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of drugs targeting the fungal cell wall
Expert Rev. Anti Infect. Ther. 8(4), 359–364 (2010)

“If the ‘job’ of the cell wall is to protect the fungus 
and allow it to survive in hostile environments, its unique 

composition also makes it an ideal target for the development of 
antifungal drugs.”

The cell wall is essential for the life of 
fungal pathogens. The major functions 
of the cell wall are detailed in Figure 1. If 
the ‘job’ of the cell wall is to protect the 
fungus and allow it to survive in hostile 
environments, its unique composition 
also makes it an ideal target for the devel-
opment of antifungal drugs [1]. A total 
of 90% of the fungal cell wall is com-
posed of specific polysaccharides that are 
not found in their human or plant host 
(Figure 2). Accordingly, any drug inhibit-
ing polysaccharide synthesis should not 
have any secondary toxicity in humans, a 
recurrent drawback of antifungals such as 
amphotericin B. Indeed, antifungal drugs 
inhibiting cell wall biosynthesis have been 
launched commercially. However, in con-
trast to bacteria, where the peptidoglycan, 
an equivalent of the fungal cell wall, is 
the target of many classes of antibacterial 
agents [2], only a single class of drugs has 
been developed that targets the fungal 
cell wall  [3]; these are the echinocandins 
that block b-(1,3)-glucan synthesis in a 
noncompetitive manner. Other inhibi-
tors of chitin and mannan synthesis have 
been identified but none of these have yet 
reached the clinic [4–6]. Even for the echi-
nocandins that have demonstrated their 
activity against fungi, the precise mode of 
action of these compounds has not been 
elucidated [7]. In this article, we will discuss 
some of the problems that may be respon-
sible for the deficit in inhibitors targeting 
the cell wall, with a special emphasis on 
the Aspergillus fumigatus model studied in 
our laboratory, and we will also present 
future research lines that could lead to new 
antifungal drug developments.

Gene families
Many of the enzymatic activities that are 
necessary for cell wall construction are 
encoded by multigene families (Figure 3), 
however, the function of each member 
of the family is not always understood. 
Accordingly, inhibiting the enzyme activ-
ity of all members of the family by a single 
molecule is extremely difficult. This point 
can be illustrated by the chitin synthase 
(CHS) family of A.  fumigatus [1]. Based 
on sequence homologies and mutant 
phenotypes, the eight CHS that have 
been identified can be separated into two 
subfamilies: the first subfamily contains 
mutants that have a reduced  CHS activ-
ity but not a reduced content of chitin in 
the cell wall, whereas the opposite is seen 
in the second subfamily. Moreover, inside 
each subfamily the phenotype of each chs 
mutant is different, suggesting a different 
function for each CHS. Under these con-
ditions, identifying a single inhibitor that 
can block the synthesis of chitin known to 
be essential for fungi is a risky and labori-
ous task. The only inhibitors reported to 
date in the literature are substrate ana-
logs that are active in vitro in membrane 
preparations but poorly active in vivo in 
the fungus. Other inhibitors target only 
one class of CHS [4,5]. Glycosylhydrolase 
and transglycosidase families often contain 
many genes, which are able to remodel the 
linear polysaccharides synthesized by the 
respective synthases (Figure  3). Members 
of a family can have the same enzymatic 
activity but may have a different biological 
function resulting from different cellular 
localization of proteins. This is seen in 
the members of the glucan-elongating 
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protein/glycosylphospholipid-anchored surface protein family 
that display the same b-(1,3)-glucanosyltransferase activity but 
can be either dispensable or essential for the fungus [8–10]. One 
of the possibilities for the control of the activity of all members 
of the same family is to block upstream regulators or activators 
of these activities. Rho1p and Rom2p have been the regulators 
identified for b-(1,3)-glucan synthase activity [11]; regulators of 
other polysaccharide synthesis such as chitin or mannan have not 
yet been identified. 

Compensatory reactions
This is an emerging concept in cell wall biology and medical 
mycology, which results from the fact that the cell wall cannot 
be considered as an inert exoskeleton anymore, but rather as a 
living organelle, the composition of which changes continuously 
upon toxic environmental aggression such as the presence of an 
antifungal drug. A major and common response of the fungus 
when the cell wall is damaged is upregulation of chitin synthe-
sis [12]. Other responses have been seen such as upregulation of 
a-(1,3)-glucan synthesis in Aspergillus [13]. These responses are 
mostly under the control of the cell wall integrity pathways but 
also of other MAP kinase or calcineurin pathways that sense cell 
wall stress and activate the expression of cell wall genes [7,14]. These 
compensatory reactions can even overcome the essentiality of a 
gene such as CHS1 of Candida albicans [12]. The occurrence of 
these compensatory reactions has led to a new concept in antifun-
gal drug treatment based on combinatorial therapy, which results 
in the use of two drugs together [12,14–16]. These combinations 
either target two cell wall biosynthetic pathways or a MAP kinase 
or Calcineurin pathway and a cell wall biosynthetic pathway. In 

addition, monoclonal antibodies able to 
interfere with polysaccharide synthesis 
could be a substitute for one of the inhibi-
tors [17]. Although the therapeutic efficacy 
of drug combinations has been repeatedly 
shown in the literature, they are not used in 
the clinic, with the exception of the com-
bination of commercial cell wall inhibi-
tors and sterol synthesis inhibitors that 
are used in a desperate attempt to treat a 
patient rather than on a scientifically based 
approach. Two major obstacles to the com-
mercial launch of antifungal drug combina-
tions remain. First, the regulatory agencies 
will require new toxicity and efficacy tests 
for drug combinations even though each 
single molecule has already passed US FDA 
approval and, second, the industry is reluc-
tant to establish a combination of drugs 
that does not come from its proprietary 
chemical library. 

Identifying new targets & revisiting 
old targets
Drug targets are either essential genes or 

essential enzymatic activities. Based on the Saccharomyces cerevi-
siae genome data, it is estimated that a fifth of the genes in a fungal 
genome are essential. However, most of them are common to 
eukaryotic machineries, including humans, and are not, for that 
reason, priority targets for the pharmaceutical industry because 
of putative problems of toxicity. However, scrutinizing essential 
pathways present in all eukaryotic cells is worthwhile because it 
can lead to the discovery of new antifungal targets. For example, 
the glycosylphosphatidylinositol (GPI) machinery is essential 
in all eukaryotes and all genes involved in GPI biosynthesis are 
conserved both in fungi and mammals. However, in fungi, the 
addition of a fourth mannose in the GPI anchor has led to the 
discovery of a new gene SMP3 that is essential in fungi but not 
in mammals [18]. In A. fumigatus, a fifth mannose is added to the 
anchor by an unknown protein [19]. The search of inhibitors for 
such GPI biosynthetic enzymes has, however, been hampered by 
the difficulty of developing an easy high-throughput screening 
(HTS) tool, another requirement of the industry to undertake a 
search for any putative antifungal molecule. 

As mentioned previously, glucan synthase inhibitors have been 
identified but the search for new inhibitors should continue, espe-
cially since echinocandins are noncompetitive inhibitors of glucan 
synthase with an unknown target. In spite of the difficulties men-
tioned earlier, the search for inhibitors of chitin synthesis must go 
on. Insecticides based on CHS inhibitors have been developed, 
giving hope for new developments in the fungal armamentar-
ium [20]. Original HTS must be developed for the identification 
of molecules blocking the synthesis and incorporation of chitin 
into the cell wall. Searching for an inhibitor of chitin synthesis 
cannot rely on the inhibition of the incorporation of radiolabeled 
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Figure 1. Functions of the fungal cell wall.
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UDP-GlcNAc into neosynthesized chitin 
by membrane preparations since genetic 
studies have shown that a reduction in 
CHS activity may not be associated with 
a reduction in chitin level of the cell wall. 

The third most important component of 
the cell wall are mannans. They are very 
heterogeneous in nature and are either 
present as a peptidomannan in yeast or as 
part of the constructive polysaccharides of 
the cell wall, such as the galactomannan 
in A.  fumigatus  [21]. Long fungal man-
nan polymers have very specific structures 
that are different from the N-glycan core 
of the eukaryote glycosylated proteins. 
Mannosyltransferases responsible for the 
elongation of mannans, such as Och1p 
and the mannosyltransferase complexes 
including Hoch1p, Mnn9p, Van1p, Anp1p, 
Mnn10 and Mnn11, are fungal specific [22]. 
However, deletion of these mannosyltrans-
ferases is not essential in yeast. One of the 
reasons for this could be the lack of substrate 
specificity of the mannosyltransferases that 
will lead to compensatory reactions if one of 
these genes is deleted [Bussey H, Pers. Comm.]. In filamentous fungi, 
the transferases responsible for the synthesis and cross-linking of 
mannan to the branched b-(1,3)-glucan have not yet been iden-
tified. Although no inhibitor of N-mannan synthesis has been 
developed, mannan-binding inhibitors such as pradimicin or 
benanomycin have been identified [6]. These inhibitors were very 
potent antifungals but their mode of action was not completely 
understood and their commercialization was stopped because of 
toxicity issues. 

“We have recently discovered in our laboratories 
that pmt4D mutants of A. fumigatus are extremely 

sensitive to b-(1,3)-glucan synthase inhibitors...”

O-mannosyltransferase seems to be a better target than 
N-mannosyltransferase. Three families of PMT genes (PMT1, -2 
and -4) were identified in the fungal kingdom [Bussey H, Pers. Comm.]. 
O-mannosylation is essential in fungi. This was seen for a sin-
gle PMT2 deletion or for double deletions PMT1 and PMT4 in 
A. fumigatus and Schizosaccharomyces pombe [23]. To date, only 
Pmt1p activity inhibitors have been identified and the search for 
Pmtp inhibitors suffers from a lack of substrates and method to 
measure O-mannosyltransferase activity of all PMT members [24]. 
We have recently discovered in our laboratories that pmt4D 
mutants of A. fumigatus are extremely sensitive to b-(1,3)-glucan 
synthase inhibitors (2–5 log depending on the echinocandin mol-
ecule) [23]. This discovery suggests that echinocandins could be 
efficiently used in combination with Pmt4p inhibitors. Previously, 
it was thought that O-mannan was only present in fungi but it is 
now known to be present in other eukaryotes, including humans 

where mutation in O-mannosyltransferase PMT1 and PMT2 
give rise to congenital muscular dystrophies [25]. The occurrence 
of O-mannans in higher eukaryotes has, however, reduced the 
interest in a search for inhibitors of O-mannosyltransferases.

Instead of looking for single essential genes, another strategy in 
the search for fungal inhibitors is to look for essential enzymatic 
activities only found in the fungal kingdom. All of the steps of 
polysaccharide biosynthesis and remodeling in the cell wall dur-
ing fungal growth are essential (Figure 4). Remodeling enzymes 
can, therefore, be considered essential targets. Most of the remod-
eling enzymes encountered to date are GPI anchored. Because of 
the occurrence of a GPI anchor, the enzyme bound to the plasma 
membrane is located in the cell wall space and can act on linear 
neosynthesized polysaccharides extruded from the plasma mem-
brane. This localization in the cell wall space is a huge advantage 
when looking for an inhibitor because such an inhibitor will 
easily reach its target. By contrast, a competitive inhibitor for 
a b-(1,3)-glucan synthase will have to cross the plasma mem-
brane, be transported to the active site and bind to the catalytic 
site, all steps that may lead to the selection of resistance against 
the inhibitor or putative degradation of the inhibitor. The GPI 
proteins putatively involved in cell wall modifications must be 
common to all fungal species since the composition of the cell 
wall core is identical. Six families have been identified and among 
these only two contain genes that are essential: the first one is 
GEL, which is a b-(1,3)-glucanosyltransferase [26]. The second 
activity is encoded by members of the DFG5/DCW1 family that 
are synthetically lethal. No enzymatic activity has been associ-
ated with these last proteins. Inhibitors targeting polysaccharide 
branching or cross-linking have not been identified to date.
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Is a universal target the right antifungal: a grail?
The pharmaceutical industry is looking for an active compound that 
is able to kill all human pathogens from yeast to filamentous fungi, 
from the Ascomycetes to the Zygomycetes and Basidiomycetes. 
The two fungal genera most commonly targeted are Candida and 
Aspergillus. This search may seem unrealistic since the organization 
of cell wall enzymes is species specific, the permeability of the cell 
wall and associated extracellular matrix to the antifungal drug varies 
with the fungal species and the sensitivity of the enzymes themselves 
to the drug is also species-dependent [27]. For example, Candida 

neoformans glucan synthase is insensitive to 
caspofungin [28] and echinocandins are not 
very efficient in treating Zygomycetes. The 
presence of more than 20 chitin synthase 
genes in Rhizopus will prevent the identifi-
cation of a single molecule able to inhibit the 
total chitin synthase activity in this zygo-
mecete. In addition, some of the cell wall 
polysaccharides are essential in one species 
and absent in others. For example, a-(1,3)-
glucans are essential in A.  fumigatus and 
absent in Candida [29]. Similarly, efficient 
b-(1,6)-glucan synthesis inhibitors have 
been identified [30]. They are able to block 
the growth of Candida but are of course 
totally inefficient against A. fumigatus since 
this fungus does not have b-(1,6)-glucan in 
its cell wall [21]. This yeast specificity has 
impeded the development of a compound 
effective against all fungi; is the search for 
such a compound justified today in a phar-
maceutical industry where the numbers of 
chemical families with antifungal properties 
are lacking?

Antifungals are designed to be fungicidal. 
However, many of the azoles are fungistatic, 
and when the drug is removed from the 

medium, the fungus grows again. Similarly, caspofungin does not 
kill Aspergillus in vitro and a paradoxical effect is seen where the 
inhibitory effect is reduced when the amount of drug is increased [31]. 
Despite this, these drugs have been used successfully in the clinic for 
many years. A question then arises: is it necessary for an antifungal 
drug to kill the fungus? Data have already shown that death of the 
fungus does not seem to be necessary. For example, blocking the syn-
thesis of the Cryptococcus neoformans capsule will not kill the fungus 
but will block its development in the host [32]. Immunotherapeutic 
interventions are based on the use of monoclonal antibodies that 
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Figure 4. Essential sequential steps in the construction of the cell wall polysaccharide skeleton. 
UDP: Uridine diphosphate.
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fungistically block fungal growth [17,33]. Indeed, a major function of 
currently used antifungals is to halt the development of the fungus 
without killing it. Clearance of the fungus will result from the recov-
ery of an active immune system. Will any pharmaceutical company 
accept the development of an antifungal drug formulation that is 
only able to restrict fungal growth for a limited period? 

Conclusion
The number of antifungal drug families remains limited to three: 
polyenes, azoles and echinocandins. Among these, only one class 
of drugs, the echinocandins, is directed towards the cell wall, even 
though this organelle is an extremely rich source of putative anti-
fungal targets. It is estimated that approximately a third of the 
fungal genome is involved in cell wall biosynthesis and organiza-
tion. More work should be performed in this area, especially since 
strains resistant to azoles have been documented among patients 
(such as AIDS or cystic fibrosis patients) receiving long-term anti-
fungal therapy [34]. Resistance to echinocandins starts to appear in 
clinical isolates of C. albicans and A. fumigatus [35,36]. Luckily, to 
date, this resistance has not been transferred to clinics, although 
reasons for this are unknown (but would be worth studying), and 

resistant strains do not grow as fast as wild-type strains in vivo. 
This has demonstrated a posteriori that the concept of searching 
for drugs that only experimentally slow down fungal multiplication 
is funded. However, if any of these drug-resistant strains main-
tains its pathogenicity potential, it will be a clinical disaster in the 
medical mycology arena. In phytopathology, fungicide-resistant 
strains are as virulent as the sensitive parental strains. In agricul-
ture, the average duration for the exploitation of a new fungicide is 
10 years at most. This corresponds with the time interval between 
the commercial launch of the product and the spread of resistant 
mutants in the field all over the world. Medical mycologists and 
drug companies should think about the time lapse between the 
spread of resistant mutants and the exploitation of a new fungicide.
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