produced sera was sufficient to block adherence of E. coli to host cells [134].
Desin et al. also tested antisera containing pAbs against three effectors: Tir, EspF, and NleA (EspI), along
with the needle tip protein, EspA, and a translocon component, EpB. EspF assists in host cytoskeleton
rearrangement and inhibits host cell apoptosis. NleA localizes to the Golgi apparatus in the host cell and
disturbs ER to Golgi transport. Desin et al. showed Abs against either EspF or NleA inhibited bacterial
adherence of two STEC strains (STECO103 & STECO157).

ExoS, exoenzyme S, is an effector protein secreted by the P. aeruginosa T3SS. ExoS, along with three
other effectors: ExoU, ExoY, and ExoT, assist in the prevention of wound repair in the host by reducing
the immune response and causing damage to host mucosal membranes [135]. Knockout and mutations
of ExoS result in reduced pathogenesis of P. aeruginosa [123]. Corech et al. examined the serum of patients
with P. aeruginosa infections and found they universally had significant titers of IgG against PopB, PcrV,
and ExoS [136]. These antibodies may be viable candidates for pharmaceutical development.

IncA is an effector secreted by the C. trachomatis T3SS and generates robust IgG responses in humans.
C. trachomatis enters host cells where it replicates within vacuoles called inclusions. IncA has a role in
the homotypic fusion of these inclusions. Pathogenic C. trachomatis has attenuated host cell invasion
in the presence of anti-IncA Abs [137]. Tsai et al. sequenced IncA from multiple C. trachomatis isolates
and found that they were nearly identical to all human serotypes sequenced thus far, suggesting that
anti-IncA Abs should react with IncA from multiple serotypes. Anti-IncA Abs were found in 52% of
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urine samples and 71% of genital samples from C. trachomatis-infected patients [138]. Although further
research is needed to confirm the immunogenicity of IncA, these results support the use of anti-IncA Abs
as diagnostic or therapeutic antibodies.

An effector secreted by the Salmonella T3SS2 is SpiC, also called SsaB. SpiC interferes with host cell
trafficking and knockouts show attenuated virulence and decreased T3SS2 activity [139]. Geng et al.
developed seven anti-SpiC mAbs. These mAbs bound specifically to SpiC and not to the His or GST,
both of which were used in the mAb isolation process [140]. Immunogenicity data for these mAbs was
not presented, but there is potential for their use as therapeutics or diagnostic tools.

4.4.3. Antibodies Targeting Intracellular Effectors and Transcription Factors

Delivery of antibodies into cells is required to access intracellular targets. One method to overcome
issues of cell penetration is to express the antibody within the cell. Intrabodies are internally expressed
antibodies. Gene transport mechanisms are used to deliver the DNA encoding the therapeutic antibody
or antibody fragment inside the cell where it can be transcribed (Figure 8A) [31,32,141]. Another method
of internalizing Abs is to pair them with a membrane-penetrating peptide (MPP). Attaching an MPP to an
antibody or antibody fragment allows for the therapeutic antibody or fragment to physically transverse
the membrane. The MPP destabilizes bacterial cell membranes and enables the fused protein to traverse
the outer membrane (Figure 8B) [142].
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SpvB is a cytotoxic effector secreted through the S. Typhimurium T3SS2 into the host cell from
the vacuole containing the pathogen. Once in the host, it catalyzes ADP-ribosylation of actin and
eventually causes host cell apoptosis. Alzogaray et al. have developed a nanobody that binds with a
high affinity to SpvB. The nanobodies were expressed as intrabodies to neutralize the effector within
the host cell [143]. The anti-SpvB antibodies stopped the action of SpvB in an ATP-induced actin
polymerization fluorescence-based assay in vitro and in RAW macrophages [143].

Targeting a transcriptional regulator of the T3SS could prevent the proteins that make up the
T3SS from being produced in the first place [144]. This method of pathogenesis prevention is not
common, as the antibody in question would have to enter the pathogen rather than a eukaryotic host
cell. SpuE is a transcriptional regulator of the T3SS in P. aeruginosa and regulates the expression of ExsA,
a master regulator of the T3SS [2], via inhibition of the exsCEBA promoter. Zhang et al. derived an
anti-SpuE nanobody fused with a membrane-penetrating peptide (scFv5-MPP) to assist in delivering the
nanobody into the bacterial cell [145]. scFv5-MPP allosterically inhibits the expression of the T3SS and
attenuates virulence of P. aeruginosa in a C. elegans animal gut infection model. X-ray crystallography
and molecular dynamics simulations were used to observe conformational changes upon antibody
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binding to SpuE. This conformational change may cause a reduction in spermidine uptake by P. aeruginosa
leading to attenuation of virulence similar to physical neutralization [145]. A similar antibody, Mab 4E4,
protects A549 cells against P. aeruginosa infection by reducing T3SS expression and polyamine uptake.
Wang et al. have recently tested Mab 4E4 in vivo and found that single injection vaccination with the
antibody significantly increase survival rates of mice given a four-fold lethal dose of P. aeruginosa infection
and protected them from severe alveolar destruction [146]. These examples validate the strategy of
anti-transcriptional regulator antibodies as therapeutics or prophylactics against T3SS-utilizing bacteria.

5. Conclusions

A diverse array of antibodies has been used to inhibit the T3SS. These Abs bind to proteins of the
injectisome including the needle tip, translocon, basal body, and effectors. Transcriptional regulators of
the T3SS have also been targeted to prevent the formation of the T3SS, but as they are intracellular
targets and require innovative cell-penetrating Abs. These can include entrapping DNA encoding the
Ab in intrabodies or attachment of membrane-penetrating proteins to the Ab. Once the Ab has reached
its target there are multiple mechanisms it can employ to attenuate virulence or increase the host
immune response. In general, these Abs neutralize the effectors, mark the bacterial cell for phagocytes
to attack, or mark the infected host cell for ADCC by NK cells. Sometimes Abs adopt more specific
mechanisms. For example, when targeting the needle tip or translocon the Ab can physically block the
secretion of effectors in a secretion blockade. Several anti-T3SS mAbs have advanced to clinical trials,
but none have yet made it to market. As we learn more about how these antibodies function there will
undoubtedly be potential for improvement of their therapeutic effects, cost of production, and the ease
of their delivery.
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