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1. ABSTRACT

Mycoses, candidiasis in particular, are relatively
common opportunistic infections still characterized by an
unacceptable high mortality rate. Furthermore, they are
often complicated by resistance or refractoriness to the
existing antimicrobial agents. In recent years new effective
therapeutic and large-scale preventative strategies have
been proposed by exploiting the identification of fungal
beta-glucans as target of antifungal agents such as
echinocandins, yeast killer toxins and protective antibodies.
Anti-beta-glucan antibodies are detectable in animal and
human sera. When elicited by glucan-based vaccines they
can exert a fungicidal protective activity. Beta-glucan cell
wall killer toxin receptors can elicit fungicidal protective
antibodies following natural and experimental infections.
When used as an immunogen a killer toxin-neutralizing
monoclonal antibody (beta-glucan-like) is able to elicit a
significant anticandidal protection mediated by anti-
idiotypic anti-beta-glucan-like candidacidal antibodies.
Polyclonal, monoclonal and recombinant anti-beta-glucan-
like antibodies and peptide mimotopes are able to exert an
in vitro and/or in vivo microbicidal activity against
eukaryotic and prokaryotic killer toxin receptor-bearing
pathogenic microorganisms. Implications and perspectives
for transphyletic anti-infectious control strategies, as
immunoprevention and immunotherapy, are discussed.
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2. INTRODUCTION

Over the last 20 years true pathogenic and
opportunistic fungi have gained increasing public health
concern, among the emerging pathogens responsible for
severe and often life-threatening infections. This is a direct
result of the tremendous medical progress and the HIV
epidemic.  Broad-spectrum  antimicrobials,  chronic
immunosuppressive  agents, catheters and internal
prosthetic devices, aggressive chemotherapy and other
medical interventions allow for an increased number of
immunocompromised and otherwise debilitated individuals
to survive longer. This type of patient is highly susceptible
to infections caused by opportunistic organisms such as
fungi, often rapidly progressive, and difficult to diagnose or
treat. Strains and species resistant, refractory or
intrinsically less susceptible to the available antifungals are
spreading. They further complicate therapeutic approaches
and medical management of the infected patients. Thus, an
overall increase in mortality from mycotic infections has
been observed (1-6).

Candida species remain the most common fungal
pathogens, with a significant prevalence of C. albicans and
a growing prominence of non-albicans Candida species,
such as C. glabrata, C. krusei, C. parapsilosis, C. tropicalis
(7-13). Several of these species colonize skin and mucous
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membranes and can have unique properties, such as the
ability to produce virulence factors and biofilms, which
contribute to their pathogenicity (14-19). Mucosal
candidiasis often complicate HIV infection, as
oropharyngeal and esophageal infections. They are also
relatively common in women of childbearing age, in the
form of acute and chronic, recurrent vulvovaginal
candidiasis (20-25). Systemic, invasive candidiasis often
ensues the breakdown of normal mucosal and skin barriers
as well as immune dysfunctions, such as neutropenia (26,
27). Suitable guidelines containing disease-specific
recommendations to prevent and treat opportunistic
infections, especially in HIV-infected persons, have been
published in the last few years (28-31). However, despite
major advances in the field of antifungal therapy and
efforts to control nosocomial candidiasis, its crude (from
40% to 75% in different studies) and attributable mortality
still remains very high. This can represent a devastating
complication of health care delivery (12, 32-35). Thus,
there is a pressing need of new, more effective
therapeutic and large-scale preventative strategies.

In this scenario, of great importance are studies to
understand the pathogenesis of systemic and mucosal
candidiasis, host-Candida interplay and the innate and
acquired (adaptive) immune mechanisms associated with
susceptibility and protection to fungal agents. Ingestion and
elimination of the yeast by cells of the innate immune
system (neutrophils, monocytes, and macrophages),
acellular innate responses, cell-mediated (CMI) and
humoral immunity, all are considered to play a different
critical role in the control of mucosal and systemic candidal
infections (36-42). Interestingly, adaptive immune
responses differentiate between metabolically active
germinating fungal cells that carry a risk for invasive
disease and non-disease-causing inactive cells, being
restricted to the former (43).

Besides the recognized relevant role of CMI in
the host defense against candidiasis, on the basis of
experimental and clinical evidences, since the 1990s,
humoral immunity has begun to be recognized as deeply
involved in susceptibility/protection to fungal infections
(44, 45). Against the enormous number of epitopes
contained in the fungal cell a plethora of different
antibodies (Abs) are elicited. Among them, protective, non-
protective, indifferent and even infection-enhancing Abs
can interfer each other and block protection (46).
Specificity, isotype and titer of different Abs can also
influence Ab-mediated protection (47-49). In fungal
infection or anti-fungal immunization, protective Abs
would not be predominantly produced. Protective epitopes
can be either scarcely represented or hidden by more
external immunodominant antigens or masked by
interfering  non-protective ~ Abs. Most of these
inconsistencies have been recently clarified. Monoclonal
(mAbs) and recombinant Abs (rAbs) to specific fungal
epitopes and experimental vaccines with proper antigen
formulations to elicit ‘unnatural’ immunity have been
produced and studied. They demonstrated the possibility to
confer passive or active protection against experimental
systemic and/or mucosal fungal infections (50-53).
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The existence of a family of fungicidal protective
Abs has been suggested (54). As discussed below, our
group first investigated in depth polyclonal, monoclonal,
recombinant and human natural microbicidal Abs that
mimic a yeast killer toxin (KT). Matthews and Burnie have
produced a polyhistidine-tagged human rAb against fungal
heat shock protein (hsp)90 (Mycograb), which
demonstrated a direct in vitro inhibitory activity against
a wide range of Candida species. Synergy between
Mycograb and amphotericin B (AMB) against Candida
spp. and Cryptococcus neoformans in vitro and in
animal models of invasive candidiasis suggested their
use in combination therapy (55-57). When tested in a
multicenter trial in patients with invasive candidiasis,
Mycograb in combination with AMB was well tolerated,
produced an improved clinical and mycological
response and reduced Candida-attributable mortality
(58). Its use in combination with caspofungin has been
reported to successfully treat a case of refractory
candidiasis in a child (59). However, due to concerns
over the quality and safety, such as the ‘cytokine release
syndrome’ associated with the treatment, on November
2006, the Committee for Medicinal Products for Human
Use (CHMP) of the European Medicines Agency
(EMEA) adopted a negative opinion, recommending the
refusal of the marketing authorization for Mycograb
(60).

Ponton’s group described a fungicidal Ab, mAb
C7, which was raised against a protein epitope of a stress
mannoprotein of more than 200 kDa from the cell wall of
C. albicans. This protein is the major target of salivary
immunoglobulin (Ig)A. MAb C7 exhibited different
important biological activities: inhibition of yeast adhesion
to a variety of surfaces and of germination, direct potent
fungicidal activity against Candida spp., C. neoformans,
Aspergillus fumigatus, and Scedosporium prolificans and
direct tumoricidal activity. Furthermore, mAb C7 was able
to passively protect mice from invasive candidiasis (61-63).
The antigen recognized by mAb C7 has been recently
identified as the agglutinin-like surface (Als)3 protein on
the cell wall of C. albicans. This protein is a member of the
Als protein family which has a relevant role in adhesion
and virulence of the yeast (64). Kavishwar and Shukla
described a mAb, of IgA isotype, that exhibited ability to
bind with mannosyl moieties of proteins of C. albicans
cell wall, direct in vitro candidacidal activity and
protective efficacy in a murine model of vaginal
candidiasis (65).

Among these Abs, of growing interest are
protective Abs directed to cell wall beta-glucans (BGs), at
the basis of the anti-fungal protection conferred by a
glucan-conjugate vaccine recently described (66), and KT-
like Abs, which have been the object of our research for
many years. This review will basically focus on the role
and mechanism of action of these Abs in host defense
against fungal infections. Their intriguing potential as
putative new tools for anti-infective therapy and prevention
will be discussed, given the emerging relevant role of
fungal BGs and the implications of the yeast killer
phenomenon.
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3. FUNGAL BETA-GLUCANS AND IMMUNITY

1,3-BGs are glucose homopolymers which are
commonly found in fungi, plants and seaweeds, where they
can behave as structural or storage carbohydrates. Since
BGs are not found in mammals, it has been recognized for
a long time that they can activate the immune system. They
can act as biological response modifiers, in that they are
able to boost the natural defence mechanisms of the host.
When administered by different routes, BGs can prime and
activate leucocytes. Thus they display an array of beneficial
properties, including increase of the efficacy of
antimicrobial and anticancer therapies, health promotion
and disease alleviation in the context of some pathologies.
Triple helix conformation and presence of hydrophilic
groups on the outside surface of BGs are important for their
biological activities (67-73).

In fungi, BGs form the structural skeleton of their
tiered cell wall, which is actually a dynamic structure. In C.
albicans, in particular, BGs [a backbone of beta-(1,3)-
linked beta-D-glucopyranosyl units with beta-(1,6)-linked
side chains] represent 50-60% by weight of the cell wall.
Chitin (chains of N-acetylglucosamine; 0.6-3%) and
mannoproteins (30-40%) represent other main components.
BGs are composed of either alkali-soluble and -insoluble
fractions. The first one consists mainly of highly branched
1,6-BGs. The second one contains 30-39% beta-1,3 and
43-53% beta-1,6 linkages in either yeast or hyphal cells,
and 67% beta-1,3 and 14% beta-1,6 linkages in germ tubes.
Moving outward from the plasma membrane, the cell wall
is characterized by the presence of different zones of
enrichment: a first one rich in mannoproteins, followed by
a scaffold of BGs and a region enriched for chitin, which is
covalently linked to BGs, and an outer zone composed of
mannoproteins. Cell wall proteins (Cwps) are mostly
glycosylphosphatidylinositol (GPI)-dependent Cwps, which
are attached via 1,6-BG to 1,3-BG and, to a lesser extent, to
chitin. A small proportion of Cwps is represented by Pir
(Proteins with internal repeats)-related proteins directly
attached to BGs (74, 75). This molecular organization is
responsible for the shape of the cell and its physical
strength, as well as for its ability to adhere to host tissues
and crosstalk with the host. While mannoproteins mostly
determine the cell surface properties, BGs play a critical
structural role, whose importance is underscored also by
the ability of BG synthase inhibitors, such as
echinocandins, to cause cell lysis (76).

Interestingly, BGs can be released into the
systemic circulation of patients with some proven or
probable deep-seated mycosis. They possibly contribute to
the development of fungal infection by suppressing
monocyte functions directly, and T-cell function indirectly
(77). Their presence in blood or other body fluids can be
casily determined, by taking advantage of their ability to
activate factor G of the horseshoe crab coagulation cascade
(78). Thus, monitoring BG antigenemia, possibly in
combination with anti-cell wall Ab level determination, has
been suggested to be of diagnostic value for early diagnosis
of invasive fungal infection and in predicting its therapeutic
outcome, even though with some limitations (79-84).
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BGs and mannans represent the major pathogen
associated molecular patterns (PAMPs) recognized by the
host pattern recognition receptors (PRRs) of the innate
immune system. After recognition, BGs can act as potent
proinflammatory molecules. BGs are predominantly buried
beneath the thin but dense mannoprotein outermost coat.
This masking may protect them by recognition and
represents a relevant fungal virulence factor, in that, by
creating an anti-inflammatory barrier, it limits and subverts
the host immune response. In fact, while during budding
scar glucans become accessible, hyphae, which lack a
budding mechanism, escape from the recognition. This may
prevent recruitment of effector cells and clearance of the
fungus, promoting a more effective colonization of the host
tissues and an increasing propensity for causing disease
(68, 85-89).

C. albicans is recognized by the host through a
very complex and multifactorial process. This involves the
sequential recognition of the various layers of the fungal
cell wall and the cooperation between toll-like receptors
(such as TLR4 and TLR2) and lectin receptors (such as MR
and dectin-1) (90). In recognition of BGs, in particular,
several distinct PRRs, expressed both by immune and
nonimmune cells, have been implicated. They include
complement receptor 3, lactosylceramide, scavenger
receptors and dectin-1. Among them, dectin-1, a member of
the C-type lectin receptor family, represents the major BG
receptor. Dectin-1 is mainly expressed on dendritic cells
(DCs) and macrophages, mediates BG biological effects
and synergizes with TLRs for the production of
proinflammatory cytokines and to initiate specific
responses (90-98). Anti-dectin-1 mAbs can inhibit BG-
mediated anti-tumor activity in mice (99). Furthermore,
BGs may interact with pituitary cells resulting in
stimulation of TLR4 and CD14 gene expression and
secretion of prolactin, a hormone that plays an important
role in response to infection (100). Soluble or particulate
BGs can activate immune cells differently and influence
cytokine production, by mediating cytotoxic and
phagocytic responses (75). While cell surface mannans are
considered the dominant antigens, BGs are generally
thought to have poor immunogenicity, as attested also by
the few reports on anti-BG Abs. However, BGs can be
fisiologically =~ or  experimentally = unmasked by
environmental conditions, drug treatment, mutation or
purification as well as at the site of budding scars. Thus
they can be recognized by immune cells, eliciting a specific
stronger immune response. Anti-BG Abs have been
detected or produced in different conditions.

3.1. Anti-beta-glucan antibodies

Due to the poor immunogenicity of BGs, anti-BG
mAbs have been produced by conjugating BGs with
proteins, such as bovine serum-albumine or keyhole limpet
hemocyanin (101, 102). Anti-BG laminarin mAbs have
been used as immunogens for the production of rabbit anti-
idiotypic (anti-Id) Abs. These Abs recognized human
monocyte receptors for yeast BG, displaying functional
characteristics of soluble BG ligands (103). More
importantly, Abs to solubilized C. albicans cell wall BGs
have been detected in sera from normal human volunteers,
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as well as in commercially available beta-globulin prepared
from pooled human sera and in immune or normal murine
sera, with variable individual titers (104-107). Affinity
purified human and murine anti-BG Abs have shown
higher reactivity to solubilized cell wall BGs derived from
pathogenic fungi than to mushroom BGs. This suggests the
existence of an antigenic epitope that is peculiar to the
formers. Anti-BG Abs might enhance the in vitro
candidacidal activity of human macrophages, suggesting
their ability to influence the host defense against Candida
through opsonization. Interestingly, patients with deep
mycosis have a significantly lower titer of anti-BG Abs
compared with normal individuals. Furthermore, anti-BG
Abs titer decreases remarkably in mice, following
intravenous administration of BGs. This suggests the
formation of a complex between anti-BG Abs and Candida
cell wall BGs, which could promote the clearance of the
pathogen from the systemic circulation. A decreasing of the
anti-BG Abs titer in mycosis patients can be reverse
correlated to the progression of fungal infection. These and
other observations have supported a protective role of these
Abs (108).

In 2002, a paper from Bromuro et al. (48) has
shed some more light upon the relative relevance of anti-
BG Abs in the outcome of disseminated candidiasis. After
immunization with either heat-inactivated, whole C.
albicans cells (Y) or Y cells deprived of surface-located
components by treatment with dithiothreitol and proteinase
K (YDP), mice developed intense, largely cross-reactive
humoral and cell-mediated immune responses. They were
characterized by the presence in the sera of Abs against all
major cytoplasmic and cell wall constituents, including
BGs (anti-Y sera), or mostly BGs (anti-YDP sera). Only
YDP-immunized animals significantly survived a lethal
fungal challenge. Passive immunization with partially
purified IgMs from mice immunized with YDP or with
serum from Y-immunized animals, preadsorbed on Y
cells, could confer protection against fungal burden both
in normal and SCID mice. Protection was abolished by
preadsorption of the sera with pure particulate glucan,
which removes specific anti-BG Abs. During infection,
antagonistic or blocking Abs, probably directed against
cell surface constituents of the fungus, such as mannans,
can inhibit protection conferred by anti-BG Abs. This
possibly can explain the susceptibility to invasive
candidiasis of individuals with elevated anti-Candida
Abs titers.

3.2. An antifungal beta-glucan-based vaccine

On the basis of the previous observations a BG-
based vaccine has been recently reported (66). This novel
experimental vaccine is constituted by laminarin (Lam), a
poorly immunogenic linear polymer of beta-1,3-linked
glucose units with occasional beta-1,6-glucan branches of a
single glucosyl residue. Lam has been purified from the
brown alga Laminaria digitata, thus it is devoid of any
contamination with other fungal antigens. To increase
immunogenicity, Lam has been conjugated with a protein
carrier (diphtheria toxoid CRM197), safely used in other
human vaccines (Figure 1B). After parenteral
immunization with Lam-CRM, mice resulted significantly
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protected from lethal systemic challenges by C. albicans, as
verified in terms of median survival time, overall mortality
and reduction of the fungal burden in the kidney.
Moreover, mucosal (intravaginal or intranasal)
immunization with the vaccine induced in rats a significant
degree of protection against experimental vaginal
candidiasis, characterized by an accelerated rate of Candida
clearance from the vagina. Anti-BG Abs present in sera and
vaginal fluids of immunized animals were able to transfer
to nonimmunized animals a protection, that was totally
abolished by pre-adsorption on Candida cells or insoluble
BG particles. This suggested a relevant, if not exclusive,
role of anti-BG Abs in protection.

To further support these observations, an anti-
Lam mAb, of IgG2b isotype, had been produced. It was
able to confer significant passive protection against both
systemic and mucosal candidiasis. After
immunofluorescence staining, anti-Lam Abs and mAb
strongly bound to isolated BG fungal particles. A
preferential binding was observed to germ tubes and
hyphae of C. albicans, and particularly to hyphal tips and
septa. Even more significantly, anti-Lam Abs and mAb
exerted a marked direct in vitro candidacidal activity. A
significant colony forming units reduction in C. albicans
cultures grown overnight in their presence was observed.
Thus, anti-BG Abs elicited by the Lam-CRM vaccine
should be added to the growing family of candidacidal,
protective Abs, which can participate in the clearance of
fungal infection.

As outlined by Casadevall and Pirofski (109), this
vaccine is innovative, first of all in that, being constituted
by a polysaccharide antigen from algae, it stimulates
protection by eliciting cross-reactive Abs that appear to be
directly microbicidal. The wide availability of a stable
immunogen makes the preparation of the vaccine
affordable and relatively inexpensive. Importantly, this
conjugate vaccine was able to confer a significant
protection against systemic and mucosal fungal infections
in different animal species. It demonstrated a potential
usefulness for parenteral and mucosal immunizations as
polyvalent vaccine, as further discussed below. In our
opinion, all these observations on role and characteristics of
vaccine-elicited anti-BG Abs strongly corroborate our
previous findings on the occurrence of directly
microbicidal protective Abs. These Abs mimic the
antimicrobial activity of a yeast KT, whose receptors
(KTRs) on susceptible cells are essentially constituted by
BGs.

4. YEAST KILLER PHENOMENON AND BETA-
GLUCANS

We have already widely revised the yeast killer
phenomenon and its implications in terms of unexpectedly
potential applications in Ab-mediated protective immunity,
prevention and therapy (54, 110-116). Here we will briefly
discuss the involvement of BGs in this phenomenon.
Initially discovered in the yeast Saccharomyces cerevisiae,
the ability to secrete protein toxins that are lethal to
sensitive strains (“killer toxins”, KTs) has been described
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Figure 1. Experimental and natural immunizations by a BG-like mAb (A1), KTR (A2) and BG conjugated with a protein carrier
(B), as antigens. Al. In animals (rabbit, mouse, rat) immunized with mAbKT4 (BG-like Ab neutralizing KT), antiidiotipic
microbicidal Abs (KT-like) have been raised and produced in different formats (polyclonal, monoclonal and recombinant). Anti-
Id KT-like Abs were microbicidal in vitro, significantly protective in different animal models of infection and could passively
transfer the protective state to naive animals. A2. Following experimental and natural infections by KT-sensitive, KTR-bearing
microrganisms, such as C. albicans, KT-like Abs were raised.B. In mice immunized with laminarin (BG) conjugated with a
protein carrier, anti-BG Abs (polyclonal and monoclonal) were raised. These Abs showed antifungal activity in vitro and were
protective against experimental systemic and vaginal candidiasis.

in many other yeast and fungal species and genera. It has
been associated with different genetic determinants, such as
double-stranded RNA viruses, linear dsDNA plasmids, and
nuclear genes, and characterized by specific mechanisms of
action (110, 117). Besides its basic biological interest, the
killer phenomenon has attracted much more interest. In fact
some KTs can exert an antimicrobial activity on a wide
spectrum of susceptible microorganisms that are
characterized by the presence of specific KTRs and lack of
immunity systems. The inclusion among KT-sensitive
microorganisms of species/genera of relevant clinical
interest has led to a reevaluation of this sophisticated
widespread process of competition in natural ecosystems.
New reliable sources of safe antimicrobial agents could be
available (118). In this perspective, chromosomally
encoded KTs produced by Kkiller strains belonging to
species of Pichia and Williopsis have been particularly
investigated. Unlike the S. cerevisiae K1 toxin, which
targets the 1,6-BG, some of them target 1,3-BGs and can
interfere with their synthesis, thus resulting in killing of
sensitive strains.
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KTs produced by the yeasts W. saturnus var.
mrakii TFO 0895 (HM-1) and W. saturnus var. saturnus
IFO 0117 (HYI), previously known as Hansenula mrakii
and H. saturnus, are strongly cytocidal small proteins (88
and 87 amino acids, respectively). They show a 87%
overall homology and share the same mechanism of killing
against sensitive yeasts by extracellularly inhibiting 1,3-BG
synthase activity. Both affect sensitive cells primarily in the
growing stage, but not yeast cells in the resting stage nor
mammalian cells. The formation of pores at the distal tip of
the developing buds and at the protruding conjugation
tubes, where cell wall synthesis is active, is the cause of the
osmotic cell lysis (119-123). A 85-kDa glycoprotein KT
produced by W. saturnus var. mrakii MUCL 41968
(WmKT) shares structural similarities with yeast CWPs
suspected to exhibit glucosidase activity. WmKT
demonstrates a particularly wide spectrum of activity in
vitro, by inducing rapid cell permeation and death, soon
after its binding to target cells. It requires the interaction
with BGs to display its killer activity and, apparently,
exhibits a beta-glucosidase activity, which could explain
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the disruption of the cell wall integrity of sensitive cells
(124, 125). Interestingly, WmKT appears to be related to a
previously decribed KT produced by Pichia anomala
ATCC 96603 (PaKT). A neutralizing mAb produced
against PaKT (mAb KT4) specifically can label the surface
of both KT producing strains, suggesting that they secrete
KTs bearing a common epitope (126). PaKT is a
glycoprotein encoded by nuclear genes, which is
heterogeneously secreted in the presence of tunicamycin,
thus excluding the involvement of N-glycosylation in toxin
secretion and killer activity (127-129). PaKT killer activity
is mediated by direct interaction with specific cell wall
KTRs, distributed mainly in budding cells and germination
tubes, constituted by BGs.

Targeting BGs with KTs could be envisaged as a
new potential antifungal therapeutic opportunity (130, 131).
However, antigenicity, lability at physiological pH and
temperature, as well as toxicity (132), limited this approach
to the topical therapy in different animal species of some
experimental cutaneous infections (130). We, and more
recently others, have proposed a creative approach in the
attempt to overcome these limitations. Anti-Id Abs which
have the internal image of the active site of KTs, such as
PaKT and HM-1, have been produced. Theoretically, the
steric interaction between cell wall KTRs of susceptible
strains and specific KTs may be comparable to the binding
of the idiotype of an anti-KT Ab and its complementary
anti-Id Ab (internal imagery of the yeast killer
phenomenon). On the basis of the theory of the idiotypic
network, Abs directed to biologically functional epitopes of
KTs, which are able to neutralize their killing activity,
could be used as immunogens for “idiotypic vaccination”.
Thus, anti-Id KT-like (anti-Id KT-)Abs could be produced
in different experimental conditions, as well as in a variety
of formats.

Selvakumar et «l. have identified and
characterized the epitope involved in the potential HM-1
active site, against which a mAb (nmAb-KT) had been
previously produced. NmAb-KT neutralized the yeast
killing and glucan synthase inhibitory activities of HM-1.
By using recombinant DNA technology and a phage
display system, they produced single-chain fragment
variable (scFv) anti-Id KT-Abs from the splenic
lymphocytes of mice immunized with nmAb-KT. These
scFvs exerted in vitro a strong candidacidal activity and
effectively inhibited fungal BG synthase activity. They
were neutralized by adsorption with nmAb-KT and
specifically bound to it, as confirmed by surface plasmon
resonance analysis and by their competition with HM-1 for
binding to nmAb-KT (133-135).

These findings definitely confirm our previous
observations on the possibility to generate what we defined
as “antibiobodies”, i.e. anti-ld Abs that mimic the
antimicrobial activity of a KT, thus acting as antibiotics
(136). In our experimental model, a PaKT-neutralizing
mADb (mAb KT4) had been used as a parenteral or mucosal
Id vaccine for the production of Abs that mimic the killing
activity of PaKT (anti-Id KT-Abs). Anti-Id KT-Abs were
able to interact with specific cell wall KTRs constituted by
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BGs. In some way, a steric/functional homology between
the Id of mAb KT4 and KTRs, as well as between PaKT
and KT-Abs, should be envisaged. This hypothesis had
been unambiguously demonstrated in different ways. For
instance, repeated intravaginal inoculations in rats of
PaKT-sensitive C. albicans cells stimulated the production
in the vaginal fluid of specific Abs. When purified by
affinity chromatography against mAb KT4, they
functionally mimicked PaKT by directly killing C. albicans
cells in vitro. Similar candidacidal KT-Abs have been
consistently detected also in the vaginal fluids of
symptomatic women with clinical and microbiological
diagnoses of candidal vaginitis. The killing activity of KT-
Abs was totally abrogated by their previous adsorption with
mAb KT4. Importantly, KT-Abs were also able to confer a
significant anticandidal protection in a rat vaginitis model,
thus suggesting that candidacidal anti-KTR KT-Abs may
be part of the Ab repertoire that follows infection or
immunization with Candida (137). On the other side, the Id
of mAb KT4 should be considered as a KTR-like, and
consequently BG-like, molecule as well as anti-Id Abs as
anti-BG-like Abs (Figure 1 Al and A2).

4.1. Anti-beta-glucan-like
candidacidal antiidiotypic antibodies

Anti-Id (anti-BG-like) candidacidal Abs (anti-Id
KT-Abs) were described for the first time almost 20 years
ago. By immunzing rabbits with hybridoma cells secreting
mAb KT4, anti-Id KT-Abs have been raised. They were
able to compete with PaKT for the binding site of mAb
KT4 and to inhibit in vitro the growth of C. albicans,
thereby mimicking the effect of PaKT (138). Affinity
purified anti-Id KT-Abs allowed the observation by indirect
immunofluorescence of cell wall KTRs on C. albicans
cells. These KTRs are primarily localized on budding cells
and germ tubes, where new cell wall is synthesized and
BGs become accessible (139). The potential of mAb KT4
as an experimental parenteral or mucosal Id vaccine has
been consequently verified in other animal (mouse, rat)
models of systemic or vaginal candidiasis. Candidacidal
anti-Id KT-Abs have been consistently raised in sera or
vaginal fluids of immunized animals. They could be
considered responsible for the significant protection against
both candidiasis and could passively transfer the protective
state to nonimmunized animals (140, 141). The
steric/functional similarity between the Id of mAb KT4 and
C. albicans cell wall KTRs had been further confirmed.
Intravaginal or intragastric inoculations of PaKT-sensitive
yeast cells were able to recall anti-Id KT-Abs production in
the vagina of rats primarily immunized with mAb KT4.
Even more significantly, as outlined before, natural KT-like
Abs have been detected in human fluids. Thus, KTRs may
be recognized by the host's immune system and exploited
to produce microbicidal Abs (137).

immunoprotective

The more obvious following step has been the
production of anti-Id KT-Abs of absolute reproducibility
and unlimited availability, such as monoclonal and
recombinant KT-Abs. From mAb KT4-immunized rats or
mice an anti-Ild KT-mAb (mAb K10) and an anti-Id KT-
scFv (scFv H6) have been produced, by the hybridoma and
recombinant technologies, respectively. Both molecules
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competed with PaKT for the binding to mAbKT4 and
KTRs, allowing the visualization of the putative KTRs on
the yeast cell wall (particularly, in the germ tubes and
budding cells). Furthermore, they were able to kill PaKT-
sensitive C. albicans cells in vitro, an activity neutralized
by previous adsorption with mAbKT4. More importantly,
they were therapeutic against experimental candidiasis
(142, 143). Cloning and expression of scFv H6 in the
human commensal Streptococcus gordonii allowed to
obtain different engineered strains. They were able to
stably colonize rat vaginal mucosa and to exert, by steady
local production of candidacidal scFvs, a strong therapeutic
effect against experimental vaginal candidiasis (144, 145).
On the basis of these observations new therapeutic
strategies to control candidiasis have been envisaged (111-
114). Finally, sequencing of the scFv H6 gene enabled
synthesis and selection of Ab-derived peptides
characterized by potent antimicrobial activity. This allowed
further, in some way unexpected, biotechnological and
therapeutic developments.

4.2. Anti-beta-glucan-like candidacidal,
antibody-derived peptides

In the attempt to establish possible correlations
between the amino acid sequence of scFv H6 and its
candidacidal activity, peptides reproducing the 6
complementarity determining regions (CDRs), as well as
decapeptides containing their parts, have been synthesized
and tested in vitro for candidacidal activity. From the most
active peptide, a decapeptide including part of the light
chain CDR1 was obtained by alanine scanning (“killer
peptide”, KP, AKVTMTCSAS) (Figure 2). In time-killing
studies KP demonstrated a clear, rapid candidacidal activity
in vitro (more than 90% killing within 30 min of incubation
with C. albicans). Furthermore, it was able to compete with
mADb K10 for binding to yeast germinating cells, i.e. to the
specific KTRs. This candidacidal activity was neutralized,
in a dose-dependent manner, by laminarin, a soluble BG.
More importantly, postchallenge mucosal or parenteral
administration of KP demonstrated a remarkable
therapeutic effect in animal models of vaginal and systemic
candidiasis. Significantly, this effect was observed in
immunocompetent as well as immunodeficient animals,
even in the case of an infection caused by a fluconazole-
resistant C. albicans strain (115, 146).

therapeutic

In our opinion, these are intriguing observations,
in that an Ab-derived peptide retained the microbicidal
activity of the whole Ab, by interacting with the same
(BG)-KTRs on target microbial cells. This suggested new
experimental biotechnological approaches for antifungal
therapy by using candidacidal KT-Abs or, more
significantly, killer peptides. These molecules can be
therapeutic also in immunocompromised individuals, in
that they do not require any host’s immune participation
(147, 148). Furthermore, KP was endowed with no toxicity
and, being a small peptide, it had been easily engineered to
be produced in an active form and in great amount in
planta. Significanlty, plants expressing KP, but not the
ones expressing a scramble peptide (SP), proved to be
resistant to experimental infections with phytopathogenic
microorganisms (149).
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4.3. Wide-spectrum microbicidal antibodies and

antibody-derived peptides

Immunological derivatives of PaKT in different
formats (monoclonal, recombinant and small peptides) are
much more stable than the toxin at different in vitro and in
vivo conditions. This allowed to test them against many
other eukaryotic and prokaryotic microorganisms, given the
established wide spectrum of microbicidal activity of
PaKT, and to demonstrate their activity and therapeutic
potential. Many epidemiologically relevant pathogenic
agents have been included in the list of susceptible
microorganisms as new strains/species have been tested.
Among them, besides C. albicans, other fungal agents, such
as A fumigatus (150), C. neoformans (151),
Paracoccidioides brasiliensis (152), Pneumocystis carinii
(153, 154), non-albicans Candida spp. (155), and plant
pathogens, such as Botrytis cinerea and Fusarium
oxysporum (149), were exquisitely susceptible in vitro to
these molecules. They demonstrated also a significant
therapeutic effect in some experimental models of infection

(151, 152).

Furthermore, immunological derivatives of PaKT
exhibited antibacterial and antiprotozoan activity against
epidemiologically relevant agents. Multi-drug resistant
Mycobacterium tuberculosis (156), Gram-positive cocci
and  Gram-negative  bacteria (115, 157, 158),
phytopathogenic bacteria, such as Pseudomonas syringae
and Erwinia carotovora (149), protozoa, such as
Leishmania  major, L. infantum (159, 160) and
Acanthamoeba castellanii (161), and others (115) were
exquisitely sensitive. This antimicrobial activity proved to
be irrespective of the presence of mechanisms of resistance
to other conventional antimicrobial drugs. It was
neutralized by either mAb KT4 or laminarin. Thus, it is
mediated by the presence of a transphyletic KTR or KTR-
like structures widely conserved in nature, possibly
constituted by BG or BG-like molecules. The screening of
a wide S. cerevisiae gene deletion strain collection,
inclusive of mutants deleted of genes implicated in BG
synthesis, characterized by enhanced resistance to
conventional antifungal drugs, such as caspofungin, failed
to identify genes involved in susceptibility to
immunological derivatives of PaKT. Possibly, these
molecules target viability-critical microbial structures
conserved through natural evolution, probably not
rejectable by the microorganisms (162).

On the other side, the glyco-conjugate vaccine
from Cassone’s group was also able to protect vaccinated
mice from a lethal systemic challenge with conidia of 4.
fumigatus. Immune sera and an IgG2b anti-Lam mAb were
able to bind to fungal hyphae and strongly inhibit fungal
growth (66). Remarkably, similar to what we observed with
KP, the anti-Lam mAb also proved to bind to the cell wall
and inhibit growth of encapsulated and acapsular C.
neoformans strains, reducing yeast capsule thickness in
vitro and in vivo. It exerted protective effects in an
experimental model of systemic cryptococcosis in both
normal and neutropenic mice, by significantly reducing
fungal burden in brain and liver (163).
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Killer toxin-like scFv antiidiotypic
antibody (KT-scFv)

Sequencing of KT-scFv (aminoacid sequence)

1 11 21

31

41 51

MAQVKLQESG PGLVAPSQSL SITCTVSGFS LTGYGVNWVR QPPGKGLEWL GMIWGDGSTD

61 7 81

91

101 111

YNSALKSRLS ISKDNSKSQV FLKMNSLQTD DTARYYCLYA MDYWGQGTTV TCSSGGGGSG

121 131 141

151

161 171

GGGSGGGGSD IELTQSPALM SASPGEKVTM TCSASSSVSY MYWYQQKPRS SPKPWIYLTS

181 191 201

211

221 231

NLASGVPARF SGSGSGTSYS LTISSMEAED AATYYCQQWS SNPYTFGGGT KLEIKRAAAG
Complementarity determining regions (CDRs) of heavy (Vy, red) and light (V, blue) chains of
KT-scFv are indicated: from the top, Vy CDR,, CDR,, CDR;, and V. CDR,, CDR;, CDRj;

underlined, peptide P6 (146-155).

$

CDRs and two residues displaced decapeptides reproducing KT-scFv sequence have been
synthesized and tested for candidacidal activity in vitro. Among the most candidacidal
peptides, P6 has been selected for analysis by alanine scanning.

P6

alanine scanning

KP

EKVTMTCSAS —————> AKVTMTCSAS

Among the P6 alanine-substituted peptides, KP demonstrated significant increase in
candidacidal activity, in vitro wide-spectrum of antimicrobial activity, therapeutic effect in
different animal models of microbial infection.

Figure 2. Construction of antiidiotypic antibody-derived synthetic killer peptides.

The equivalence of KT-Abs and anti-BG Abs, or
at least some of them, remains to be elucidated, while it
seems to be strongly suggested by many of their functional
characteristics. Thus, an analogous wide spectrum of
antimicrobial activity should be expected for anti-BG Abs
or peptides derived from them, given the widespread
presence of BGs among microorganisms.

5. TRANSPHYLETIC
CONTROL STRATEGIES

ANTI-INFECTIOUS

The susceptibility of so many different microbial
pathogens to the immunological derivatives of PaKT and,
to a lesser extent so far, to anti-BG Abs implies the
occurrence of a transphyletic (BG)-KTR or (BG)-KTR-like
structures. This authorizes to envisage potential unique
vaccinal and therapeutic approaches against difficult to
prevent and treat microbial infections.

6927

5.1. Transdisease immunoprevention strategies

As demonstrated by the highly immunogenic
Lam-conjugate vaccine, for the first time it has been
possible to immunize and protect different animal species
against at least two very different types of fungal
pathogens, such as C. albicans and A. fumigatus, as a result
of systemic and mucosal immunizations. Thus, the proof of
concept of a multivalent vaccine, possibly effective also
against other pathogenic fungi, has been introduced (66).
This vaccinal approach substantially confirmed what we
observed in “idiotypic vaccination” with mAb KT4, i.e., the
possibility to elicitate protective Abs, which exert a wide,
direct antimicrobial activity whitout requiring any other
effector molecule or cell. We had proposed the Id of mAb
KT4, properly cloned and expressed, and purified KTRs, as
polyvalent transphyletic vaccines (164). As functional
internal image of the (BG)-KTR, the Id of mAb KT4 might
represent the positive protein topochemical copy of a
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polysaccharide, such as BG, thus qualifying as surrogate
vaccine. Thus, mirroring polysaccharide epitopes such as
(BG)-KTR by their anti-Ids may allow further
biotechnological developments. Among them, DNA
vaccination would be potentially able to induce cytotoxic
T-cell responses particularly important against intracellular
pathogens. Engineering of commensal bacteria and
development of transgenic plants would allow to produce
and evaluate live, safe antigen carrier systems and edible
idiotypic vaccines, respectively (147).

By commenting on Torosantucci’s BG-conjugate
vaccine, Casadevall and Pirofski (109) outlined its positive
novelty. It could represent a potential effective
immunoprophylactic vaccine for immunocompromised
patients at risk of invasive mycosis as well as for women
affected by recurrent mucosal candidiasis. However, they
raised some concerns for its safety and prescription. The
lack of BGs in mammals would guarantee the vaccine
safety regarding the potential for self-reactivity. However,
such a broadly effective vaccine could induce permanent
alterations of the host microbial flora with unanticipated
adverse effects. As for other vaccines, the response to
immunization in immunocompromised host, the most in
need for it, is usually poor. Moreover it is not always
possible to identify and vaccinate individuals at risk before
the onset of  their  immunity impairment.
Immunotherapeutic approaches based on anti-BG Abs, KT-
Abs or Ab-derived peptide killer mimotopes appear mostly
devoid of these issues.

5.2. Transdisease immunotherapeutic strategies
Anti-BG Abs, KT-Abs and Ab-derived killer
peptides could represent new attractive tools to fight
infectious diseases. As microbicidal molecules not
requiring any host’s immune competence, they could be
effective also in immunocompromised hosts with various
degrees of immune impairment. These Abs (in different
formats, such as polyclonal, monoclonal and recombinant)
and Ab-derived Kkiller peptides, when used in passive
immunization or as antimicrobial agents, were highly
therapeutic against mucosal and systemic microbial
infections, such as candidiasis, aspergillosis,
pneumocystosis, cryptococcosis, paracoccidioidomycosis,
as previously outlined. This activity attests for a sufficient
in vivo stability of anti-BG Abs and immunological
derivatives of PaKT to be therapeutic. KP, in particular,
arouses major interest. Unlike Abs, which can pose
questions with reference to immunogenicity, stability, and,
particularly, safety (i.e., possible contamination by
pathogenic viruses or other undetected actiological agents),
being a small synthetic decapeptide, KP is devoid of most
of these issues. Due to its peculiar amino acidic sequence,
characterized by the presence of a cysteine residue, KP can
easily dimerize in non-reducing conditions by formation of
disulfide bridges. This molecule still maintains unaltered
antimicrobial activity over a long period of time under
different temperature conditions. Specially synthesized
dimeric KP exerted an even stronger candidacidal activity
in vitro (115). Furthermore, as a small peptidic molecule,
KP can be easily manipulated. For example, the use of the
same amino acid residues in the D rather than L
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conformation, although with a little reduction of activity,
may assure more in vivo stability against proteases (115,
152). KP expression in planta may allow for its easier and
less expensive production (149).

Besides retaining the same antimicrobial activity
of the whole KT-Ab from which it has been derived, KP
exhibited additional relevant activities. Actually, it
demonstrated immunomodulatory properties, especially on
DCs, improving their capacity to induce lymphocyte
proliferation (165). A surprisingly unexpected in vitro and
ex vivo anti-HIV-1 activity has been observed, probably
due to KP sequence homology with critical segments in
viral gp160 and consequent down-regulation of CCR5 co-
receptors and/or the physical block of the gp120-receptors
interaction (166). Therefore, KP could represent a
prototypal compound for the development of new drugs for
simultaneous treatment of HIV-1 infection and important
AIDS-related opportunistic infections by susceptible
eukaryotic and prokaryotic pathogens (167).

6. CONCLUSIONS AND PERSPECTIVES

The discovery and therapeutic use of antibiotics
and other antimicrobial agents had supported until recently
the optimistic belief that virtually all microbial infections
were treatable. The emergence of new infectious diseases
and the dramatic increase in the incidence and prevalence
of resistance to  antimicrobial agents among
epidemiologically relevant microbial pathogens have
disproved it. This spurred efforts to develop new
antimicrobial agents and identify novel targets in microbial
cells as well as alternative approaches to infection
management.

In the field of antifungal therapy, the introduction
of new molecules, such as later generation azoles and
echinocandins, has dramatically improved the therapeutic
options, while not resolving the unacceptably high
mortality rate associated with some fungal infections. The
echinocandins, in particular, which target BG synthesis, are
the newest addition to the antifungal armamentarium in the
treatment of fungal infections. They display a broad
spectrum of activity inclusive of Candida infections. Their
concentration-dependent  killing effects would further
demonstrate that BGs are essential in cell wall integrity for
certain fungi.

Observations on microbicidal anti-BG-like KT-
like anti-Id Abs and Ab-derived killer peptides from our
group and anti-BG Abs from Cassone’s group open new
perspectives  in  antimicrobial = chemotherapy and
immunoprevention. As recently outlined by Casadevall and
Pirofski, the protection mediated by anti-BG and anti-BG-
like Abs introduces a heresy into immunological dogma, in
that they are not pathogen-specific microbicidal Abs (168).
In fact, anti-BG Abs have shown to display fungicidal
activity and protect at least against C. albicans, Aspergillus
spp. and C. neoformans. Even more significantly, anti-BG-
like Abs and Ab-derived killer peptides have shown a
wider spectrum of activity, inclusive of epidemiologically
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Table 1. Candidacidal and microbicidal antibodies elicited by beta-glucans, killer toxin receptors and the idiotype of killer toxin-
neutralizing monoclonal antibodies (beta-glucan-like molecules) and antibody-derived killer peptide mimotopes

Antigen Antibodies and peptide mimotopes Sensitive microorganisms Reference

C. albicans cells Anti-BG Abs' Candida albicans 48

Laminarin (BG) Anti-BG Abs C. albicans, Aspergillus fumigatus, Cryptococcus 66,163
neoformans

KTR (BG) Anti-KTR PaKT Abs® C. albicans, Pneumocystis carinii, Mycobacterium 137,153,156
tuberculosis

KTR(BG)-like nmAbK T* Anti-KTR HM-1KT rAbs’ C. albicans 134,135

KTR(BG)-like mAbK T4* Anti-BG-like PaKT Abs C. albicans, non-albicans C., A. fumigatus, C. neoformans, 138,140-144,

Anti-BG-like PaKT mAbs
Anti-BG-like PaKT rAbs
PaKT-rAb-derived peptide mimotopes

Paracoccidioides brasiliensis, P. carinii, Botrytis cinerea,
Fusarium oxysporum, M. tuberculosis, Pseudomonas
syringae, Erwinia carotovora, Gram-positive cocci,
Leishmania major, L. infantum, Acanthamoeba castellanii,
and others

146,149-161, 166

TAnti-BG Abs, Anti-beta-glucan antibodies; ZKTR, killer toxin receptor; 3PaKT-Abs, Pichia anomala KT-like killer Abs;
*nmADbKT, killer toxin neutralizing monoclonal Abs; SHM-1KT-rAbs, Hansenula mrakii 1KT-like killer recombinant Abs

relevant prokaryotic and eukaryotic pathogenic agents
(Table 1). BG or BG-like molecules appear to be conserved
in nature among phylogenetically distant microorganisms.
Their emergence as potentially “universal”, “common”
targets suggests innovative approaches for Ab-mediated
immunity and therapy. BG-like mimotopes, such as the Id
of anti-KT Abs, and protein-conjugate BGs could represent
new multivalent vaccines. Furthermore, they could be
properly delivered with suitable adjuvants and
immunomodulators to enhance their immunogenicity
especially in immunocompromised patients, frequently the
most in need of them.

On the other hand, microbicidal Abs and Ab-
derived killer peptides could open new perspectives for
receptor/antigen-driven therapies. The mechanism by
which these molecules are microbicidal and mediate
protection remains to be elucidated. It could be likely based
on some kind of interference with cell wall remodelling in
the course of replication. Preliminary studies carried out
with C. albicans mutants and DNA microarrays suggest a
possible involvement of Na'/H® pump, response to
oxidative stress and ion transport within the yeast cell in the
mechanism of action of KP. In KP treated yeast cells
different structures seem to be affected: nucleus is
fragmented, plasma membrane is collapsed, while cell wall
is characterized by the appearance of a swollen, middle
electron-dense  region  (unpublished data). These
observations suggest a preferential interaction of KP,
similar to KT-like Abs, with BG as KTR or, at least, as a
KTR component, before the peptide can display its
antimicrobial activity. Interestingly, similar to what
previously described for KT-like Abs (110), KP is also able
to kill the KT-producing P. anomala strain (ATCC 96603),
that is immune to the activity of its own toxin. Thus, the
self-immunity system that prevents yeast cells from
suicidal tendencies is apparently bypassed by KT-like
immunological derivatives.

Even though the presence of the Fc region can
contribute to the therapeutic efficacy of microbicidal anti-
BG and anti-BG-like Abs, their direct in vitro microbicidal
activity definitely do not rely on complement or effector
cells activation and therefore on that region. This could be
at least one of the reasons why they are protective even in
immunocompromised hosts and why Ab-derived peptides
can still exert their microbicidal activity. Furthermore, as
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evidence indicates that BGs are major inflammatory
components in yeast and fungal cell walls (169), these
microbicidal Abs could also prevent, in vivo, the
development of inflammation. The recent demonstration
that BGs are relevant components of microbial biofilms,
such as in Candida spp. (170, 171) and P. aeruginosa
(172), possibly involved in antimicrobial resistance, would
suggest a positive impact of their targeting by Abs and
peptides on drug susceptibility and therapeutic outcome.

The availability of molecules, such as
microbicidal Abs and peptides, which can be -easily
engineered, could allow to experiment with new therapeutic
approaches. Their conjugation with antimicrobial drugs
(173) or radionuclides, similar to what experienced with
radiopharmaceuticals for tumor diagnosis and therapy,
could be envisaged (174, 175). This antigen/receptor-driven
therapy would possibly result in an increase in specificity
with lower side effects. Finally, the use of Ab-derived killer
peptides would avoid the formation of potentially
detrimental immune complexes and unwanted Ab
responses to Fc regions in the course of antimicrobial
therapy.

Many questions on the molecular mechanism of
these molecules, the impact of their wide-spectrum activity
on the endogenous microbial flora and possible selection of
resistant mutants, their pharmacokinetics and safety, still
await experimental answers. KP, in particular, exhibited a
sufficient in vivo stability to be therapeutic in different
animal models of systemic and mucosal microbial
infections. Besides its lack of immunogenicity and any
detectable cytotoxicity (148, 166), this would suggest the
possibility to attain KP therapeutic concentrations also for
treatment of human infections. Pharmacokinetic studies
currently in progress should elucidate this aspect. However,
in our opinion, the most attractive prospect could be the
availability of a prototypal compound for the development
of new wide-spectrum antimicrobial drugs. In the same
way, the potential of multivalent vaccines still requires
active investigation. The emergence of BGs and BG-like
molecules as potential cross reactive targets for fungi and other
pathogenic microorganisms should underline once again the
importance of anti-BG Ab active and passive immunity. They
represent critical aspects of both host defense and therapy



against a variety of pathogens. This would furtherly produce
evidence in support of what has been called from Casadevall
“the third age of antimicrobial therapy”, i.e. the widespread
introduction of immunotherapy in combination with
conventional antimicrobials as adjunctive therapy (176).
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