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FUNGI 

 

Among the living beings, fungi represent an autonomous kingdom since they preserve a unique combination 

of features proper alternatively of plants and animals. Fungi are immobile, heterotrophic, and eukaryotic 

organisms mainly obligate aerobes even if facultative aerobes exist. There is a great distinction that defines 

this group, it is the case of macromycetes and micromycetes; the former, mushrooms, form fruiting bodies 

visible to the naked eye 1 whereas the latter are subdivided in unicellular (yeasts), pluricellular (filamentous 

fungi or moulds) and dimorph (can switch the morphology from yeast to filamentous form and backwards 

according to the different environmental conditions) 2. 

Yeasts usually are single round-oval cells with sizes generally bigger compared to bacteria and typically 

ranging around 3-6 μm 3. They present a classic intracellular composition with a nucleus, organelles like 

mitochondria, vacuoles and membranous structures that remind the Golgi apparatus, all immersed in the 

cytoplasm and bordered by the cell membrane. Beyond the cell membrane, the fungal wall is a rigid 

architecture that gives shape and protection to the cell despite the nutritional exchanges and the ligand-receptor 

interactions. The chemical composition of the wall depends on the age, morphology and resistance mechanisms 

of the species and strains, but more than 80% consists of carbohydrates 4. The main components are chitin that 

produces a thick net with its β-1,4-linked N-acetylglucosamine fibrils, mannan, a D-mannose polymer set up 

with α-1,6-linkages and α-1,2- and α-1,3- bonds for the branches, and glucan, a polymer composed by D-

glucose. The most prevalent glucans have glucose molecules connected linearly with β-1,3- glycosidic linkages 

and branched with β-1,6 bonds but, to a lesser degree, the linear connections can be β-1,6 as well 5, 6 (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Representation of the intracellular composition and wall structure of a yeast cell. 

C. albicans was selected as model. 
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The moulds or filamentous fungi have a characteristic morphology composed of filaments deriving from cells 

that stretch and branch to form an intricate aggregate of hyphae called mycelium. The essential functions of 

moulds take place primarily in the vegetative mycelium but from that, some reproductive hyphae are arranged 

above to produce a reproductive mycelium from which the spores will be released. Hyphae are the structural 

units of the mycelia; they have a tubular and filamentous aspect that can reach a length of 50 μm with diameters 

of 4-6 μm 7. Hyphae are classified in septate if they do have wall invagination called septa, and coenocytic if 

they don’t. However, septa are always incomplete and never totally close a compartment, thus permitting a 

facilitated circulation through pores of nutrients and little organelles like mitochondria, ribosomes and 

sometimes nuclei. In septate hyphae there is always at least one nucleus in each compartment while in the 

coenocytic, nuclei are mobile elements dispersed in the cytoplasm. As for yeasts, the vacuole, the endoplasmic 

reticulum, and the Golgi apparatus are clearly recognizable as well, and outside the cell membrane, the wall is 

well organized with a great abundance of chitin (more than 70%) followed by glucans and a variable content 

of other carbohydrates, proteins, and lipids 8, 9, 10. After differentiation, septa will maintain their dimension 

therefore the hyphal growth is granted by an apical elongation. In the top of the hyphae, a peculiar organelle 

born from the aggregation of vesicles, the spitzenkörper, undergoes the process of exocytosis contributing both 

to the cell membrane thank to its vesicle membranes, and to the cell wall through the components that it 

contained 11. The hyphal growth and the increment direction are conditioned by environmental factors and 

septa are completely closed just in case of the urgent need to preserve the mycelium scarifying a part of a 

hypha that has been damaged or compromised by other microorganisms (Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Representation of the intracellular composition and wall structure of a hypha of a mould. 

Aspergillus fumigatus was selected as model. 
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In nature another different behaviour has been found, the yeast-like fungi or dimorphic fungi can substantially 

change their morphotype assuming the yeast or the hyphal form in response to external conditions 12. Even if 

some yeasts can produce septate hyphae, most of them protrude pseudo-hyphae which derive from a 

subsequent budding of a bud that keeps being attached to the originator cell. At this level they can also branch 

or produce bunches that form the vegetative pseudo-mycelium; the reproductive pseudo-mycelium doesn’t 

exist. Because of this generating method, pseudo-hyphae have more pronounced shrinkages and for this reason, 

the cytoplasmic connections are limited or absent 13. 

As a result of their intrinsic nutritive characteristics, fungi can be saprophytes borne by dead decomposing 

organic material or commensals, symbionts, or parasites of different superior organisms like plants, animals, 

and humans. According to the most recent estimates, there is a total of 5.1 million species of fungi 14, and more 

than 600 of them are related to humans as part of the microbiome or as pathogens 15.  

Fungi have two major reproduction methods: the sexual and the asexual reproduction. In the life cycle of a 

fungus these two ways can be either present or being alternated or mutually exclusive. For what concerns 

yeasts, they often face a binary scission or a budding with the asymmetric detachment of a bud. Both are the 

result of the mitotic process 16. Eventually they can also use sporulation preferring the asexual type compared 

to the sexual. Moulds can rather fragment the fruiting body or undergo asexual or sexual sporulation. Asexual 

spores may be produced in hyphal specialized structures like conidia in the conidiophores and sporangiospores 

in the sporangium or accumulated and released in response to a modification of the hyphal architecture such 

as arthrospores spread through the hyphal fragmentation, chlamydiospores, thick-walled spores collected in a 

swelling of the hyphal tract and blastospores born by budding. The sexual spores involve gametes of opposing 

mating types; typical examples are oospores and zygospores originated by conjugation, ascospores and 

basidiospores that take their name from the specific site of production and accumulation, respectively the asco 

in the fruiting body and the basidio in the hyphal apical part 17, 18, 19. 

The kingdom of fungi recognizes different phyla and species. The classifications in the past were based mainly 

on the evolution, on the morphology and on the reproduction system of the fungus but new criteria raised and 

deeply modified the previous organization; among them, the genome sequencing studies broke new grounds 

but at the same time made the literature quite controversial 20, 21, 22, 23, 24. The most updated taxonomic studies 

consider nine phyla of true fungi: Opisthosporidia, Chytridiomycota, Neocallimastigomycota, 

Blastocladiomycota, Zoopagomycota, Mucoromycota, Glomeromycota, Ascomycota and Basidiomycota 25, 26. 
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FUNGAL INFECTIONS 

 

Fungi may be pathogens for plants (phytopathogens), animals and humans. Especially in the last two subjects, 

they can cause different disorders: 

• Mycoses are infections that identify in fungi (or mycetes) their etiological agent. Fungi under 

consideration are true pathogens (or obligate pathogens) or opportunistic if they provoke infection 

only in particular and favourable conditions such as accidental penetration of the immunity barriers, a 

weakening of the immune system or the colonization of host-sites different from that in which they 

are confined as microbiome 27. 

• Allergy or hypersensitivity due to the immune system cells’ reaction to the antigens exhibited by 

ingested or inhaled spores 28, 29. 

• Mycotoxicosis if the food or beverages ingested were contaminated by fungal toxic secondary 

metabolites 30. 

• Mycetism in the case of ingestion of poisonous fungi 31. 

Considering the aim of this project, this thesis will focus only on mycoses. 

Human mycoses are classified into different groups given parameters like the level of penetration and diffusion 

of the infecting agent in the host tissues, and the specific characteristics of the microorganism. 

o Superficial mycoses – are caused by fungi able to grow on the skin surface. In healthy individuals they 

don’t lead to physiological damages but mainly aesthetic defects like the lack of melanin in 

correspondence of fungal colonies, whereas in immunocompromised patients a worsening can occur 

especially if the fungus reaches deeper tissues 32. 

o Cutaneous mycoses – the fungal growth happens mainly in the epidermis with its keratin-rich layers 

but also in hair and nails. They are associated with macroscopic deformation, tissue damages and 

inflammation, and when the infection extends deeper, they can evoke pathologic changes 32. 

o Subcutaneous mycoses – they are due to the penetration into the deep layers of the skin like the 

connective tissue, the subcutaneous layer until muscles and bones. They rise a great inflammatory state 

but rarely become systemic. These mycoses are particularly difficult to treat, and surgical interventions 

are indeed often required 32. 

o Opportunistic mycoses – they belong to commensal fungi that settle immunocompromised patients, 

hosts with a debilitated immune system or immune deficiencies 33. 
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o Systemic mycoses – they are infections that primarily originate in the lungs and then reach the 

bloodstream and subsequently other organs and districts arising the most important, harmful, and 

strongest immunity response 34. 

The onset and clinical development of a mycosis are closely related to predisposing factors; some of them are 

proper of the physio-pathological conditions of the host like age, pregnancy state, immunodeficiencies, 

HIV/AIDS, immunosuppressive treatments, diabetes mellitus, malignancies, alteration of the microbiome, etc., 

but some other are external to the host such as the behaviour, the environment, invasive devices, and the nature 

of the fungus 35, 36. Obviously, the susceptibility of the host to the pathogen is individual and while in 

immunocompetent subjects the resistance is guaranteed by an efficient machinery able to defend and protect 

the organism, in immunodeficient or debilitate patients the fight is harder and mostly entrusted to the antifungal 

treatments available. 

 

HOST IMMUNITY AGAINST FUNGAL INFECTIONS 

 

In order to accomplish the infection, the pathogenic fungus should settle and start the reproduction and the 

colonization in a suitable host district but fortunately, the mechanisms adopted by a competent immune system 

manage to avoid both the invasion and the expansion, and in case of infection already in progress, to stop it 

reducing also the damages produced by the exacerbation of the inflammation. The immune system arranges in 

the aspecific or primary immunity, and in the specific or secondary immunity. The former is the intrinsic 

capacity to oppose microorganisms and their products, while the latter refers to the ability to distinguish and 

destroy every specific pathogen and its metabolites meeting, processing, exposing, and adapting to it 37, 38. The 

first barriers that microorganisms encounter are the skin and the mucous which, besides resulting as physical 

shields, produce also secretions like sweat, tears, saliva, acid and mucus rich in enzymes as lysozyme and 

antimicrobial peptides as defensins 39, 40. If the pathogen can penetrate in deeper layers, it will confront some 

effectors of the aspecific immunity: neutrophils, monocytes, macrophages, and dendritic cells 41. In general 

immune cells can recognize pathogens through molecular profiles on their surfaces (the pattern recognition 

receptors-PRRs), that interact with molecular profiles proper just of the pathogen (pathogen-associated 

molecular patterns - PAMPs). The interaction between PRRs and PAMPs triggers transmembrane signals like 

MyD88 and Syk-CARD9 that promote the antifungal activity 41, 42, 43. The receptors involved are mainly toll-

like receptors (TLRs), in particular, TLR2 and TRL4 on the plasma membrane which bind mannans, N- and 

O-linked mannans, lipomannans, phospholipomannans and glucuronoxylomannans. TLR9 are instead in 

endosomes and recognize fungal DNA 41, 44, 45. There are nucleotide-binding oligomerization domain-like 

receptors (NLRs), retinoic acid-inducible gene1-like receptors and C-type lectin receptors (CLRs) 45. In the 

latter family there have been identified dectin-1 and dectin-2 (which heterodimerize with dectin-3 46), specific 

for β-glucans and α-mannans respectively, CD23 for both β-glucans and α-mannans 47, galectin for β-
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galactosides 48, mannose receptor and dendritic cells specific intercellular adhesion molecule grabbing 

nonintegrin receptor (DS-SIGN) selective for mannose, fucose, mannosylated and fucosylated molecules and 

N-acetylglucosamine, glycans macrophage-inducible C-type lectin receptor (mincle) activated by 

glyceroglycolipid and mannitol-linked fatty acids, and finally complement receptor 3 (CR3) 44, 45, 47 and 

lactosylceramide receptor (LacCer) for β-glucans 49. The recognition of the pathogen has different results: 

phagocytosis, the release of cytokines and reactive oxygen species (ROS), the antigen loading in the major 

histocompatibility complex and the activation of the T-cells responses.  Fungi are killed through different 

mechanisms based on the specie and on the morphotype, as proof, the internalization by neutrophils of yeasts 

and conidia but the production of NADPH-oxidase-dependent neutrophil extracellular traps (NETs) for moulds 

and for fungi which develop hyphae and pseudo hyphae 50, 51. Monocytes, macrophages, neutrophils, and 

dendritic cells engulf microorganisms and fuse the phagosome with the lysosome to process them through 

reactive oxygen and nitrogen intermediates moreover, macrophages undergo the polarization in M1 or M2 in 

case of classical activation and pro-inflammatory behaviour or in alternative activation with an anti-

inflammatory trend when there is the persistence of the fungi inside them 52. All these effectors also release a 

great number of antimicrobial peptides, ROS, chemokines, type I interferons as IFN-γ and cytokines both pro- 

and anti-inflammatory like IL-17, IL-12, IL-1β, IL-10, IL-2, IL-23, IL-6, TNF-α and, as result, also the redox-

sensitive factor NF-κB. All these mediators are useful in promoting the recruitment of other immune cells and 

in boosting the antifungal activity, but they are also necessary for the differentiation of the T-helper 

lymphocytes. Macrophages and dendritic cells are indeed antigen-presenting cells (APCs) able to expose on 

their surfaces the antigens through the major histocompatibility complex (MHC) class II to naïve T cells. In 

this way, CD4+ T-helper lymphocytes can differentiate in different subpopulations: Th1, Th2, Th17 and Treg 

cells. They are involved in fungal infections and must balance the pro- and anti-inflammatory status avoiding 

exacerbations 45, 53. B lymphocytes are APCs as well, but they usually present the antigens to already-activated 

T-cells which, in response, activate plasma cells producing both specific antibodies and memory cells 54. Th1 

and Th17 have a strong pro-inflammatory behaviour while Th2 and Treg contain the inflammation hindering 

the proliferation and the differentiation in Th1 and Th17 and promoting the M2 polarization; their objective is 

the reduction of the host tissue damage although allowing the fungal persistence. Microorganisms have 

developed different mechanisms of immune evasion for example, the coating or masking of PAMPs, the 

inhibition of the phagosome-lysosome fusion or of the opsonization, the degradation of the complement 

factors, the secretion of catalase, superoxide dismutase or toxins like candidalysin, the upregulation of efflux 

pumps to neutralize the AMPs, and the modulation of the immunity response promoting the Th2 differentiation 

and the M2 polarization to enhance the survival rate 44, 55. In the case of immune evasion, there are several 

other strategies to fight with, for instance, if the microorganisms have escaped the phagocytosis and have 

poured out in the cytosol, they will be processed in the proteasome and then bond to MHC class I and presented 

to CD8+ T-cytotoxic lymphocytes 56. Sometimes their activation may also come from a cross-presentation of 

extracellular antigens using MHC class I by dendritic cells 57. CD8+ T-cytotoxic lymphocytes differentiate in 

subpopulations like Tc1, Tc2 and Tc3. While Tc1 cells are dedicated to the cell killing through degranulation 
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of perforin, grandzymes and granulysin, and Tc3 differentiates in Tc17 for the long-term antifungal immunity, 

Tc2 seems to suppress the immunity response 44, 58. Natural killers, even if considered part of the primary 

immunity, are cytotoxic cells, hence degranulate and release perforin and granzymes and produce pro-

inflammatory cytokines like IL-17 and IFN-γ and soluble factors as GM-CSF and RANTES 59. There is 

significant evidence that some other immunity cells contribute consistently to the control of the fungal 

infection, among them mast cells 60, basophils, eosinophils 61, MDSCs, γδT, MAIT and iNKT 44. Some 

antifungal drugs are fungistatic and not fungicidal therefore the participation of the immune system is 

fundamental for the resolution of a fungal infection, and this highlights the risk for people who don’t benefit 

from a competent immunity both for pathological reasons and for immunosuppressive therapies.  

 

ANTIFUNGAL DRUGS 

 

Conversely to the antibacterial world which has always been in the eye of the storm and felt faster times of 

new targets and compounds development, only a poor arsenal of molecules and limited targets are available 

for antifungal drugs, thus probably for the similarities between fungal cells and host cells. Fungal infections 

have been a neglected issue that subtly grew for decades until they were brought to light only when it was 

figured out as one of the most serious health problems of our time and for the near future. Currently, there are 

four major classes of drugs used in clinic and veterinary; they are polyenes, azoles, echinocandins and 

pyrimidine analogues. 

• Polyenes 

Amphotericin B is the absolute representative of the polyene class. It is a fungicidal able to interfere in the ion 

homeostasis of the fungal cell establishing hydrophobic interactions with ergosterol of the membrane and 

creating pores. It induces an accumulation of reactive oxygen species as well and both mechanisms contribute 

to cell death. From its discovery in 1955, more than 200 polyenes were developed but amphotericin B keeps 

being the drug of choice especially for systemic mycoses 62, 63. Although its high efficiency, the main 

limitations are represented by nephro- and hepatotoxicity, infusion reactions and electrolyte anomalies 64, 65 

therefore, from the deoxycholate form, new formulations were elaborated in order to ameliorate both the safety 

and the effectiveness. Lipid-based formulations consist of the liposomal charging of the drug or of a complex 

formation. A colloidal dispersion of amphotericin B was developed but is not available on the market 66. 

• Azoles 

After their discovery, azoles became quickly the first-line drugs 66.  Apart from few exceptions, they are 

considered organism-dependent fungistatic/fungicidal 67 and can inhibit the cytochrome P450-dependent 

lanosterol-14α-demethylase, an essential enzyme in the synthesis of ergosterol 68, 69. This class contains both 

imidazole- and triazole-active group molecules since several modifications in the structure followed one 
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another and gave rise to different generations. The first generation is occupied for instance by clotrimazole, 

ketoconazole, miconazole, butoconazole, econazole, bifonazole, terconazole, tioconazole etc. which present 

the imidazole ring. The scarce water-solubility was an obstacle as well as the limited oral bioavailability and 

side effects like gastrointestinal and endocrine alterations and hepatotoxicity. Even if their uses, especially for 

invasive infections, decreased over time, they are still adopted in topical preparations. After that, the second 

and the third generations saw their birth with the coming of the triazole ring in the formula and with structural 

changes that progressively made them more effective and hydrosoluble to say nothing of extended-spectra, 

better pharmacokinetics and pharmacodynamics, the possibility of new formulations and lower toxicities. In 

the second generation we find fluconazole and itraconazole while in the third, voriconazole, posaconazole, 

isavuconazole, ravuconazole and albaconazole 64. The great usage that is done not only as treatment but also 

in prophylaxis and in pre-emptive circumstances permits them to be widely used also in medical and surgical 

fields 66, 70. Despite they are well tolerated few restrictions have been highlighted like the QT prolongation, the 

teratogenicity, and the drug-drug interactions of triazoles 64, 71, 72. 

• Echinocandins 

Echinocandins represent the most recent class of antifungal drugs starting its development in the early 2000s 

73. They are semisynthetic lipopeptides which found in fermentation metabolites of different microorganisms 

their main structure 62. Echinocandins inhibit in a non-competitive manner the UDP-glucose-β-1,3-D-glucan-

β-3-D-glucosyltransferase also known as β-1,3-D-glucan synthase, an essential enzyme for the synthesis of β-

1,3-glucans, fundamental components of the fungal cell wall. β-1,3-D-glucan synthase is a complex formed 

by two subunits, one regulatory, Rho1, and one catalytic, Fks; in particular, Fks is encoded by three genes, 

FKS1, FKS2 and FKS3. Echinocandins seem to target specifically FKS1 gene 74. Based on the fungus but also 

on the specie and strain, echinocandins can be considered fungistatic or fungicidal. The echinocandins that had 

the most success and reached the market are caspofungin, micafungin and anidulafungin. Their features like 

the potent activity associated with the broad-spectrum, the good pharmacokinetic and pharmacodynamic and 

the high safety and few drug-drug interactions make them suitable as first line drugs especially in nosocomial 

candidemia 66. 

• Pyrimidine analogues 

5-Flucytosine is the only component of this class. From its approval in the 1960s it has been seen for a long 

time just as antimetabolite for cancer treatment, but its low antineoplastic activity made it shift towards the 

antimicrobial pipeline as an antifungal drug. 5-Flucytosine is a fluorinated analogue of cytosine and for this 

reason it can easily enter the fungal cells through the cytosine permease and be deaminated by cytosine 

deaminase to 5-fluorouracil. Then 5-fluorouracil is converted into 5-fluorouridine triphosphate able to be 

incorporated in fungal RNA hence, to alter the aminoacylation of tRNA and to inhibit the protein synthesis. 

At the same time 5-fluorouracil, when metabolized into 5-fluorodeoxyuridine monophosphate, inhibits the 

thymidylate synthase, an enzyme essential for DNA synthesis and nuclear division 62. This double mechanism 

of action makes 5-flucytosine a potent drug especially in candidiasis and cryptococcosis, but it can be used 
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only in combination with other drugs like amphotericin B because of the rapid development of resistance 75. It 

has high oral bioavailability but a brief half-life. The interactions with other drugs are few but the main 

limitations are referred to bone marrow suppression and hepatotoxicity 64. 

Allylamines 

Allylamines represent a small family of molecules that target the squalene epoxidase (or squalene 

monooxygenase) an enzyme needed for the ergosterol synthesis 76. They aren’t commonly used in clinics 

except for dermatophytes against which they are fungicidal 77. Terbinafine, naftifine but also pentamidine and 

some derivatives like butenafine or amorolfine are examples of squalene epoxidase inhibitors. 

 

NEW TARGETS AND NEW APPROACHES  

 

Among the relatively new targets, it is important to mention the calcineurin pathway. Calcineurin is a 

Ca2+/calmodulin activated protein phosphatase 2B essential for activating stress responses especially inside 

the host, but it also plays a role in fungal growth, morphotype change, virulence, and resistance development 

78. It is the target of immunosuppressors like tacrolimus and cyclosporine A, mainly used to avoid rejection 

after transplantations 76, 79. Their action is fulfilled by the binding to immunophilins that impair the interaction 

of calcineurin to its substrates. The major limitation is represented by the serious consequences on the immune 

systems and for this reason, different efforts in bordering the side effects but maintaining the antifungal activity 

have been considered 80. One significant example is APX879, the successor of tacrolimus that presented high 

efficacy in in vivo cryptococcosis infections but low immunosuppression 81. Moreover, tacrolimus received 

large interest also in combination with caspofungin, making it fungicidal for Candida and Aspergillus species, 

echinocandins- and azoles-resistant as well 82, 83, 84, 85. With azoles it showed a synergistic effect against the 

biofilm formation 86 with particular attention to fluconazole, with which it can reverse partially the azole 

resistance 87. This pathway must be further explored especially because new molecules have been discovered 

as calcineurin inhibitors, few examples are vasostatin-I, a peptide derived from chromogranin A, and some of 

its shorter fragments like chromofungin and catestatin which are active both against yeasts and filamentous 

fungi 88 and tamoxifen, an anticancer that is supposed to interfere in the calcineurin pathway 89. Calcineurin 

effectiveness is often associated with one of its upstream regulators, it is the case of the heat shock protein 90 

(Hsp90), a chaperon involved in stress signalling pathways, virulence, and resistance 76. It is a good target for 

inhibitors since it seems to be implicated in around 10% of the total protein pathways of a yeast 90. In order to 

get its role more complicated, Hsp90 regulates the morphology of fungi differently, its inhibitors induce indeed 

filamentation in Candida spp. 91 and repress it in Aspergillus spp. with negative outcomes in germination and 

conidiation 92. In combination with amphotericin B, fluconazole and echinocandins improved the antifungal 

activity, reduced the mortality rate, and impaired the evolution of resistance 93. Mycograb (efungumab) is a 

monoclonal antibody specific for Hsp90 that demonstrated great efficiency in invasive candidiasis 94 but that 
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never reached the market because of quality and safety issues while geldanamycin and its derivatives, despite 

their antitumoral properties, have shown good antifungal effects but their use is restricted for drawbacks like 

hepatotoxicity 95. Furthermore, part of their toxicity is related to the cross inhibition of Hsp90 of the host; about 

this, more selective inhibitors are currently under investigation and CMLD013075 is indeed an exquisite 

example 96. Hsp90 also regulates the signalling of the protein kinase C cascade, essential for the calcineurin 

activation but also for the maintaining of the cell wall integrity as well as the growth, the morphotype, the 

resistance, and the stress responses 97. The main enzyme of this cascade is Pkc1, hence its inhibition reduced 

the virulence in vivo and conferred hypersensitivity to several drugs making also the fungistatic drugs 

fungicidal. It seems that the PKC pathway permits the fungal survival to stress stimuli through the mitogen-

activated protein kinase (MAPK) cascade and for this reason an upstream inhibition can implicate the lack of 

Mkc1 93, 97. Cercosporamide is a selective inhibitor of Pck1 98. Going up to the top of the Hsp90-calcineurin-

PKC axis, the histone deacetylases (HDACs, also called lysine deacetylases, KDACs) control the expression 

and function of different proteins, Hsp90 included. Some of these proteins are fully involved in the fungal 

virulence hence inhibitors of these enzymes are strategic moves. Noteworthy is Hos2 since it regulates Hsp90 

deacetylation and its activity therefore inhibitors of Hos2 like MGCD290 revealed to be extremely efficient 

especially in synergistic combination with azoles and echinocandins against Candida and Aspergillus spp. 99, 

100 Trichostatin A is another HDAC inhibitor that displayed enhancement with azoles in C. albicans and with 

caspofungin in Aspergillus spp. 101 In addition to that, other interesting enzymes work at this level such as the 

deacetylase HST3 that, when inhibited, by nicotinamide demonstrated antifungal properties or the 

acetyltransferases whose genetic depletion conferred hypersensitivity to fluconazole 102. Essentially inhibitors 

of calcineurin, Hsp90, Hos2 and Pkc1 represent actors that play at different but interconnected layers of the 

same piece. All four approaches are extremely promising in treating fungal infections. 

Even if sphingolipids are components of the eukaryotic membranes, several studies have established that the 

biosynthesis pathways in fungi and in host cells are significantly different, therefore the enzymes involved or 

the genes encoding them could be optimal antifungal targets. Sphingolipids like inositol phosphoryl ceramide 

and glucosylceramide are responsible for virulence and for drug resistance 103, 104. Acylhydrazones like BHBM, 

its derivative D13, D2 and D0 affect the glucosylceramide synthesis and are useful for infections of different 

pathogenic fungi 105 while aureobasidin A and its derivatives inhibit the inositol phosphoryl ceramide synthase 

106. Myriocin inhibits serine palmitoyltransferase, an essential enzyme in the synthesis of sphingolipids 107 

while fumonisin and australifungin act on the ceramide synthase whose impairment makes C. neoformans 

avirulent 108. Apart from them, a monoclonal antibody against glucosylceramides that reduces the host 

inflammation 109 and Cerezyme, a recombinant enzyme able to hydrolyse fungal glucosylceramides both tested 

in cryptococcosis 110, are interesting results coming from biotechnological studies. A similar discourse can be 

done for the Ras pathway: Ras are guanosine triphosphate proteins (GTPases) associated with the membrane 

and involved in some protein transduction, virulence, morphotype switch, and vital processes 111, 112. Ras can 

reach the plasma membrane both in a palmitoylated and not-palmitoylated form. There, it undergoes some 

post-translational modifications essential for its biological activity, and finally, it is activated by the 
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interactions with guanosine nucleotide exchange factors (GEFs). The inhibition of palmitoylation, of post-

translational modifications such as farnesylation or prenylation, of the interaction with GEFs, with its common 

substrates or with Ras-related proteins like RhbA could be brilliant approaches 113, 114, 115, 116. Some successful 

molecules are manumycin A, a farnesyl transferase inhibitor, efficient against C. neoformans, C. albicans and 

A. fumigatus 117, 118 ethylenediamine inhibitor #2, tipifarnib, lonafarnib active in farnesylation inhibition in 

cryptococcosis 117, 119 and farnesyltransferase inhibitor III able to block the yeast-hyphal change in C. albicans 

through farnesyl transferase inhibition 120, actinoplanic acid A and its desmethyl analogue 121. Standing in the 

post-translational modifications field, some proteins are supplemented with a glycosylphosphatidylinositol 

(GPI) group that allows the protein to travel from the endoplasmic reticulum to the plasma membrane and to 

the cell wall. An altered biosynthesis of the GPI-anchor resulted in defective morphology and attenuated 

virulence both in C. albicans and in A. fumigatus meaning that some GPI-anchored proteins have a role in the 

fungal pathogenesis 122, 123. The GPI-anchor biosynthesis became thereby a source of targets like the 

acyltransferase Gwt1 inhibited by gepinacin, APX001A (E1210) and its prodrug fosmanogepix (APX001 or 

E1211) 124, BIQ, G365, G884, and the phosphoethanolamine transferase-I targeted by YW3548, M743 and 

M720 125.  

One of the most attractive and newest targets is represented by the trehalose biosynthesis. Its absence in 

mammalian cells reduces enormously the host toxicity. Trehalose is a storage carbohydrate useful as a carbon 

source for processes like glycolysis, fungal germination, and sporulation and is an important player in stress 

conditions 126. Its pathway involves two main enzymes: the trehalose 6-phosphate synthase 1 (Tps1) and the 

trehalose 6-phosphate phosphatase (Tps2) 127. It has been seen that the deletion of their genes affected 

Cryptococcus spp., C. albicans and Aspergillus spp. growth, survival and virulence and Aspergillus spp. 

germination moreover, a compromised Tps2 causes an accumulation of trehalose 6-phosphate leading to cell 

death 128, 129, 130, 131, 132, 133. Even if the trehalose is such a delicious target just few studies have identified effective 

inhibitors; among them there is validamycin A 133. As for the trehalose pathway, some components involved 

in the glyoxylate cycle are completely absent in mammalian cells. The glyoxylate cycle seems to be important 

for virulence and survival, especially after macrophagic engulfment. It is similar in some ways to the 

tricarboxylic acid cycle with which it has in common three enzymes, the citrate synthase, the aconitase, and 

the malate dehydrogenase. The glyoxylate cycle makes also use of two other unique enzymes, the isocitrate 

lyase (ICL) and the malate synthase (MS) 134. Mohangamide A and mohangamide B are efficient inhibitors of 

ICL in C. albicans 135, argentilactone and its semi-synthetic analogues inhibited ICL in Paracoccidioides and 

some other compounds targeting MS are still under investigation 136.  

With the term orotomides, the microbiological world has identified a completely new class of antifungal drugs. 

Their target is represented by the dihydroorotate dehydrogenase (DHODH) involved in the biosynthesis of 

pyrimidines. The depletion of pyrimidines leads to bocks in the DNA/RNA synthesis and in the lipid and 

carbohydrate precursors productions. Olorofilm F901318 is an excellent inhibitor that can be selective for 

fungal DHODH even if the enzyme was found also in mammals. The only negative point is the narrow 

spectrum that includes moulds and dimorphic fungi but not yeasts 137. 
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Among the promising targets, some can be found in the mitochondria. They are the organelles adhibited to the 

energy production through the oxidative phosphorylation and the tricarboxylic acid cycle and even if some 

intermediates and enzymes are shared by both fungi and host cells, there are some fungus specific proteins 

suitable for new antifungal compounds action 138. The greatest results of this approach are represented by ATI-

2307 and ilicicolin H. The first is an arylamidine able to inhibit both the complex III and IV of the respiratory 

chain interfering inevitably in the mitochondrial membrane potential 139 while the second acts on the 

mitochondrial cytochrome bc1 reductase 140. Both have been tested on Candida, Cryptococcus and Aspergillus 

spp. showing great potential, efficacy, and selectivity 140, 141. Some other known molecules have been found to 

have antifungal effects altering the mitochondrial function, few examples are represented by artemisinin that 

inhibits the mitochondrial NADH dehydrogenase, quercitin that affects the oxidative stress operating on some 

electron membrane transport proteins, histatin 5 that disrupts the ATP synthesis machinery 142 and few 

antibiotics like linezolid, azithromycin, and minocycline 79. 

Being comprehensive regulators of a multitude of pathways, the TOR protein kinases, when inhibited by the 

immunosuppressant rapamycin, showed antifungal activity against different fungi, blocking their growth and 

reversing azole resistance. Its main limitation is the immunosuppressive activity but some derivatives with 

reduced drawbacks but still effective are under investigation 143. 

Some new strategies, looking at the current antifungal mechanisms, are directed toward the cell wall 

components or toward the enzymes that produce them. Nikkomycin Z, for instance, is a competitive inhibitor 

of the chitin synthase because of the structural similarities with the substrate uridine diphosphate (UDP)-N-

acetyl glucosamine 144. It has additive and synergic relationships with azoles and echinocandins in 

aspergillosis, candidiasis and coccidioidomycosis 145. Polyoxins have the same mechanism as nikkomicins and 

together with plagiochin E and lectins and fungal secondary metabolites inhibit the chitin synthesis 144. Another 

example is represented by the monoclonal antibody 2G8 and the humanized H5K1 whose antigens are 

selectively β-1,3-glucans of the fungal cell wall. The first has proved its efficacy in candidiasis, aspergillosis 

and cryptococcosis but with the limitation of its murine nature 146, 147 while the second has great potential 

against Candida spp., even if it is still under exploration on other pathogenic fungi and presented synergic 

combination with amphotericin B and echinocandins 148. Some other molecules are in phase III clinical trials, 

it’s the case of rezafungin (SP3025 or CD101) and ibrexafungerp (SCY-078) respectively a lipopeptide that 

can enter the class of echinocandins and a triterpene glycoside both acting on the β-1,3-glucan synthase 149, 150. 

All these roads have the advantage to damage the wall, proper just of fungi without repercussions for the host. 

A total new branch of antimicrobials addresses iron-related pathways. This gave the inspiration also for the 

development of new antifungal drugs. Iron is hijacked by fungal cells and is needed for many processes that 

confer the typical virulence factors. The main objective is the impairment or the exploiting of the iron 

assimilation and different strategies have been adopted: some antifungal peptides were conjugated to the 

siderophores in order to be incorporated inside the cells where they are released to carry out their task 151, 152; 

the interference on the synthesis of siderophores through the inhibition of enzymes like the nonribosomal 
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peptide synthetases, the polyketide synthase, the phosphopantetheine transferase and the nonribosomal peptide 

synthetases-independent siderophore synthetases 153. In this context, an expletive example is represented by 

celastol that, acting on the flavin-dependent monooxygenase siderophore A, inhibited A. fumigatus growth 154. 

Other methods are the usage of iron chelators or the substitution of iron with gallium 155. Lipocalins, especially 

ASP-2397, is a cyclic hexapeptide whose precise mechanism of action remains unknown, but it seems to 

chelate Al3+ and Fe3+ and to be translocated inside the fungal cell through the siderophore iron transporter 1 

(Sit1) preventing the cations hijacking. It showed good selectivity because of the lack of the Sit1 in mammalian 

cells, and high potency against different fungi 156. Ciclopirox has a similar mechanism of action sequestering 

Al3+ and Fe3+ 157, 158. 

Other interesting approaches concern for instance the mitosis inhibitors like griseofulvin, a polyketide that 

affects the tubulin of the mitotic fuse 159, glutathione blockers like haloprogin 158, 160, or, with the same ratio, 

inhibitors of the superoxide dismutase, catalase and peroxidases that are tightly correlated to the remotion of 

ROS produced by the immune system cells making the fungal cell unable to protect itself 158. Salinomycin is 

active against some yeasts and filamentous fungi especially in combination with polymyxin B 161. AR-12 is a 

celecoxib analogue with little information about its mechanism of action. It is a protein kinase inhibitor that 

seems to operate both on acetyl fungal coenzyme A synthetase 1 (causing a downstream repercussion on the 

metabolism and especially on the histone acetylation) and on Hsp90 and Hsp27 chaperons’ production, 

downregulating their genes and reducing, in this way, the host immune response 162. Some cyclooxygenase 

inhibitors showed antibiofilm activity by inhibiting the prostaglandin E2 biosynthesis 62. Some antimicrobial 

peptides, proteins, lectins, fungal and plant secondary metabolites are currently under investigation as both 

antifungal compounds and as enhancers if used in combination with commercially available drugs 142. At the 

same time, several studies are ongoing on the repurposing of drugs that had the approval for other diseases 79. 

There haven’t been licensed any antifungal vaccine yet even if different groups are working on them and on 

adjuvants. Due to a multiplicity of obstacles, those research lines are still big challenges 163. Furthermore, the 

metabolomic, proteomic and lipidomic sciences in combination with computational biology have granted great 

steps forward in the identification of new targets and compounds in faster times 164, 165, 166. In this way, the 

reach of the clinical phases and the market can be facilitated and improve substantially the patients’ treatment 

and survival. 

 

DIAGNOSIS 

 

The diagnosis is another important issue, especially for fungal infections. Despite the development of new 

diagnostic agents and techniques, the fungal identification, in order from the most used to the least used, still 

resorts to the examination at the microscope, to histopathology, to microbial cultures, to antigen detections, to 

serological tests and to molecular analyses 167. The first three processes are not always accurate, and they often 
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delay the diagnosis because of the intrinsic properties of fungi like the slow growth in plates or liquid medium. 

Sometimes they are followed by susceptibility testing in order to find the MIC and the breakpoints for a correct 

use of antifungal drugs 168, but this delays even more the beginning of the antifungal treatment being dangerous 

for patients and negatively affecting their recovery or survival 169. In addition to that, these procedures are less 

precise and certain, especially if compared to more recent techniques as molecular and immunological assays 

but, about them, the information available in the online platforms are little and the databases are poor and 

limited to few and more common mycoses 170. The presence in the market of diagnostic kits for antigen 

detection is restricted as well and the sensitivity and the specificity are not always optimal 171, 172, 173. Last but 

not least, there is patient variability: the symptoms are diversified from subject to subject even if the infection 

is caused by the same fungal pathogen 174. In this regard, the degree of infection, the comorbidity and physio-

pathological and pharmacological conditions like immunodeficiency or immunosuppressive treatments, are 

associated with the fastest progressions and with the worst outcomes. This sad view highlights the urgent need 

for not just new antifungal drugs but also for new diagnostics, data and techniques that can make the diagnoses 

clear, easy and quick to perform, robust, sensitive and specific. 

 

RESISTANCE 

 

Nowadays the failure of antifungal treatments is often related to fungal resistance. The resistance to a drug can 

be intrinsic or acquired. In the first case, the microorganism already has the genes enabling it to survive in the 

presence of certain concentrations of the antimicrobial compound, without any previous exposure. The second 

type of resistance occurs as an adaptive response to a direct contact with the antifungal drug that permits the 

fungus to stay alive when exposed again to the same drug or class, making it inefficient 168. This phenomenon 

has spread worldwide encouraged also by people’s bad behaviours. The extensive use of antifungal molecules 

in agriculture has created big reservoirs of resistant fungal populations 175 moreover, the poor compliance of 

the patents together with prolonged or repetitive treatments and prophylaxes, sub-therapeutic doses, frequent 

exposures to infective agents and low competence of the immune system, are all factors favouring the rise of 

resistances 168. Looking in depth at the genetic features of fungi, the sexual and asexual reproductions, 

aneuploidy, the genome flexibility 176, and the capacity to take up mutations are considerable advantages 

especially if combined with densely populated communities like those in biofilms. As if that was not enough, 

the number of infections has increased also promoted by the environmental pressures such as the climate 

changes that have significantly influenced the birth of new species like C. auris, their geographical area of 

distribution by affecting their vectors and, as result, their susceptibility to the available antifungal drugs 177. 

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) and the Clinical and Laboratory 

Standards Institute (CLSI) monitor the resistance to antifungals through standardised methodologies giving 

clinical breakpoints and finding the minimum inhibitory concentration (MIC), useful tools for the choice of 

the antifungal drug and its dosage in patient treatment. However, the appearance of new species often with 
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intrinsic resistance and the scarce reliability of susceptibility tests towards some drugs and species make the 

resistance evaluation hard 178.  

Despite the great use that has been done of amphotericin B, the resistance phenomena are luckily uncommon. 

The few cases identified reported mutations in the genes that encode for  the enzymes involved in the ergosterol 

biosynthesis (alterations in ERG3, ERG5, ERG11, deletion in ERG11, mutations in ERG1, ERG2, ERG6, 

ERG11 179), the up-regulation of the stress responses like the thickening of the cell wall 180, the over-activation 

of Hsp70 and Hsp90 181, 182, the increased activity of the catalase and the superoxide dismutase 183. 

Azoles have been used for a long time and most of the mechanisms of resistance address this antifungal class. 

There have been found mutations in the heme-binding site in order to impair the binding of azoles to the Fe3+ 

portion preventing its obstruction, but also in the cytochrome P450-dependent lanosterol 14a-demethylase 

sequence, hence in ERG11 in yeasts and in cyp51A in moulds, producing their overexpression 184, 185. As for 

amphotericin B, several alterations take place to modulate the stress responses and among them, those that 

involve the Hsp90, Sgt1, calcineurin, histone deacetylases, and PKC, are the most significant. Mutations in 

ERG3, even if associated with a lower degree of resistance, are important for the cross-resistance with polyenes 

186, 187. However, the most prevalent mechanism exploits the up regulation of efflux pumps. The membrane-

associated efflux pumps are classified into two major groups, the ATP-binding cassette also called ABC and 

the major facilitators (MFs). Both undergo an increase in number and in activity through mutations in genes 

like CDR1, CDR2 and MDR1 in Candida spp. and in the respective homologs in other fungi 185, 188, 189. The 

loss of heterozygosity as well as the modulation of the number of chromosomal copies 190, 191 are other effective 

strategies adopted by fungi to survive antifungals. In addition, the inactivation of the mitochondrial complex I 

192, mutations in the mitochondrial superoxide dismutase or in mitochondrial membrane proteins suggest a 

complex and tangled correlation between mitochondrial function and resistance phenomena 193.  

Echinocandins resistance is mainly associated with mutations in the genes encoding the subunits of the β-1,3-

D-glucan synthase, therefore FKS1 and just recently FKS2. These alterations can both lower the affinity of the 

drug to the target and lead to an overexpression 187, 194. Mutations in the mismatch repair gene MSH1 have 

been shown giving resistance both to azoles and to echinocandins 66, 195 but these alterations are quite infrequent 

and rarely transmitted 196. Other mechanisms of resistance also engage the participants to the stress-response 

pathways like Hsp90, Hog, calcineurin and PKC 197. The fungal cell wall is extremely affected by both the 

mutations in FKS genes and in the modulation of the stress-related processes: the glucans biosynthesis depends 

on the β-1,3-D-glucan synthase while the chitin production relies on chitin synthase which is directly regulated 

by calcineurin 198. 

5-Flucytosine is never used alone because of the surprisingly high incidence of resistance development. It has 

been estimated that 1 yeast cell in a population of 106-7 faces an alteration leading to lower susceptibility 199. 

The most recurring mutations are associated with the genes encoding proteins involved in 5-flucytosine uptake 

and conversion hence, FcyB of the cytosine permease, Fcy1 and Fcy2 of the cytosine deaminase and Fur1 of 
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uracil phosphoribosyl transferase 200. Other mechanisms have been seen but are less common and specie 

specific. 

Some evidence has demonstrated that resistance can be overcome by higher doses or by treatments with other 

antifungal drugs or classes. There are also some examples of resistance reversion especially when compounds 

are used in combination, but this issue keeps expanding rapidly and mowing down an impressive number of 

lives. Even though several molecules are in late clinical trials and some other innovative approaches are 

currently under investigation, there are too few options markedly available and too often limited in their use 

by side effects. The risk to encounter new species with intrinsic resistance and the possibility to develop 

acquired resistance add a tragic and dangerous accent to this scenario already afflicted by this serious problem. 

 

EPIDEMIOLOGY 

 

The Global Action Fund for Fungal Infection estimated that more than 300 million people are affected by 

fungal infections every year 201 and more than 1.5 million of them have a fatal fate 202. In certain regions, 

invasive infections of specific fungi have a mortality rate that overcomes the 50% 203 and from epidemiological 

data, it seems that the fungal burden has increased particularly in the 20th century 204 probably with the 

extensive use of immunosuppressive drugs like sterols, chemotherapy, antibiotics, surgical procedures, 

transplantations, haemodialysis, and invasive devices. In this context, the probability to contract a fungal 

infection has raised as well as the number of possible susceptible hosts. The age, the immune system status but 

also morbidities like diabetes, malignancies, HIV/AIDS, and chronic obstructive pulmonary disease, have a 

great impact both on the development of the infection and on the clinical progression 205. Different clades are 

rapidly expanding all over the world also facilitated by environmental changes and by intercontinental travels 

moreover, the birth of novel multidrug-resistant fungi together with the increase of the resistances are 

dramatically threatening the global health 206, 207. 

Although superficial mycoses are the most spread and frequent infections, in proportion, invasive mycoses 

have the highest rate of mortality and morbidity, therefore they represent a heavy healthy and economic burden 

203. Candida albicans, Aspergillus fumigatus, Cryptococcus neoformans, Pneumonystis jirovecii, dimorphic 

fungi and mucormycetes are responsible for most serious fungal diseases worldwide 208 and Candida, 

Aspergillus, Cryptococcus and Pneumonystis spp. alone are estimated to be accountable for 2 million infections 

and more than 90% of the reported deaths 203. 

Candida spp. are the most common pathogens causing bloodstream infections. C. albicans is the prevalent 

specie with its presence in 80% of the total infections but in recent years there has been a surprising shift 

towards the non-albicans Candida (NAC) species 27. Twenty-year studies demonstrated that NACs gained the 

upper hand moving to 10-40% of the systemic infection from 1970 to 1990 and to 35-65% from 1995 to 2015 
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209 while C. albicans dealt with a decrease from 57.4 to 46.4% from 1997 to 2016 in systemic infections 210. 

The most troublesome NACs are represented by C. glabrata, C. tropicalis, C. parapsilosis, and C. krusei 

especially for their intrinsic and acquired resistance to first-line antifungal drugs 211 even if multi-drug 

resistance is still common among them 212. Another new specie is creating great concern: C. auris, from its 

discovery in 2009 in Japan 213, started its expansion in 47 countries 214. Currently, 5 phylogenetic clades have 

been identified in different geographical areas and their whole-genome sequence analyses have established 

that they emerged almost simultaneously 215, 216. They often have intrinsic resistances to azoles with 90% of 

the strains being resistant to fluconazole in the US, but polyenes and echinocandins suffer from low efficacies 

as well, being 30% of the strains resistant to amphotericin B and 5% to echinocandins 216, 217. One of the most 

worrying aspects is represented by the presence of multidrug resistance strains: even if 70% of the strains are 

resistant to just one antifungal class, 25% are resistant to two and the 1% to three classes 207. Furthermore, C. 

auris has the capacity to colonize and persist not just in districts of living hosts but also on abiotic surfaces of 

the environment. Noteworthy are the cases of C. auris presence in several nursing and hospital facilities despite 

the containment measures adopted 218, 219. For these reasons and for the high mortality rate (39% within 30 

days and 58% within 90 days) the Centers for Disease Control and Prevention (CDC) has declared this specie 

as an urgent threat 220, 221. 

Aspergillus spp. are environmental moulds, but they are also responsible for more than 85% of the systemic 

infections caused by moulds 208, 222. 4.4% of the population develops an invasive infection every year that 

corresponds to around 200 000 people worldwide with 1.1-1.8 subjects every 100 000 223. The most prevalent 

specie is A. fumigatus touching 92% of the total invasive infections followed by A. flavus, A. niger and A. 

terreus 224. Generally, invasive infections are proper of immunocompromised patients, and in this population, 

the mortality rate overcome 60% with 33.1% for adults within 30 days and 37.5% for children in intensive 

care units 225, 226, 227. The contact with Aspergillus spp. occurs through spores dispersed in the environment and 

especially in the air, and for this reason, the primary site of infection is often the respiratory tract. From there, 

the infection may become disseminated. 

Cryptococcus spp. are environmental fungi as well, and the etiological factor of infections mostly fatal like 

cryptococcal meningitis. It is often associated with HIV/AIDS subjects becoming the third most prevalent 

disease in these patients 228 and it has been estimated that in the zones with a high level of HIV transmission 

like that Sub-Saharian, one million cases per year have been recorded and 650 000 are the deaths 229. There are 

two most prevalent species, C. neoformans that tends to affect more the immunocompromised patients and C. 

gattii which turns to immunocompetent individuals 230. There are other species, but they have been found just 

occasionally and only in immunocompromised people. The alarming awareness concerns the intrinsic 

resistance of almost all the species to echinocandins 231. 

Pneumocystis spp., and more specifically, Pneumocystis jirovecii causes more than 400 000 pneumonia every 

year 203, 208. The contact occurs by inhalation of cysts, and the infection progresses mainly asymptomatically 

in childhood whereas in immunocompromised patients and in subjects with chronic lung diseases the 
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colonization becomes more dangerous 232. In a European study with both HIV- positive and negative subjects, 

the incidence of Pneumocystis jirovecii pneumonia was 1.5 per 100 000 with a mortality of 9.5% and 

interestingly higher for HIV-negative patients 211. 

  

ANTIBODIES: FULL-LENGTH AND scFv FORMATS 

 

Antibodies are glycosylated proteins produced and released from plasma cells after B lymphocytes activation 

and maturation. Antibodies are effectors of the adaptive immunity hence they recognize and bind their specific 

antigen that may be components of microorganisms or toxins. Their binding can modify the chemical and 

structural composition as for antitoxins, but usually, the opsonization of microorganisms prevents penetration 

in deeper tissues, activates the complement reaction, attracts phagocyting cells like macrophages and 

neutrophils and favours the antibody-dependent cell-mediated cytotoxicity (ADCC) carried out by natural 

killers 233. Different antibody isotypes exist but despite their structural and functional variability, they have a 

common organization. Antibodies are always constituted by four polypeptide chains, two identical heavy 

chains and two identical light chains. Chains arrange in a Y-shape with the heavy chains coupled in pairs with 

the light chains through disulphide bonds and non-covalent interactions. This is considered the antibody 

monomer. Both the heavy and the light chains have constant regions (C) and variable regions (V). The former 

are portions of the sequence that don’t undergo frequent variations while the latter contain regions that present 

a high level of variability. In particular, these regions are called complementary determining regions (CDRs). 

They are hypervariable loops distributed among framework regions and are directly involved in the binding 

with the antigen 234. The variable regions of both the heavy and light chain with the first domain of the constant 

regions are called antigen-binding fragment (Fab) while the remaining domains of the constant regions are 

known as fragment crystallizable (Fc) region and are the portions that interact with the complement mediators, 

or with other effectors of the immune system. This is also the section of the antibody that is glycosylated: the 

extent and the exact portion depend on the isotype, but it is essential for the Fc receptor-mediated recognition 

and activity 235. Antibodies are classified based on the primary structure of the heavy chains. Five antibody 

isotypes exist: IgM, IgD, IgG, IgA and IgE (with IgG being the most abundant). While IgD, IgG and IgE are 

monomers, IgA (in particular secretory IgA) work as dimer and IgM as pentamer. Their different amino acid 

sequence is responsible not just for the chemical and physical properties but also for their different biological 

activities 236, 237. The advent of recombinant technologies let the opportunity to develop several antibody 

fragments; among them, the single-chain fragment variables (scFvs) are composed of only the variable regions 

of the heavy and light chains connected by a short linker peptide (usually 15-20 amino acids and rich in Glycine 

for flexibility and in hydrophilic residues for solubility 238, 239). Compared to the full-length antibodies (150 

kDa), scFvs have smaller sizes (~25 kDa) that enable them to reach not-easily accessible antigens, to better 

penetrate tissues, to be rapidly removed from the bloodstream and to reduce the immunogenicity risk because 

of the lack of the Fc portion (Fig.3). Production costs are lower, there is no need for animal immunization and 
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novel techniques like phage display have substantially contributed to the antibody fragments development 240. 

On the other side, a rapid clearance can be considered also a disadvantage, especially for therapeutic 

applications, as well as the lower binding affinity and stability and the tendency to aggregate. Diverse formats 

promote the possibility to use their singular features for different therapeutic and diagnostic applications. Full-

length antibodies are perfectly appropriate for systemic use while fragments, with their brief half-life, are 

suitable for topical treatments of as diagnostic 241, 242. A great bottleneck associated not just to scFvs but in 

general to every antibody both full-length and fragment format, is their not-human nature. The majority have 

been produced by mammalian cells therefore the possibility to induce the production of human anti-mouse 

antibodies (HAMA) 243 is high. For this reason, operations of genetic engineering have tried to reduce this 

immunogenicity risk.  Chimeric, humanized, and human antibodies are the results of these efforts. The 

insertion in human scaffolds of the murine variable regions of the heavy and light chains gave birth to chimeric 

antibodies, the retention of just the murine CDRs in a human antibody backbone represents the rationale of 

humanized antibodies while human antibodies are totally human 243, 244, 245 (Fig. 4). Thanks to the progress in 

antibody manipulation, several antibodies in different formats reached the market and some others are currently 

in late clinical trials slowly becoming the dominant products in the biopharmaceutical market 246.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Simplified representation of the structure of a full-length antibody igG and of a scFv 
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THE MURINE MONOCLONAL ANTIBODY 2G8 

 

Looking for a glycol-conjugate vaccine against pathogenic fungi, Professor Antonio Cassone’s group found 

that laminarin conjugated with the protein carrier CRM197 had a protective action towards both systemic and 

vaginal infections by C. albicans 146. This protection was due to the immunogenicity of the complex that led 

to the production of antibodies anti-β-glucans. These antibodies were purified, and the majority was 

represented by the IgG class. They demonstrated protection also in naïve mice, thus because they bond C. 

albicans hyphae and inhibit its growth. The same happened with A. fumigatus and C. neoformans both 

encapsulated and acapsular strains 147. The monoclonal antibody born and tested in these studies was the 

monoclonal antibody 2G8, an IgG2b able to recognize laminarin, a β-1,3-glucan and, with lower reactivity, 

pustulan, a β-1,6-glucan. To gain more information about the protection capacity, two antibodies with the same 

complementarity-determining regions but different isotypes (the original mAb 2G8 IgG2b and the mAb 1E12, 

an IgM) were studied. The results obtained showed that 2G8 performed always better than 1E12, concluding 

that the structure may affect the epitope recognition, hence the efficacy 247. On the other hand, the murine 

nature of 2G8 was a great obstacle for its use especially considering the future steps towards the clinical trials 

and, eventually, the entry into the market. From these results, a great investigation started with the aim to 

humanize the monoclonal antibody 2G8 both maintaining the full-length format and using smaller ones. 

 

 

Figure 4. Schematic representation of the relation between the immunogenicity risk and the 

differently engineered antibodies.   
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AIM OF THE STUDY 

 

Considering the increasing interest in the discovery and advancement of novel antifungal agents, the great 

concern generated by both the resistance insurgence and spread, and the appearance of new species bringing 

intrinsic resistance to one or multiple drugs, I have started this project with the aim to develop a totally new 

humanized monoclonal antibody in both full-length and fragment formats based on the preliminary but high-

promising results obtained with the murine monoclonal antibody 2G8. This thesis represents an exquisite 

example of the application of a biotechnological compound to the microbiological world and an almost unique 

approach for the treatment of drug-resistant fungal infections. 
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STRUCTURE OF THE THESIS 

 

This thesis was written following the guidelines provided by the University of Urbino Carlo Bo.  

Every chapter is organized reproducing a paper format.  

If a chapter is composed by a published paper, it is presented according to the policy of the journal.  

 

This thesis is divided into 5 chapters. 

Chapter 1 reports a published paper in authors’ accepted manuscripts format integrated with the 

supplementary information. 

Chapters 2, 3, 4 and 5 describe results which have not been published yet. 

The references of the Introduction and of chapters 2, 3, 4 and 5 can be found in the section “References” 

at the end of the thesis. 
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ABSTRACT 

 

Invasive fungal infections mainly affect patients undergoing transplantation, surgery, neoplastic disease, 

immunocompromised subjects and premature infants, and cause over 1.5 million deaths every year. The most 

common fungi isolated in invasive diseases are Candida spp., Cryptococcus spp., and Aspergillus spp. and 

even if four classes of antifungals are available (Azoles, Echinocandins, Polyenes and Pyrimidine analogues), 

the side effects of drugs and fungal acquired and innate resistance represent the major hurdles to be overcome.  

Monoclonal antibodies are powerful tools currently used as diagnostic and therapeutic agents in different 

clinical contexts but not yet developed for the treatment of invasive fungal infections. In this paper we report 

the development of the first humanized monoclonal antibody specific for β-1,3 glucans, a vital component of 

several pathogenic fungi. H5K1 has been tested on C. auris, one of the most urgent threats and resulted efficient 

both alone and in combination with Caspofungin and Amphotericin B showing an enhancement effect. Our 

results support further preclinical and clinical developments for the use of H5K1 in the treatment of patients 

in need. 
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INTRODUCTION 

 

More than 300 million people have serious fungal diseases and there are over 1.5 million deaths every year. 

Pathogenic fungi cause life-threatening infections such as fungaemia, pneumonia, chronic pulmonary 

aspergillosis, bronchopulmonary aspergillosis and cryptococcosis 1, 2. These pathologies affect mainly patients 

undergoing transplantation, surgery and neoplastic disease, immunocompromised subjects and premature 

infants. Annually are reported about 3,000,000 cases of chronic pulmonary aspergillosis, 223,100 cases of 

cryptococcal meningitis complicating HIV/AIDs, 700,000 cases of invasive candidiasis, 500,000 cases of 

Pneumocystis jirovecii pneumonia, 250,000 cases of invasive aspergillosis, 100,000 cases of disseminated 

histoplasmosis, over 10,000,000 cases of fungal asthma 3. Of the existing five million fungal species (spp.), 

only 300 are considered dangerous for humans, and ~ 10% of them are recurrent. The most common fungi 

isolated in invasive diseases are Candida spp., Cryptococcus spp., and Aspergillus spp.. The mortality rate for 

invasive candidiasis is about 40% 4, from 20 to 30% for cryptococcosis 5 and 20% for aspergillosis. These data 

are referred to wealthy countries with a fully functional healthcare, while where resources are limited the death 

rate surpasses 50% 6.  

Candidiasis is the second most frequent fungal infection 7. C. albicans is the most prevalent specie but the 

number of infections caused by non-albicans Candida species (NACs) is increasing. Moreover, the massive 

use of antifungal drugs has determined the selection of species with an innate resistance or higher tolerance. 

Together, C. albicans, krusei, parapsilosis, glabrata and tropicalis represents the 80% of the total cases of 

infections 8 and 49.5% of them are caused by NACs. The different geographical diffusion determines not just 

the prevalence of one specie over the others but also the influences that it therefore receives, the different 

virulence, susceptibility, resistance, and risk factors. In line with these considerations the mortality is still high 

because the detection methods are often not species-specific, and the diagnoses are delayed as well as adequate 

antifungal therapies 9, 10, 11, 7. 

In addition to all these complications, the discovery of new frightening fungal species makes the race for drugs 

more urgent. This is the case of C. auris which appeared for the first time in 2009 12 and has spread rapidly all 

over the world. It commonly presents multidrug resistance to every class of antifungal drugs. The Minimum 

Inhibitory Concentration (MIC) of different strains for fluconazole range from 32 to ≥ 64 mg/L while for 

voriconazole it is 16 mg/L. Around 30% of the strains have a low susceptibility to Amphotericin B (MIC ≥ 2 

mg/L) and recent studies have confirmed an increasing resistance to echinocandins (MIC ≥ 8 mg/L) 13, 14. C. 

auris is tolerant to high salt concentrations (where it tends to assume a rudimental pseudo-hyphal form) and to 

high temperatures (42 °C) 15. C. auris can adhere to biotic and abiotic surfaces and colonize them for weeks 

and months becoming a very serious problem for the invasive devices used in the hospitals 13. Part of its danger 

also comes from biofilm formation and from the production of phospholipases and proteinases 16. This profile 

is probably not complete, but it does provide a reasonable explanation for 60% mortality 13. 
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Facing these alarming numbers, more and more efforts have been spent in finding new antifungal drugs or in 

improving those already on the market. Yet, nowadays there are still just four leading classes of antifungal 

drugs: polyenes, pyrimidine analogues, azoles and echinocandins 17, 18, 19, 20. The lack of new therapeutic agents 

is mostly due to the large hurdles to overcome. 

Toxicity represents the first issue of current and new antifungal agents. The action spectrum of antifungal 

agents should be balanced, not too limited but also not too broad: effective against several species but not 

subject to early resistance. They should be stable and have limited off-target interactions and a known 

pharmacokinetic. The way of administration may be chosen preferring the patient compliance and considering 

hypothetical comorbidities. The choice between a complete eradication or just a control of the infection is 

crucial, especially in consideration of the problem of resistance and tolerance 21, 20. 

Despite a lot of antifungal entities and new targets under investigation 17, 20, none of them has joined the market 

yet.  

Among the novel therapeutic strategies, to treat fungal diseases, the employment of monoclonal antibodies 

(mAbs) appears as a great step forward. Monoclonal antibodies are promising therapeutic and diagnostic tools 

in different clinical contexts such as cancer, infective and autoimmune diseases 19. Thanks to their high 

specificity for the determinant antigen, several mAbs were developed to treat fungal infections and reduce 

their bottlenecks but unfortunately none of them reached the clinical trials because of their murine nature (with 

the exception of Mycograb, 22, 23).  

Monoclonal antibody 2G8 is a successful murine mAb that showed in vitro activity against Candida spp. and 

Aspergillus spp. It showed a strong efficacy in vivo in a systemic mouse model of Candida infection and in a 

rat model of vaginal candidiasis 24. The activity was verified also on Cryptococcus neoformans, confirming 

the capability to bind and inhibit the growth and capsule formation of this fungal species both in vitro and in 

vivo 25. However, the murine source of this antibody precludes the possibility to use it in humans.   

In this paper we reported the development and the characterization of a new humanized monoclonal antibody 

derived from mAb 2G8 and able to recognize β-1,3 glucans of pathogenic fungi such as Candida spp. These 

polysaccharides are vital components but hard to be reached because of the β-1,6-glucans, mannans and their 

glyco- and proteo-conjugates masking able to avoid the recognition by the host immune system. This new 

antibody has been obtained by the implementation of several different humanization procedures initially 

resulting in the selection of inactive candidates. By the combination of multiple approaches and after several 

attempts, we were finally able to select hmAb H5K1. It is stable and effective, at least in vitro. This antibody 

has also been tested in combination with several common antifungal drugs obtaining very interesting results. 
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RESULTS 

 

Humanization of the murine VH and VL from mAb 2G8 

The study required different humanization approaches. The first protocol resorted to the CDR-grafting method 

26 and produced four sequences, with different degrees of backward mutations. 

The humanization process based on the MG-score 27 generated a trajectory that stopped at 42 mutations from 

the initial sequence in the second protocol (IMGT definition of the CDRs), and at 35 mutations in the third 

protocol (Kabat definition). Since the MG-score is inferred from a database of observed human variable-region 

sequences but does not include any explicit biophysical information on stability against aggregation, the most 

human-like sequence found is not guaranteed to be also the best hit for further development. For this reason, 

we used CamSol 28 to study the expected solubility of the resulting trajectories and refine the choice of potential 

candidates to test in the laboratory, as explained in Methods (“Fig. S1” and “Fig. S2” in Supplementary 

Information reports the CamSol score). 

Indeed, sequences starting from step 7 on both IMGT and Kabat trajectories are above the human-murine 

threshold score (see Methods); on the other hand, the documentation of the CamSol Intrinsic tool states that 

scores larger than 1 denote highly soluble regions, while scores smaller than -1 indicate poorly soluble ones. 

As a trade-off between the above considerations, we chose the VH sequence corresponding to sequence 19 

and the VL of sequence 36 along the IMGT trajectory, and the VH of sequence 15 and VL of sequence 24 in 

the "Kabat" trajectory. Also, we considered the scFv corresponding to the VH and VL of sequence 19 in the 

IMGT case, and of sequence 15 in the Kabat case. Notice that in the latter sequences, the VHs are the same as 

those individually chosen before, but the VLs are different, so that we end up with only one choice of VH 

sequence and two choices of VL sequences for each trajectory. Table 1 reports the sequences obtained from 

both the humanization approaches. 
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Table 1. identifiers of the heavy and light chains selected for further experimental inquiry, according to the 

protocol described in the text. The identifier names are related to our internal naming scheme. 

 

Heavy-chain 

sequence identifier 

Position in trajectory 

("I":IMGT; "K":Kabat; 

"C": CDR-grafting) 

Light-chain 

sequence 

identifier 

Position in trajectory 

("I":IMGT; "K":Kabat; 

"C": CDR-grafting) 

H1 C, 1 K1 C, 1 

H3 C, 3 K3 C, 3 

H5 I, 19 
K5 I, 36 

K7 I, 19 

H6 K,15 
K6 K, 24 

K8 K,15 

 

 

To identify the best binders of the humanized 2G8 antibody, the four different heavy chains (H1, H3, H5, H6) 

were combined with the seven different light chains (K1, K3, K5, K6, K7, K8) in a high-throughput microscale 

production system. The corresponding supernatants containing different antibodies were tested in ELISA 

assays for their binding to Laminarin. 

The four supernatants with the highest binding ability (H5 K1; H5 K3; H5 K5; H5 K7) (Fig.1) were purified 

to confirm the previous results and, among these four antibodies (tested at 8 scalar dilutions (1:2) starting from 

5 μg/ml), the combination heavy:light H5K1 was chosen because it was the best performer in the ELISA assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1. ELISA test performed to detect the activity of the four 

antibodies. 
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Characterization of the humanized mAb H5K1 

For the antibody characterization a medium scale production was executed using the EXPICHO Expression 

and it was purified by affinity chromatography. The structural integrity and the absence of aggregates were 

confirmed by SDS-PAGE (Fig. 2) and HPLC-SEC analysis (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The purified mAb H5K1 was tested in ELISA first using laminarin as a target. Fig. 4A shows the activity of 

the humanized H5K1 against laminarin compared to the murine 2G8. The IC50 values of the humanized and 

murine mAbs estimated from these data were respectively 0.06 and 0.120 µg/ml. This data, together with the 

predictive ability of the test performance of the interpolated ROC curves (Fig. 4B), their AUCs (0.85 for H5K1 

and 0.77 for the murine 2G8) and the Kd evaluated with a competitive ELISA (3-5x10-10 M mean 4 with n=4) 

support the superiority of the humanized antibody compared to the original murine one. In addition, in order 

to check the specificity, H5K1 was tested also with ELISA whose coating were respectively mannan, chitin 

and β-1,6-glucans extracted from C. albicans cells (Fig. 4C, D, E). It demonstrated to bind weakly chitin and 

β-1,6-glucans and only at higher concentrations while for what concerns mannan, H5K1 seems to bind but 

with an IC50 almost 3.5-fold higher than IC50 with laminarin (0.205 µg/ml). To further investigate the specific 

binding of H5K1 to β-1,3-glucans a competitive assay was performed through immunofluorescence. Fig. S3 

in Supplementary Information reports a progressive decrease of H5K1 binding to C. auris cells with the 

increase of laminarin:H5K1 ratio. 

Figure 3. HPLC-SEC analysis of H5K1 

1       2       3 

Figure 2. SDS-PAGE 

1: H5K1 not reduced,  

2: H5K1 reduced, 

3: Marker.  

Full-length blot is presented in 

Supplementary Figure 2. 
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A B 

C D E 

Figure 4. Binding to laminarin: comparison between the murine mAb 2G8 and the humanized H5K1 through ELISA 

assay (A) and the interpolated ROC curves of the ELISA assays’ mean (B).  

Binding to the other cell wall components: mannan (C), chitin (D) and β-1,6-glucans (E). 
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Flow cytometry and immunofluorescence 

Figure 5 A, enables us to quantify the brilliance/efficiency of the mAb, placing a marker defining the area of 

positivity for the molecule investigated (histogram referred to hmAb treatment). As highlighted, almost 100% 

of events express the antigen, however the net expression was precisely defined by Mean Fluorescence 

Intensities (MFI) values, taking into account the MFI values of hmAb 2G8 (blu histogram – MFI: 35932) by 

the ratio with the related MFI from FITC-conjugated secondary Ab (red histogram – MFI: 219) the fold of 

increase is 164, if compared to controls (Fig. 5 B). Several studies in murine models of candidemia using C. 

albicans showed increased representation of β-glucan and chitin in the cell wall during infection and drug 

treatment 29. Although similar detailed studies are not yet available for Candida auris, the cell wall remains 

dynamic and can alter its structure depending on the environment and carbon source the fungi encounter, as 

well as in response to cell wall stress 30. Flow cytometric (Fig. 5) and immunofluorescence analyses show the 

ability of the H5K1 to recognize and bind β-1,3-glucans on the surface of C. auris and highlight that hmAb is 

able to trace C. auris at a single cell level (without aggregation of fungal cells by the antibody presence; see 

Fig. S4 in Supplementary Information), independently from the environment, following dynamic fluctuations 

of cell wall, as demonstrated by the histograms (that reveal different MFI values, but clearly define more than 

97% of the sample). Moreover, apart from C. auris, H5K1 revealed to be able to bind also other Candida 

species such as Candida albicans both in hyphal and yeast form (see also S5 in Supplementary Information), 

and Candida glabrata (clinical isolate), but also Aspergillus fumigatus and Fusarium solani conidia (clinical 

isolates) (Fig. 6, Vid. 1 A-B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (A) Binding analysis by flow cytometry. Overlays of red histogram (from control sample) and blue 

histogram (from hmAb 2G8-labelled sample). (B) MFI fold of increase between the sample and the control. 
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Figure 6. Binding analysis by means of immunofluorescence technique. Green fluorescence and bright-

field images. 

Control H5K1  

C. auris 

C. albicans 

hyphal form 

C. albicans 

yeast form 

C. glabrata 

A. fumigatus 

conidia 

F. solani 

conidia 
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Growth inhibition assay and adhesion assay 

From the CFU counts, it appears that H5K1 provides a statistically significant effect on the inhibition of the 

C. auris cell growth at all the doses tested (Fig. 7 A) ranging over 70% for 250 and 100 µg/ml and over 60% 

for 50 µg/ml and a statistically significant reduction in fungal adhesion to mammalian cells of 51.5% (Fig. 7 

B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

Figure 7. A) growth inhibition assay. B) adhesion assay. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 

B 
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Phagocytosis assay 

 Macrophages protect the body from damage and disease by targeting antibody-opsonized cells for 

phagocytosis. Contour plots FITC vs LTDR (Fig. 8 A), illustrates the applied phagocytosis assay. In particular, 

LTDR labels Lysosomes of human macrophages, whereas FITC is the fluorescence used to trace Candida 

auris. The test was carried out after 15, 30 and 180 minutes from Candida/macrophages interaction, in a 1:1 

ratio. Upper contour plots show the experiment related to C. auris not pre-treated with the antibody, whereas 

the bottom contour plots depict the experiment on Candida labelled by the unconjugated antibody. Briefly, red 

events represent not engulfing macrophages, blu events represent Candida-engulfing macrophages, and green 

events the residual free Candida in the samples. Results are statistically reported in scattergrams (Fig. 8 B). 

As it is known, cooperative binding of antibody Fc domains to macrophage FcγR receptors triggers phagocytic 

cup formation in a process of adhesion and eventually internalization with phagosome closure. Scatter grams 

highlight a higher percentage of engulfing macrophages (Fig. 8 B) for all the time points investigated, after 

labelling Candida auris with the antibody. In fact, opsonization of C. auris may lead to additional FcγRI 

binding, increased adherence and internalization, and enhanced phagocytosis. This cascade of events in 

antibody labelled samples is confirmed also by residual Candida auris which undergoes a reduction at each 

time point, with the best result of more than half reduction after 180 minutes (Fig. 8 C). This highlights that 

the H5K1 immunomodulatory effects are not restricted to the percentage of actively phagocyting macrophages. 

Finally, as last consideration, in hmAb-pre-treated samples, macrophages seem more efficient, as demonstrated 

also by the functionality of their lysosomes (Fig. 8 D) in fact, it is known, that induced damages to macrophage 

lysosome crucially contribute to fungal virulence 50. 
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Figure 8. A) FITC vs LTDR at 15, 30 and 180 minutes; in the upper plots C. auris cells weren’t 

pre-treated with the antibody while in the lower plots C. auris cells were pre-treated with H5K1. 

B)  Percentage of phagocyting macrophages. C) Fold of decrease of residual Candida auris after 

treatment with the antibody. D) Lysosome function. 
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Minimal Inhibitory Concentration (MIC) assays  

Figure 9 shows the results of MIC assays obtained by testing antifungals caspofungin (CAS) and amphotericin 

B (AMB) alone and in combination with hmAb H5K1 against C. auris. With the term MIC50 we refer to the 

lowest concentration that inhibits the 50% of the growth compared to drug-free control and with MIC90, the 

lowest concentration that inhibits the 90% of the growth compared to drug-free control. After 24 hours (Fig. 9 

A) the MIC50 (red line) breakpoints of CAS alone and in combination with H5K1 are found at 0.0625 µg/ml 

with little dependence on H5K1 concentration. On the contrary at 48 hours (Fig. 9 B), the action of H5K1 is 

more pronounced, and MIC50 is established at 0.25 µg/ml for CAS alone, while at 0.125 µg/ml when in 

combination with the antibody. This corresponds to a reduction of 1 dilution of CAS concentration (from 0.25 

to 0.125 µg/ml). CAS and the humanized mAb are assumed as synergic by definition 31, 32. For AMB, at 24 

hours (Fig. 9 C), the drug alone has a MIC50 (red line) and MIC90 (green line) at 0.5 µg/ml whereas, with 2.5 

µg/ml of H5K1, MIC50 and MIC90 are respectively at 0.125 µg/ml and 0.25 µg/ml. Notably with 25 and 250 

µg/ml of H5K1, MIC50 shifts at 0.0625 and MIC90 at 0.125 µg/ml. At 48 hours (Fig. 9 D), AMB alone has 

MIC50 and MIC90 at 1 µg/ml, while with 2.5 µg/ml of hmAb, MIC50 decreases to 0.5 µg/ml. The combination 

with 25 µg/ml of hmAb fixes MIC50 and MIC90 together at 0.25 µg/ml while with 250 µg/ml of the humanized 

mAb, MIC90 is at 0.25 µg/ml and MIC50 at 0.125 µg/ml. In Tables 2,3,4 and 5 are reported the percentage of 

inhibition at 24 and 48 h. 
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C D 

B A 

Figure 9. Figures 8A and 8B, MIC assays of caspofungin alone and in combination with different concentrations 

of humanized H5K1 at 24 and 48 hours. Figures 8C and 8D, MIC assays of amphotericin B in combination with 

different concentrations of humanized H5K1 at 24 and 48 hours. 
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Table 3. Percentage of growth inhibition at 48 h of CAS and CAS in combination with H5K1. The MIC50 

breakpoints are marked with ⁎ 

 

 

 

Drug µg/ml 

 

 

CAS 

CAS in combination with: 

0.25 µg/ml 

H5K1 

2.5 µg/ml 

H5K1 

25 µg/ml 

H5K1 

250 µg/ml 

H5K1 

4 89.6 90.8 88.3 88 93.4 

2 93 93.2 91.7 91.1 91.4 

1 93.9 93.5 93.5 93.7 93.6 

0.5 93 94.1 93.7 94.4 94.1 

0.25 ⁎79.1 86.7 89.6 92 92 

0.125 37.6 ⁎54.6 ⁎76 ⁎82.8 ⁎84.5 

0.0625 23.7 22.1 38.3 49.6 45.1 

0.03125 4.4 3.8 7.5 12.3 12.8 

0.0156 3.8 3.6 5.8 8.9 10.3 

0.0078 5.3 4.9 6.3 10 8.8 

 

Drug µg/ml 

 

 

CAS 

CAS in combination with: 

0.25 µg/ml 

H5K1 

2.5 µg/ml 

H5K1 

25 µg/ml 

H5K1 

250 µg/ml  

H5K1 

4 90.3 89.7 89.6 89.6 94.5 

2 93.1 93.3 93.1 93.0 94.2 

1 94.5 94.7 94.6 94.8 95.7 

0.5 95.8 95.7 95.9 95.8 96.1 

0.25 90.4 94.4 96.0 95.8 96.2 

0.125 79.0 94.0 93.1 93.1 94.0 

0.0625 ⁎68.1 ⁎69.1 ⁎77.1 ⁎80.4 ⁎79.3 

0.03125 16.5 15.6 15.4 18.9 23.8 

0.0156 11.9 12.6 9.8 11.3 13.3 

0.0078 11.5 11.0 9.9 11.7 10.8 

 

Table 2. Percentage of growth inhibition at 24 h of CAS and CAS in combination with H5K1. The MIC50 

breakpoints are marked with ⁎. 
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Table 4. Percentage of growth inhibition at 24 h of AMB and AMB in combination with H5K1. The MIC50 

breakpoints are marked with ⁎. The MIC90 breakpoints are marked with †. 

 

 

 

 

 

 

 

 

 

Drug µg/ml 

 

 

AMB 

AMB in combination with: 

0.25 µg/ml 

H5K1 

2.5 µg/ml 

H5K1 

25 µg/ml 

H5K1 

250 µg/ml 

H5K1 

4 98.8 99.8 98 97.8 98.7 

2 99.8 99.4 99.8 99.8 99.1 

1 100 99.8 100 100 99.8 

0.5 ⁎†90.7 ⁎†95.2 100 100 100 

0.25 35.1 46.6 †91.7 99.6 100 

0.125 7.2 8.3 ⁎60.4 †91.3 †100 

0.0625 0 0 13.5 ⁎62.6 ⁎84.8 

0.03125 1.1 0 0 20.7 41.8 

0.0156 1.8 0 0 9.6 21.6 

0.0078 0.5 0 0 6.5 15 

 

Drug µg/ml 

 

 

AMB 

AMB in combination with: 

0.25 µg/ml 

H5K1 

2.5 µg/ml 

H5K1 

25 µg/ml 

H5K1 

250 µg/ml 

H5K1 

4 100 100 100 100 100 

2 100 100 100 100 100 

1 ⁎†100 ⁎†100 †100 100 100 

0.5 25.5 27.2 ⁎86.7 100 100 

0.25 4.4 7.3 31.6 ⁎†93.5 †100 

0.125 0 0 20 41.1 ⁎72.8 

0.0625 0 0 4.9 21.7 28.7 

0.03125 0 0 0 7.2 13 

0.0156 0 0 0.6 4.7 10.4 

0.0078 7.6 3.7 9.1 10.6 12 

Table 5. Percentage of growth inhibition at 48 h of AMB and AMB in combination with H5K1. The 

MIC50 breakpoints are marked with ⁎. The MIC90 breakpoints are marked with †. 
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Time-kill curve assay 

A time-kill curve based on the data from MIC assays was elaborated to evaluate how the H5K1 combined with 

CAS and AMB could improve their basal activity on C. auris (Fig. 10). At 24 h and 48 h, when at 0.25 and 

0.125 µg/ml CAS efficiency starts decreasing (Fig. 10 A), the presence of hmAb ameliorated the drug 

efficiency. In particular, the combination of 0.25 µg/ml CAS + 250 µg/ml H5K1 maintained a constant 

fungistatic trend all over time, while the combination with 0.125 µg/ml CAS resulted in a recovery slower than 

with CAS alone (Fig. 10 B). The combination of CAS 0.25 µg/ml and H5K1 ensures more than 1log difference 

both at 24 and 48 hours and the combination with 0.125 µg/ml shows more than 1log difference at 24 hours 

and more than half log at 48 hours as reported in Table 6. Coming to AMB, we observe that even if it is a 

fungicidal, its efficiency alone starts decreasing at doses lower than 0.5 µg/ml and it is visible only after 24 h 

(Fig. 10 C). The presence of H5K1 prompts for an earlier efficacy already at 6 hours as reported in Table 7. 

Moreover, the combination shows a better effect with almost every concentration of AMB than the drug alone, 

in terms of cells revival with a reduction still ≥3 log at 24 h with AMB 0.25 µg/ml (Fig. 10 D). According to 

the standardized method 33, the synergic effect between two agents is revealed with a difference ≥2 log in their 

respective growth decreases after 24 hours. The strong synergy between AMB and H5K1 is evident from data 

shown in Table 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Time-kill curve of caspofungin (A and B) and amphotericin B (C and D) alone and in 

combination with H5K1 

A B 

D C 
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Table 6. ∆log of the respective samples with the starting inoculum as evaluation of hmAb contribution in 

combination treatment. 

 

 24 h 48 h 

CAS 0.25 µg/ml -1.11 -1.71 

CAS 0.25 µg/ml + 250 µg/ml H5K1 -0.02 -0.46 

CAS 0.125 µg/ml -1.88 -2.10 

CAS 0.125 µg/ml + 250 µg/ml H5K1 -0.87 -1.51 

 

 

 

 

 

 

 

 

 

 0 h 2 h 4 h 6 h 8 h 24 h 48 h 

AMB 4 µg/ml 0.06 ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log 

AMB 4 µg+250 µg/ml H5K1 0.08 ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log 

AMB 2 µg/ml 0.05 ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log 

AMB 2 µg+250 µg/ml H5K1 0.10 ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log 

AMB 1 µg/ml 0.05 1.77 ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log 

AMB 1 µg+250 µg/ml H5K1 0.05 2.16 ≥3Log ≥3Log ≥3Log ≥3Log ≥3Log 

AMB 0.5 µg/ml 0.05 0.21 0.41 0.86 1.95 ≥3Log ≥3Log 

AMB 0.5 µg+250 µg/ml H5K1 0.09 0.22 0.78 ≥3Log ≥3Log ≥3Log ≥3Log 

AMB 0.25 µg/ml 0.07 0.10 0.02 -0.02 0.02 0.19 -2.13 

AMB 0.25 µg+250 µg/ml H5K1 0.11 0.13 0.25 1.88 1.95 ≥3Log 2.66 

AMB 0.125 µg/ml 0.01 0.11 -0.07 -0.42 -0.80 -2.28 -2.44 

AMB 0.125 µg+250 µg/ml H5K1 0.09 0.20 0.21 1.31 1.42 2.88 0.91 

AMB 0.0625 µg/ml 0 0.07 -0.14 -0.59 -0.97 -2.59 -2.57 

AMB 0.0625 µg+250 µg/ml H5K1 0.09 0.15 0.09 0.46 0.84 1.45 -2.17 

AMB 0.03125 µg/ml 0.01 0.05 -0.19 -0.62 -1.04 -2.65 -2.85 

AMB 0.03125 µg+250 µg/ml H5K1 0.07 0.13 0.01 0.03 -0.18 -1.14 -2.26 

 

Table 7. ∆log of the samples with the starting inoculum. The fungistatic effect is in white and the fungicidal in 

grey color. 
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Table 8. ∆log between amphotericin B effect and the corresponding combination with H5K1. 

 

AMB concentrations 
∆log: AMB – AMB + 250 µg/ml H5K1 

24 h 48 h 

0.25 µg/ml 4.95 4.79 

0.125 µg/ml 5.16 3.35 

0.0625 µg/ml 4.04 0.4 
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DISCUSSION  

 

Invasive fungal infections affect mainly patients undergoing transplantation, surgery, neoplastic disease, 

immunocompromised subjects and premature infants and cause over 1.5 million deaths every year. Their 

treatment is challenging, with drugs’ toxicity and acquired and innate fungal resistance representing the major 

hurdles to overcome 20. 

Monoclonal antibodies are powerful tools currently used as diagnostic and therapeutic agents in different 

clinical contexts. With over 60 monoclonal antibodies in late-stage clinical studies and an estimated global 

market of $125 billion, these biological drugs are the main candidates of the future medicine as the current 

circumstance of Covid-19 pandemic has taught us 34, 35, 36, 37, 38. The humanized mAb H5K1 presented in this 

work and derived from the murine mAb 2G8 24, 25, is able to recognize and bind selectively β-1,3-glucans in 

the fungal wall. Several key points emerging from our findings can be highlighted: 

 i) First of all, from the methodological point of view, this study represents the first experimental test of the 

humanization protocol proposed in 27. Our findings suggest that the approach is not perfect and there is margin 

for further improvement: the overall best sequence scores poorly in CamSol solubility score (so we suspect 

that it is aggregation-prone, even though we have not tested it experimentally); moreover, the sequence H5K1, 

that we have finally chosen for further analysis, being the best performer in ELISA assay, is a combination of 

a heavy chain obtained by MG-optimization, and a light chain obtained by CDR-grafting. On the other hand, 

all the four best-performing sequencies in the ELISA assay have the heavy chain found by MG-optimization, 

and the third and fourth of them also have the light chain found by this protocol; therefore, the MG approach, 

especially when combined with Camsol for further refinement, appears as an interesting tool to identify 

candidate hits for humanization.  

ii) Second, the humanization process has not changed the capability of the mAb to bind the antigen as shown 

in the ELISA assay. Furthermore, experimental outputs revealed that H5K1 performs better than the original 

murine 2G8. The binding activity is confirmed also in in vitro assays on C. auris, C. albicans, C. glabrata cells 

and on Aspergillus fumigatus and Fusarium solani conidia, as demonstrated by microscopy and flow 

cytometry analyses. Intrigued by those promising results, we assessed whether the binding of hmAb could 

affect cells growth and adhesion, as it is the case for the murine mAb 39. As reported in the results section, in 

growth inhibition and adhesion assays mAb H5K1 displayed an activity which confirms the positive effects 

already obtained with the murine 2G8. 

iii) Third, the opsonization activity of H5K1 to C. auris cells determines an improvement of the engulfment 

by macrophages which result more efficient as shown by their active lysosomes compared to the controls and 

from the residual C. auris that decreases significantly with the passing of time. 

iv) Finally, we found that the co-administration of our antibody with some commercially available antifungal 

drugs could provide an important benefit. FLC, CAS and AMB were chosen as the best representatives of their 
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classes and tested with and without mAb H5K1 on C. auris. While with FLC we obtained just a little difference 

upon adding the antibody (data not shown), in combination with CAS and AMB, hmAb played an essential 

role in terms of concentration required to reach the desired effect and time of action. Well known are the side 

effects and the toxicity of AMB especially at high concentrations 40, hence the possibility to reduce the 

therapeutic doses is a hopeful perspective, especially for patients’ compliance and treatment adherence. CAS 

is more tolerated and safer, but some studies highlighted negative drug-drug interactions and, even worse, CAS 

(as well as other antifungals) are blamed to act as selectors of resistant species when used at too low 

concentrations 41. 

In the MIC assay the combination mAb H5K1-CAS, synergic by definition, brings to a 1:2 dilution 

concentration shift at 48 hours, which was also found in the time kill curve, where the hmAb makes the 

fungistatic effect still effective and preserved at very low concentrations all over time. When combined with 

amphotericin B, the hmAb had a more incisive impact both at 24 and 48 hours, but time kill curve was essential 

to define the presence of a synergism. The combination performs always better than the drug alone and the 

fungicidal effect is visible earlier and at concentrations at which amphotericin B alone has already lost it. We 

believe there is an important contribution of our hmAb even at earlier time points and at higher drug 

concentrations, although we cannot detect this effect, because of the heavy fungistatic and fungicidal effects 

of drugs alone against a non-resistant strain.  

Notably, the combinations could have a fundamental role in the treatment of resistant species where the drugs 

alone have little or no effects even at high doses. Further studies are needed to test this hypothesis, as well as 

to check the action on other fungal strains and in vivo.  

In view of the results obtained, we are optimistic that our new humanized mAb H5K1 could be a substantial 

player in the fight against fungal infections since it has all the qualities to reach clinical trials both alone and 

in combination with other drugs. 
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MATERIALS AND METHODS 

 

Cell lines 

In our studies we used C. auris (strain DMS 21092) as fungal model, Candida albicans (ATCC 10231), clinical 

isolates of Candida glabrata, Aspergillus fumigatus and Fusarium solani, cervical carcinoma HeLa cells 

(ATCC) and CHO cells (ExpiCHO-S Cells, Thermo Fisher Scientific).  

Humanization process 

An analysis of murine 2G8 VH and VL against IgBlastTool 42 murine databases (IMGT mouse V genes, IMGT 

mouse D genes, IMGT mouse J genes) brought to the substitution of the non-homologous amino acids to 

decrease the value of the instability index calculated with ExPasy 43. The modified murine VH and VL 

underwent CDR-grafting following two methodologies: the first analysed the whole VH and VL sequences, 

the second just the Framework Regions (FRW). The latter method produced the VH and VL sequences with 

the lowest instability index and for this reason they were compared with the most similar ones in PDB, and the 

non-homologous amino acids were substituted. Some amino acids were back mutated to the murine ones. 

The other two protocols use the MG-score and the humanization approach introduced in 27, resorting to 

statistical modelling of the variable regions of human antibody sequences: VH and VL regions were aligned 

according to the AHo scheme and juxtaposed, to yield a unique VH-VL sequence of length 298 amino acids 

(including gaps); then, the two protocols  just differ in the choice of the CDR regions to be kept fixed: in one 

case, they coincided with residues chosen  for the CDR-grafting protocol above, while in the second case, CDR 

residues were those corresponding to the Kabat numbering scheme. In Figure 11 we show a schematic 

representation of both the CDR-grafting and MGM humanization process. This approach, that includes 

residue-residue correlations both within and between heavy and light chains, strongly depends on which 

residues are kept fixed, as belonging to CDR regions: starting from the murine sequence, the method implies 

mutating one residue at a time, choosing the mutation (at any site and to any amino-acid) that yields the greatest 

increase in the MG-score. This method does not guarantee to reach the highest score (i.e. the most humanlike 

sequence with the given CDRs), but it finds the local maximum closest to the initial murine sequence, with the 

smallest number of mutations (i.e. the shortest path to it). The trajectories in sequence space thus produced 

contain several sequences that are above the human-murine threshold 27 and thus constitute potential hits. 

These sequences were further analysed with CamSol Intrinsic Server 28, 44, to check explicitly their tendency 

towards aggregation. Since CamSol uses local sequence information for prediction, the latter could be affected 

by the presence of the artificial contiguity between the C-term of the VH chain and the N-term of the VL chain 

in the alignment used in the design step above: for this reason, we analysed separately the VH and VL chains 

with CamSol, and also the scFv constructs, with a common linker between the two chains. This allows to pick, 

along the Kabat trajectory, separately the VH and VL sequences that have the least tendency towards 

aggregation, among those that score above the murine/human threshold, and also, the scFv that best copes with 
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the requirements of having a good MG-score and a good solubility; the same was done for the other protocol, 

with the IMGT trajectory. 

Having observed 27 that the correlations between VH and VL are quite smaller than correlations within VH 

and VL regions, we consider, for further experimental testing, the VH-VL combinations corresponding to the 

scFv sequences, and also the constructs obtained by combining in all possible ways the 2 VH and VL sequences 

thus obtained, together with those obtained with the CDR-grafting protocol. In the end, excluding repetitions, 

a total of 28 combinations of VH and VL were used to develop new full-length antibodies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Flowchart of the humanization process: humanized sequences (in gold) are obtained according to 

either CDR grafting (above) or iterated MGM-score-based mutations (below); the latter approach yields a 

trajectory of increasingly human sequences from the original, murine one (red) to the final sequence, that 

cannot be further improved under point mutations (blue). CamSol Intrinsic server is used to select, among the 

sequence on this trajectory, the humanized hits as the ones that are sufficiently human and sufficiently soluble. 
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Antibody production 

Recombinant antibodies were constructed in vitro using recombinant DNA technology. Antibody heavy and 

light variable fragments were synthesized based on sequences information obtained after humanization. They 

were then cloned into vectors for the expression in eukaryotic system and containing the human IgG1 heavy 

chain or the kappa light chain constant regions to create full length heavy and light chain constructs. Full length 

IgG1 heavy and kappa light chain genes were co-transfected in a high-throughput microscale system. 3 ml of 

CHO-S cells culture was transfected using the EXPICHO Expression system (Thermo Scientific™) according 

to the information supplied by the manufacturer. After one week, supernatants were collected for further 

analysis. The antibody production on a medium scale was carried out with the same expression system. 

Antibody purification 

Supernatants containing antibodies were centrifuged, filtered 0.22 μm to remove cells and debris and batch 

purified by affinity chromatography using TOYOPEARL AF-rProtein A HC-650F resin (Tosoh Bioscience 

LLC).  

Antibodies were eluted with Buffer Citrate 0.1 M pH 3, neutralized with an alkaline solution and dialyzed in 

PBS1X with slide-A-Lyzer (Thermo Scientific™). Purity of the antibody was checked by SDS-PAGE analysis 

that was performed under reducing/non-reducing conditions according to the standard method. Endotoxin 

levels were evaluated by Pierce™ LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific™) and 

the presence of aggregates analysed through HPLC-SEC analysis. 

Mannan, chitin and β-1,6-glucans extraction 

From an overnight inoculum of C. albicans, the cells were extracted with 3% NaOH for 1 hour at 80°C. The 

suspension was centrifuged; the alkali-extracted supernatant was used for the precipitation of mannan through 

Fehling’s reaction while the pellet was digested overnight with Kitalase lytic enzyme (FUJIFILM Wako Pure 

Chemical Corporation) containing β-1,3-glucanase but not chitinase or β-1,6-glucanase. The digested product 

was centrifuged: the supernatant composed mainly by the remaining β-1,6-glucans was dialysed against 10 

mM Tris-HCl (pH 7.5) to remove digested β-1,3-glucanas while the precipitate representing chitin was 

solubilized. Phenol-sulfuric acid method was used for the polysaccharides’ quantification 49. 

Competitive binding in immunofluorescence 

12 µg/ml of H5K1 was added to different concentrations of laminarin in PBS 3% BSA in order to reach the 

following laminarin:H5K1 ratios: 40:1, 16:1, 4:1, 1:1 and 0:1. The solutions were left react at 37°C for one 

hour then were put in contact with 3.0x106 C. auris cells coming from an overnight inoculum. After 1 hour the 

cells were centrifuged, washed, and marked for 1 hour with anti-human IgG FITC antibody (Abcam, ab97224) 

1:150 in PBS + 3% BSA. The cells were washed before and after fixing with paraformaldehyde (Carlo Erba) 

4% for 1 hour at 4 °C and finally they were resuspended in 100 µl of PBS. The samples were analysed through 

immunofluorescence microscope. 
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ELISA Assay  

96-well plates were coated with 50 μg/ml laminarin (Sigma-Aldrich, L9634) or extracted mannan, chitin and 

β-1,6-glucans in 0.05 M carbonate buffer pH 9.6 overnight at 4 °C. Nonspecific interactions were blocked with 

100 µL/well blocking solution, 3% (w/v) BSA in PBS-Tween 20 (8 g/L NaCl, 0.2 g/L KH₂PO₄, 2.9 g/L 

Na₂HPO₄∙12 H₂O, 0.2 g/L KCl, 0.05% (v/v) Tween 20, pH 7.4) at 37 °C for 1h. The plates were then incubated 

with decreasing concentrations of humanized mAb 2G8 (from 3.12 μg/ml to 0.006 μg/ml, each concentration 

was tested in triplicate) in blocking solution for 2 h at 37 °C. At the same temperature and for the same time 

100 µL Goat anti-human-HRP (Meridian Life Science, Inc., G5G16-0482) diluted 1:500 in blocking solution 

were poured in each well. After every single passage, the plates were washed 5 times with PBS-Tween 20. To 

reveal the binding, 100 µL of 5 mg-ABTS tablet (Roche Diagnostics) dissolved in 12 ml of sodium citrate 0.05 

M, pH 3 and supplemented with 1:1000 dilution hydrogen peroxide (Carlo Erba) were added and after 15, 30, 

45 and 60 min the absorbance at 405 nm was measured with a Microplate Reader (Bio-Rad). For the whole 

measuring time the plates were left in the dark. IC50 analysis of ELISA test was performed with Prism. The 

test was performed in triplicate. 

Competitive binding in ELISA 

Antigen-coated and blocked microplate was prepared as reported above in Materials and Methods ELISA 

assay. 0.06 µg/ml of H5K1 (concentration of IC50) were left incubating for 1 h at 37 °C with serial dilutions of 

laminarin (from 400 to 0.000045 µg/ml) in blocking solution. Then, the serial dilution solution of laminarin 

and antibody were added to the plate and left for 1 hour at 37 °C. The plate was washed and 100 µL/well of 

Goat anti-human-HRP (Meridian Life Science, Inc., G5G16-0482) diluted 1:500 in blocking solution was 

added to the plate and incubated for 1 h at 37°C.  After washing the binding was revealed with 100 µl/well of 

5 mg-ABTS tablet (Roche Diagnostics) dissolved in 12 ml of sodium citrate 0.05 M, pH 3 and supplemented 

with 1:1000 dilution hydrogen peroxide (Carlo Erba). The absorbance was read at 405 nm after 15, 30, 45 and 

60 min. 

Flow cytometry and immunofluorescence  

From an overnight inoculum, microorganism cells or conidia were washed with RPMI+MOPS (0.165 M, pH 

7) and 3.0x106 cells were pelleted, resuspended in Phosphate buffered saline (PBS) containing 3% (w/v) BSA 

(Bovine Serum Albumin Sigma Aldrich) and put in contact with 12 µg/ml of the H5K1 for 1 hour at room 

temperature. The cells and the conidia were washed with PBS and marked with anti-human IgG FITC antibody 

(Abcam, ab97224) 1:150 in PBS + 3% BSA for 1 hour. The cells and conidia were washed and fixed with 

paraformaldehyde (Carlo Erba) 4% in PBS 1 hour at 4 °C. After fixing and washing with PBS, the pellet was 

resuspended in 400 µl of PBS and splitted in two tubes. The samples of Candida auris were analysed 

respectively using flow cytometry and immunofluorescence while the others just in immunofluorescence 45. A 

Flow cytometer (FACScanto II, BDBioscences, Erembodegem, Belgium), equipped with three lasers (488nm, 

633nm, 405nm) was employed to collect and quantitate FITC fluorescence from different samples. Both 
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autofluorescence and fluorescence derived from aspecific binding of FITC-conjugated secondary Ab were 

quantitated by flow cytometry. 

Growth Inhibition Assay  

The growth inhibitory activity of H5K1 was tested as reported by Magliani 46, with some modifications. In 

brief, 150-250 cells of C. auris in 10 µl of PBS were incubated with 100 µl of hmAb at 250, 100 and 50 µg/ml 

(each concentration was tested in triplicate) and incubated for 18 h at 37 °C. The inhibition was evaluated by 

seeding the yeast on Potato Dextrose Agar (PDA) ((Sigma-Aldrich) plates. The plates were incubated at 37° 

C for 48 h and the inhibition was calculated by count of the CFU. The assay was performed in triplicate in 

three different days. 25, 39. 

Adhesion assay 

In order to investigate a potential protective effect of H5K1 in preventing fungal adhesion to human cells, C. 

auris cells were left adhering to a monolayer of HeLa cells together with the humanized mAb 2G8. 1.0x104 

cervical cancer cells HeLa were resuspended in RPMI + *10% FBS (pH 7) and plated in a 96-well plate for 2 

hours at 37 °C + 5% CO2. After incubation the cells not yet attached at the bottom of the wells were washed 

away with RPMI + MOPS (0.165 M, pH 7) and 1.0x104 cells of C. auris resuspended in RPMI + MOPS (0.165 

M, pH 7) were put on to reach a 1:1 ratio HeLa:yeast cells. Together with the yeast, 12 µg/ml of the humanized 

mAb 2G8 were added. PBS pH 7 was used in the control. The plate was left at 37 °C for 1 hour and after 

washing 5 times, HeLa cells were lysed with PBS 0.1% Triton X-100 pH 7 for 15 min. RT. The suspension 

was plated in PDA plate and incubated at 37 °C for 48 hours. This experiment has been repeated two times in 

triplicate 47, 39. 

Monocytes preparation 

Cultures of macrophages were prepared from leukocyte buffy coats obtained from healthy donors. Briefly, the 

peripheral blood mononuclear cells were isolated by Lymphoprep density gradient medium (Stemcell 

Technologies) and monocytes were separated from lymphocytes by adherence to plastic dishes. Monocytes 

were cultured in RPMI containing 10% foetal calf serum and 1% antibiotics at 37°C in a 5% CO2 atmosphere 

for 10-12 days, at which time the monocytes had matured into macrophages and formed a monolayer. 

Phagocytosis assay 

From an overnight inoculum, C. auris cells were washed with RPMI+MOPS (0.165 M, pH 7) and labelled 

with 1 mg/ml Fluorescein-5-isothiocyanate (FITC, Sigma-Aldrich) in PBS for 10 minutes RT. After washing 

250 µg/ml of H5K1 were left interacting for 1 hour at 37°C. Meanwhile macrophages were treated with 100 

nM LysoTracker Red (Thermo Fisher Scientific, Waltham, MA, USA) for 45 minutes and washed with PBS. 

Yeasts and macrophages were counted in order to have a final ratio C. auris cells:macrophages 1:1. They were 

left 15, 30 and 180 minutes at 37°C and then washed and fixed with paraformaldehyde (Carlo Erba) 4% in 
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PBS 20 minutes at 4 °C. After washing again, the cells were scraped gently and acquired by flow cytometry. 

15,000 cell events were acquired for each sample 52.  

MIC assays 

To evaluate the susceptibility of C. auris to CAS and AMB and their combination with H5K1, we followed 

the EUCAST antifungal MIC microdilution method 48. Antifungal drugs were purchased from Sigma-Aldrich. 

CAS and AMB concentration ranges analysed were reported in EUCAST document. Those concentrations 

were tested alone and in combination with 0.25, 2.5, 25 and 250 µg/ml of humanized antibody. The wells with 

100 µl of 2X final antifungal drugs concentration in RPMI 2% G medium were inoculated with 100 µl (1-5 x 

105 CFU/ml) of yeast suspension of C. auris. The monoclonal antibody was added to the samples of yeast 

suspension to test the drug-antibody combination. The plates were incubated at 37 °C for 24 and 48 hours and 

read after incubation at 405 nm with a Microplate Reader (Bio-Rad). With the term MIC50 we consider the 

lowest concentration that inhibits the 50% of the growth compared to drug-free control and with MIC90, the 

lowest concentration that inhibits the 90% of the growth compared to drug-free control. The assays were 

performed three times in triplicate. 

Time-kill curve assays 

Based on MIC results a restricted range of drug concentration was used (4, 2, 1, 0.5, 0.25, 0.125 and 0.0625 

µg/ml for caspofungin and 4, 2, 1, 0.5, 0.25, 0.125, 0.0625 and 0.03125 µg/ml for amphotericin B). In each 

well of a 96-well plate, 100 µl of 2X final antifungal drugs concentration in RPMI 2% G medium and 100 µl 

containing 1-5 x 105 CFU/ml of C. auris suspension were put together. 250 µg/ml of humanized antibody was 

added to see the effect of the combination. 5 mM phosphate buffer was used as control. The plates were 

incubated at 37 °C for 0, 2, 4, 6, 8, 24 and 48 h. The samples were spread (10-fold dilutions were used when 

necessary) in PDA plates and left at 37 °C for 48 hours before the CFU counting.  Time-kills for strain-drug 

combination were performed a single time. 

Statistical analysis 

Data were plotted and analysed by GraphPad Prism 8 software. The statistical significance in adhesion and 

phagocytosis assays were assessed through a two-tailed Student’s t test while in growth inhibition results, the 

statistical significance was assessed by One-way Anova test. 
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SUPPLEMENTARY INFORMATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures S2 (supplementary information). CamSol Intrinsic solubility scores (mayor y-axes) and 

humanization MG-score (minor y-axes) for the humanization trajectories in sequence space starting from 

the murine sequence (step 0): the results for the third protocol, upon fixing the CDR residues corresponding 

to the Kabat numbering. High CamSol score corresponds to high solubility; MG-scores above 6383 are 

classified as human. 

Figure S1 (supplementary information). CamSol Intrinsic solubility scores (mayor y-axes) and 

humanization MG-score (minor y-axes) for the humanization trajectories in sequence space starting from 

the murine sequence (step 0): the results for the second protocol described in Methods, upon fixing the 

CDR residues corresponding to the IMGT numbering. High CamSol score corresponds to high solubility; 

MG-scores above 6383 are classified as human. 
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A’ B’ C’ D’ E’ 

B C D E 

Figure S3 (supplementary information). Competitive binding of H5K1 to C. auris cells after treatment with different 

concentrations of laminarin. PBS pre-treatment was used as control. Considering that the humanized antibody is bivalent, 

and that more than one antibody can bind a single laminarin polysaccharide, the ratios laminarin:H5K1 in μg/ml were 

respectively: A-A’ 40:1, B-B’ 16:1, C-C’ 4:1, D-D’ 1:1, E-E’ 0:1. 
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Figure S4 (supplementary information). Flow cytometry is also suited for measurements of cell size, 

interaction, aggregation or shape using non-labelled cells by means of analysing their light scattering 

characteristics. Yeast aggregation is not induced by antibody labelling, as demonstrated by flow 

cytometric detection of both total event size (FSC histogram (A-B)) and dimensional aggregates (dot plot 

FSC-A vs FSC-H (C-D)) Data were collected as FSC values and percentages of aggregates. 
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Vid. 1 A. Binding analysis by means of immunofluorescence technique – Control FITC 

Vid. 1 B. binding analysis by means of immunofluorescence technique – hmAb H5K1 FITC 

(Available at https://doi.org/10.1038/s41598-021-98659-5) 

 

 

 

 

 

Figure S5 (supplementary information). Fluorescence Intensity highlights a differential labelling of the antibody 

on different subpopulations of Candida albicans during hyphal transition. Green events represent small cells, 

putative scarce residual yeasts, partially germinating 51, whereas blue events represent hyphal morphogenetic state 

(hyphal aggregates, scarcely represented rare excluded from the analysis) (A). Hystogram (B) overlays puts in 

light a higher Mean Fluorescence Intensity (MFI) on blue events in respect to the green ones, in agreement with 

the higher presence of 1,3 Beta-glucan in hyphal state, as reported 24. 

https://doi.org/10.1038/s41598-021-98659-5
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ABSTRACT 

 

Mycoses are increasingly impacting the health of the population and particularly on specific subject categories 

with a compromised immune system. The resistance phenomenon and the rise of new species are creating 

concern and, consequently, an interest in developing new therapeutic agents against pathogenic fungi. H5K1 

is a humanized monoclonal antibody that binds selectively β-1,3-glucans, vital components of the fungal cell 

wall, hence attractive targets to reach an antifungal effect. Since Candida auris is considered an urgent threat 

by the CDC and one of the three leading causes of morbidity and mortality worldwide, it has been used as 

fungal model to investigate the effect of H5K1 on the cell surface both alone and in combination with 

commercially available antifungal drugs (fluconazole, caspofungin and amphotericin B). By an extensive 

exploration through the atomic force microscope, H5K1 was revealed to have a role in the perturbation of the 

fungal cell wall that reflects in the loss of the whole cell integrity. Moreover, it contributes substantially to the 

alterations caused especially by caspofungin and amphotericin B.  

 

INTRODUCTION  

 

Mycoses are opportunistic infections caused by fungi. They can colonize biotic and abiotic surfaces and 

become progressively more dangerous when diffuse in deeper tissues or into the bloodstream. Subjects with a 

debilitated immune system and immunocompromised patients have the highest probability to contract severe 

fungal infections 1. In particular, candidemia is one of the most common systemic infections worldwide with 

an incidence of 7.0/100,000 people per year in the US 2 and 3.88/100,000 in Europe 3. Invasive candidiasis is 

associated with a high mortality rate 4 and for this reason, Candida spp. are considered serious threats. The 

spread of acquired resistance and the rise of species with intrinsic and sometimes multidrug resistance worsen 

even more the scenario 5. Among the new pathogens, C. auris has gained sad interest in the last decades to the 

point that it is considered by the Centers for Disease Control and Prevention an urgent global health threat 6. 

More than 90% of the isolates have an innate resistance to one antifungal class, more than 30% to two classes 

and 1% to all three major classes 6. These numbers match with its rapid spread from 2009 in Japan 7 to over 

47 countries worldwide 8 and with its high mortality rate which ranges from 32 to 66% 9, 10. 

Here the choice to use Candida auris as specie-to-be tested favored also by its prevalent yeast-like morphotype 

11, 12.  

Fungi are eukaryotic organisms hence they have a complex and dynamic intracellular organization confined 

by a phospholipidic bilayer. Over the membrane, several polysaccharide/-proteo-conjugate layers are arranged 

to form the fungal wall. The inner and the outer layers are the most conserved and the main differences are 
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related to the content variability among species or to the switch yeast-to-hyphal morphotype typical of some 

species like Candida spp. 13. 

The inner layer of Candida spp. is composed of microfibrils of antiparallel chitin chains stabilized by H-bonds, 

and of a flexible network of branched β-1,3-glucans organized in single or in polymer chains 14. Chitin and β-

1,3-glucans represent the real backbone of the fungal wall and the strength, and the shape of the cells derive 

from their chemical and physical properties. Even if less abundant (20% vs 40%) β-1,6-glucans are 

fundamental to link chitin and β-1,3-glucans to the glycosylphosphatidylinositol remnants of the outer layer-

cell wall proteins (CWPs) 15 while α-glucans are absent in Candida spp. 16. 

β-1,3-glucans are promptly recognized by Dectin-1, a C-type lectin type II transmembrane receptor expressed 

mainly on myeloid cells 17, but the O- and N-linked mannoproteins of the outer layer are aligned 

perpendicularly in order to form a fibril coat able to reduce their exposition. Moreover, the high hydrophobicity 

of mannans confers resistance, low permeability and low porosity to the cell wall making it difficult also for 

the antifungal drugs to penetrate 18, 19. In the outer layer there are also several CWPs like adhesins and invasins, 

functional for the host infection. 

Fungal species can have substantial differences in the number of proteins, lipids and carbohydrates. Notably, 

C. auris presents fewer CWPs and enzymes involved in the cell wall remodeling if compared to C. albicans 

but more structural lipids 20. They have similar levels of mannan and glucans, but chitin is more abundant in 

C. auris thus explaining probably part of its higher natural resistance against some antifungal classes 21. 

H5K1 is a humanized monoclonal antibody able to recognize and bind selectively β-1,3-glucans which are 

fundamental and vital for several pathogenic fungi 22. The aim of this study is to investigate through the atomic 

force microscope the effect on the cell surface of H5K1 and of its combinations with a representative from the 

three major antifungal classes (fluconazole for azoles, caspofungin for echinocandins and amphotericin B for 

polyenes). The focus will be done on the differences in the topographic and sub-topographic domains and in 

the chemical distribution on the surfaces. Data were acquired in both in non-contact and tapping modes. 
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EXPERIMENTAL DETAILS 

 

Materials 

C. auris DSM 21092 was purchased from Leibniz Institute DSMZ-German Collection of Microorganisms and 

Cell Cultures GmbH, Germany; the humanized monoclonal antibody H5K1 was produced by Takis s.r.l., Italy; 

caspofungin, fluconazole, amphotericin B, RPMI (powder) and MOPS were bought from Sigma-Aldrich, 

Germany, while paraformaldehyde 37% w/v was acquired from Carlo Erba reagents s.r.l., Italy.  

Sample preparation 

 From an overnight inoculum in RPMI + MOPS (0.165 M, pH 7), a C. auris suspension was washed and 

resuspended in phosphate buffered saline (PBS). 3x106 C. auris cells were treated respectively with the 

humanized mAb H5K1, with fluconazole, caspofungin and amphotericin B at sub-MIC concentrations and 

with the combination of hmAb H5K1 with the mentioned antifungal drugs for 1 hour at 37°C. C. auris cells in 

PBS were used as control. The samples were washed three times with PBS before fixing them with 

paraformaldehyde 4% for 1 hour at 4 °C. Finally, the samples were washed again and resuspended in 18MΩ 

water. The samples were layered on fresh muscovite mica and dried by nitrogen flow. 

AFM analyses 

AFM analysis was carried out with an XE-100 Atomic Force microscope (PARK Systems Inc., Suwon, South 

Korea). The microscope was equipped with a 50 µm scanner controlled by the XEP 1.8.6 software. The XY 

stages and the Z scan were set in closed-loop manner and in high voltage mode. 

The speed scan was set between 0.2 Hz and 1.5 Hz. The cantilevers used in this study were Non-Contact High 

Resonant (NCHR) tips (spring constant between 35 and 44 N/m) with a typical resonant frequency between 

200 and 300 kHz. The instrument was set in true non-contact mode and topography, amplitude, error, and 

phase signals were acquired during the imaging. 

Amplitude signal images were used for topographic subdomains contrast enhancement while the phase images 

were adopted for surface chemical characterization.  

The Force Modulation Microscopy (FMM) was achieved by using a NSC14 tip (5N/m) and the local 

nanomechanical properties were tested by amplitude and phase signals. 

For the force/distance spectroscopy analysis (F/D) a calibrated NCHR tip (39.7 N/m) was employed. Briefly, 

at least 4 points were randomly chosen in the middle of each cell and F/D assay was performed. The tip moved 

forward the samples for 1 mm at 10 nm/s, while the retrace velocity was set at 50 nm/s with a force limit of 3 

mN. The stiffness of the sample was determined from the slope of the force-separation curve in the contact 

region and reported as nanoNewton. 
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Statistical analyses 

Data inferred by Park XEI software (PARK Systems Inc., Suwon, South Korea) were analyzed by GraphPad 

Prism. The statistical Kruskal-Wallis analysis of variance (ANOVA) on uncorrected Dunn’s test for multiple 

comparisons was adopted. 

 

RESULTS AND DISCUSSION 

 

Candida auris cells were treated with sub-MIC concentrations of the antifungal drugs fluconazole (FLC), 

caspofungin (CAS) and amphotericin B (AMB), with the humanized monoclonal antibody H5K1 (hmAb), and 

with their combinations. Cells treated with PBS were used as control.  

Image-surface profile parameters chosen for topographic and sub-topographic analyses are the main 

descriptors used to delineate the cell morphology and the surface 23, 24. Together with roughness parameters 

they are sensitive indicators of cell’s health state 25. They are suitable for monitoring the damages caused by 

specific agents on biological samples 26 and in our case the effects of antifungal compounds on C. auris cells. 

To have a complete sight of the results, force modulation microscopy was adopted to probe the nanomechanical 

properties in relation to the topographic images 27 and finally the cellular stiffness was considered to evaluate 

the cytoskeletal structure and to have an indication of the integrity and of the mechanics of the cells 28. 

 

From a preliminary analysis of the 1μmx1μm topographic images, there is evidence of the cell wall 

perturbation due to the presence of topographic alterations leading to a more inhomogeneous surface compared 

to the control cells (Fig.1). 
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Figure 1. Topographic 

images of C. auris cell 

surface. A Control, B 

treatment with hmAb 

H5K1, C treatment with 

fluconazole, D treatment 

with the combination of 

hmAb H5K1 and 

fluconazole, E treatment 

with amphotericin B, F 

treatment with the 

combination hmAb H5K1 

and amphotericin B, G 

treatment with 

caspofungin, H treatment 

with the combination of 

hmAb H5K1 and 

caspofungin.  
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In order to numerically describe these alterations, the mean spacing of profile irregularities (Sm) and the 

average wavelength of the profile (a) were evaluated as spatial parameters, while the average absolute slope 

(a) was estimated as hybrid factor (Fig. 2). For what concerns the Sm (Fig. 2 A), while for the control an 

average spacing of ~113 nm was calculated, for hmAb H5K1 and CAS + hmAb treated cells the Sm values 

were lower and statistically significant, thus meaning a higher frequency of topographical changes. This 

outcome was also confirmed by using a parameter (Fig. 2 B). In fact, hmAb H5K1 treated sample and hmAb 

H5K1 in combination with fluconazole and caspofungin samples showed a statistically significant decrement 

of a compared to the control sample (Table 1). The average absolute slope (a) (Fig. 2 C) was considered to 

characterize the magnitude of the topographical variations. By this parameter statistical differences were noted 

in amphotericin B, caspofungin and caspofungin + hmAb H5K1 treated samples. Taken together these data 

suggests that changes in surface roughness were induced by hmAB H5K1 alone or in combination with other 

drugs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A: spacing mean of the irregularities of the profile (Sm); B: average wavelength (a); C: average 

absolute slope (a) of the wave function from topographic analyses. The statistical significances are referred 

to the comparison with the control. 
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In the amphotericin B treated sample the a distribution showed higher values probably indicating the presence 

of sharper vertical variations possibly caused by the capacity of AMB aggregates to produce digging after their 

embedding in surface rich in ergosterol 22. This digging appears to be just the prelude to the typical pores 

produced by amphotericin B 22. The combination of hmAb with caspofungin produces a similar trend hence 

we are likely to suppose that the enhancement of hmAb H5K1 on caspofungin can lead to an effect comparable 

to that of amphotericin B on the surface. Of note the statistically significant decrease of a in presence of 

caspofungin alone. We speculate that it could be due by the unmasking activity of caspofungin 29.  

To further confirm changes in surface topography the images obtained by tip amplitude signal were used to 

improve the topographic image contrast, allowing to emphasize sub-nanometric structures (Fig. 3). In the 

control, segmentations are denser while in samples treated with all the antifungal drugs domains undergo 

alterations that become even more slacken in the presence of hmAb. Again, by measuring the average 

wavelength of the profile belonging to the amplitude signal, all samples differ from the control (Fig 4). This 

evidence suggests that there are differences in molecules distribution (glucans) on the surface of the cells. 

Since the λa increased in all treated samples (Table 1), it is possible to suppose that the cell wall components 

were displaced away by the treatments.  
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Figure 3. C. auris cell 

surface. Images obtained 

from amplitude signal 

analysis. A Control, B 

treatment with hmAb 

H5K1, C treatment with 

fluconazole, D treatment 

with the combination of 

hmAb H5K1 and 

fluconazole, E treatment 

with amphotericin B, F 

treatment with the 

combination hmAb H5K1 

and amphotericin B, G 

treatment with 

caspofungin, H treatment 

with the combination of 

hmAb H5K1 and 

caspofungin.  
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The surface composition alteration was also assayed by non-contact mode phase imaging (Fig 5). Control 

samples showed a homogeneous distribution of the phase signal whereas all treated cells exhibited a variegate 

phase signal distribution, quantitatively measured as peak‐to‐valley mean‐height roughness (RPV roughness) 

(Fig 6 and Table 1). hmAb H5K1 provided the major contribution to the roughness, and this is highlighted by 

the statistically significant difference in RPV of hmAb H5K1 monotreatment and of its combinations compared 

to the control. Fluconazole and amphotericin B used alone weren’t statistically significant while caspofungin 

was and this is consistent with the results obtained by Hasim et Al. that reported an increase of roughness in 

C. albicans treated with caspofungin probably due to the β-1,3-glucans unmasking 29, 30. Interesting is the 

different distribution of the RPV values: those of control and of the antifungals’ monotreatments are more 

homogeneous while in the presence of hmAb H5K1 alone and in combination with fluconazole or caspofungin 

the phase signal roughness is increased, consequently to a wider distribution of the molecules on the surface. 
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Figure 4. Average wavelength of the NCM amplitude signal 

profile. The statistical significances are referred to the 

comparison with the control. 

 



80 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Non-contact 

mode analysis of 

chemical variations on 

C. auris surface. A 

Control, B treatment 

with hmAb H5K1, C 

treatment with 

fluconazole, D 

treatment with the 

combination of hmAb  

H5K1 and fluconazole, 

E treatment with 

Amphotericin B, F 

treatment with the 

combination hmAb 

H5K1 and amphotericin 

B, G treatment with 

caspofungin, H 

treatment with the 

combination of hmAb 

H5K1 and caspofungin.  
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The surface alterations induced by the treatments were also assayed by nanomechanical approaches. The force 

modulation mode was used to investigate the amplitude and the phase signals to obtain information about the 

local stiffness and elasticity (Fig. 7). The middle amplitude values are dependent on analyzed regions and are 

little informative. Anyway, the median of the amplitude signal was higher in the presence of hmAb H5K1 

alone and in combination with amphotericin B and caspofungin (Fig. 8 A). indicating stiffer surfaces compared 

to the control. The FMM amplitude roughness revealed that nanomechanical proprieties dependent on 

molecules arrangement were altered in samples treated with amphotericin B, caspofungin and caspofungin + 

hmAb (Fig. 8 B). Concerning elasticity proprieties, FMM phase roughness revealed that samples treated with 

amphotericin B, amphotericin B + hmAb and caspofungin + hmAb (Fig. 8C) were altered compared to the 

control sample. Again, the less informative FMM phase signal medians showed differences between control 

samples treated with hmAb, with the combination FLC + hmAb and with the combination CAS + hmAb (Fig. 

8 D). We can suppose that the bispecific binding of hmAb H5K1 to its antigen can locally stiffen the superficial 

structures and this could also explain the wider distribution of both FMM amplitude and phase signals. This 

phenomenon is perceivable also when hmAb is used in combination (Table 1). 
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Figure 6. Phase signal distribution measured as RPV roughness. 

The statistical significances are referred to the comparison with 

the control. 
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Figure 7. Analysis of the amplitude (letters) and of the phase signal (marked letters) in force modulation mode. 

A/A’ Control, B/B’ treatment with hmAb H5K1, C/C’ treatment with fluconazole, D/D’ treatment with the 

combination of hmAb H5K1 and fluconazole, E/E’ treatment with amphotericin B, F/F’ treatment with the 

combination hmAb H5K1 and amphotericin B, G/G’ treatment with caspofungin, H/H’ treatment with the 

combination of hmAb H5K1 and caspofungin.  
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Figure 8. Superficial FMM analysis: A – median of the amplitude signal, B – roughness of amplitude signal, 

C – median of the phase signal, D – roughness of phase signal.  
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In order to assess the effects of the treatments not just locally but also globally, points of the cell surface were 

randomly selected and undergone to physical deformation to calculate a deeper cellular stiffness. Fluconazole, 

amphotericin B, their combination with hmAb and the combination of caspofungin + hmAb presented lower 

stiffness values than the control sample (Table 1) meaning that the deep structure integrity was altered as well. 

Easy-deformable zones reflect the weakening of the whole cell (Fig. 9). 
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Figure 9. Stiffness analysis on a macrozone.  
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Control hmAb FLC 
FLC + 

hmAb 
AMB 

AMB + 

hmAb 
CAS 

CAS + 

hmAb 

Sm 

Mean 113 95.35 116.6 109.1 107.4 113.1 107.4 95.57 

SEM 4.231 5.703 4.42 6.562 6.017 3.011 3.893 3.561 

         

λa 
Mean 102.4 88.28 103.8 89.8 98.21 104.3 91.87 83.9 

SEM 3.86 4.187 4.013 3.955 3.442 2.214 2.863 2.669 

          

Δa 
Mean 0.03957 0.03766 0.04411 0.04804 0.07142 0.0491 0.02152 0.06089 

SEM 0.002013 0.002065 0.005429 0.003777 0.003403 0.002667 0.001888 0.002214 

          

Amp. λa 
Mean 15.76 20.41 19.28 19.55 21.24 23.72 22.68 22 

SEM 0.226 0.3403 0.3008 0.1623 0.2981 0.3503 0.5463 0.5393 

          

Phase (deg) 
Mean 2,351 14,47 3,398 14,96 4,678 4,518 6,706 14,66 

SEM 0,3692 1,141 0,2260 4,825 0,8359 0,7139 0,4113 4,757 

          

Striffness 

(nN) 

Mean 93,91 90,40 64,27 77,73 65,45 74,38 94,21 87,09 

SEM 1,905 1,015 2,445 1,204 2,666 1,664 1,011 0,7766 

          

FMM amp. 

(nm) 

median 

Mean 48,02 52,83 49,33 48,62 51,47 54,25 44,70 46,29 

SEM 0,09034 0,1310 0,1500 0,1401 0,3634 0,3379 0,1075 0,3530 

          

FMM 

phase (deg) 

median 

Mean -117,5 -0,7914 -109,8 -27,14 0,5188 -0,1118 -131,3 22,06 

SEM 0,06237 0,3164 0,05930 0,02724 0,3150 0,1230 2,678 8,552 

          

RPV amp. 

(nm) FMM 

Mean 0,7805 0,4575 0,4768 0,6619 2,087 0,8000 2,793 4,668 

SEM 0,07615 0,08226 0,1023 0,04104 0,1489 0,09742 0,3344 0,5578 

          

RPV phase 

(deg) FMM 

Mean 0,3060 0,1678 0,2251 0,1769 0,7158 0,2786 0,1989 0,8104 

SEM 0,02552 0,01144 0,03402 0,01159 0,09190 0,05332 0,01286 0,09302 

Table 1. Mean ± SEM of the parameters considered during the analyses. 
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CONCLUSIONS 

 

The drug resistance phenomenon and the lack of new therapeutic agents highlight the urgency in finding novel 

effective strategies for the treatment of fungal infections. The humanized monoclonal antibody H5K1 is an 

exquisite example of a step forward towards the application of biotechnological entities to a world almost 

completely ruled by synthetic compounds.  

Even without the presence of the immune system apparatus, H5K1 not only was revealed to bind β-1,3-glucans 

of the fungal cell wall as seen in previous studies, but also to affect the cell integrity resulting as an enhancer 

for drugs like caspofungin and amphotericin B. 

Summarizing our results, we demonstrated that: i) H5K1 disturbs C. auris topography producing irregularities 

and bumpy aspects especially when combined with caspofungin. ii) The perturbation extends also to the 

subdomains which appear more slacken and where molecular modifications occur. iii) hmAb alone but also 

caspofungin, amphotericin B and their combination with the antibody cause changes in the chemical 

distribution of the surface. iv) H5K1 increase the roughness when used alone and in combination. v) The 

presence of hmAb tends to stiffen the zones in which the binding to β-1,3-glucans occurs. vi) With almost 

every treatment C. auris cells are more deformable than the control; however, hmAb emphasizes the structural 

fragility especially if compared to the respective antifungal drug used alone. In conclusion, this study wants to 

show the perturbating effects produced on C. auris by hmAb H5K1 alone and in combination with 

commercially available antifungal drugs but also to demonstrate that AFM is a valuable tool for the 

investigation of microorganisms and of their morphological, structural, and biochemical changes induced by 

drug treatments.  
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INTRODUCTION 

 

The global spread of antifungal resistance 1 together with the appearance of new strains sometimes intrinsically 

multidrug-resistant are seriously threatening public health 2, 3. Moreover, the environmental changes 4, the 

massive use of antifungal agents in agriculture 5, the use of invasive surgeries and medical devices and the 

increase of subjects at risk are slowly worsening the situation 6. Even if C. albicans is the most diffuse specie 

and keeps being the leading cause of invasive candidiasis, the rise of non-albicans Candida species (NACs) 

have significantly changed the fungal panorama 7. In particular, the diagnoses have identified in C. glabrata 

and C. parapsilosis the most frequent fungal pathogens after C. albicans, sometimes also exceeding it in some 

settings 8, 9. In particular, C. glabrata cases have been having increasing trends in different parts of the world 

becoming a concerning emergence. USA, Canada, and the North and the Centre of Europe seem to be the most 

struck areas 10 and the zones in which C. glabrata is responsible for more than 15% of the total Candida-

related systemic infections 10, 11 and is the third most common cause of nosocomial infections 12. Furthermore, 

C. glabrata often presents lower susceptibility to fluconazole 13 and other antifungal agents with well-known 

mechanisms as the mutation in FKS genes to grant resistance to echinocandins 14 and in ERG genes to reduce 

susceptibility to polyenes 15, 16. Although C. glabrata is not able to form hyphae, it manages to adhere and 

colonize both biotic and abiotic surfaces and to form a biofilm. In particular, the biofilm is a virulent feature 

that guarantees protection from the host immune system and from some antifungal drugs 17. C. glabrata showed 

generally the lowest metabolic activity and the smallest biomass compared to the other NACs but, to the other 

side, a high number of proteins and carbohydrates in the matrix 18, 19. In this study, we used four strains of C. 

glabrata isolated from bloodstream infections. Two of them (85.40 and 1324Y) have mutations in FKS genes 

that make them less susceptible to echinocandins and one strain (406486) hyper producer of biofilm. These 

strains were exploited to test the antifungal activity of hmAb H5K1, a novel humanized monoclonal antibody 

able to bind selectively β-1,3-glucans, vital components of the fungal cell wall. H5K1 efficacy was previously 

evaluated on C. auris both alone and in combination with markedly available antifungal drugs 20. The aim of 

this study is to confirm the activity of hmAb H5K1 on other Candida species, also echinocandin-resistant and 

biofilm hyper producer and to deeply investigate its eventual role in biofilm production. 
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MATERIAL AND METHODS 

 

Microorganisms 

Four C. glabrata strains (406486, 391216, 85.40 and 1324Y) were isolated from patients affected by 

bloodstream fungal infections. Two strains, 85.40 and 1324Y have a mutation in FKS genes making them less 

susceptible to echinocandins while 406486 is a hyper producer of biofilm. C. parapsilosis ATCC 90018 was 

purchased. C. parapsilosis and C. glabrata were let grow in Sabouraud solid agar for the maintaining and in 

RPMI liquid medium + MOPS 0.165 M, pH 7 for the experiments. 

Material 

Antibody H5K1 was produced and purified by Takis S.R.L. RPMI, MOPS, amphotericin B (AMB), 

caspofungin, micafungin, anidulafungin (ANIDU) and fluconazole, Bovine Serum Albumin (BSA), XTT 

sodium salt and menadione were purchased from Sigma-Aldrich while Sabouraud CAF agar was bought from 

Liofilchem, the anti-human IgG FITC antibody (ab97224) from Abcam and the paraformaldehyde from Carlo 

Erba. 

Flow cytometry and confocal microscopy 

From an overnight inoculum, Candida stains cells were washed in RPMI+MOPS and ~106 CFU/ml were 

resuspended in PBS 3% (w/v) BSA and 12 μg/ml of hmAb H5K1 was added and left incubating for 1 hour at 

37 °C (PBS was used for the positive controls). The cells were then washed with PBS and marked with anti-

human IgG FITC antibody (Abcam, ab97224) diluted 1:150 in PBS 3% BSA for 1 hour. After washing again, 

the samples were fixed with paraformaldehyde 4% in PBS for 1 hour at 4 °C. Finally, after removing 

paraformaldehyde through washing the samples were resuspended in PBS and each of them was divided in 

two aliquots. An aliquot was used for the analysis at the flow cytometer (FACScanto II, BDBioscences, 

Erembodegem, Belgium), equipped with three lasers (488 nm, 633 nm, 405 nm) to evaluate the FITC 

fluorescence due to the conjugation to the hmAb compared to the cells’ autofluorescence. The other was used 

in confocal microscopy. 

Minimum inhibitory concentration   

The minimum inhibitory concentration (MIC) was assessed following the microdilution method of EUCAST 

guidelines using C. parapsilosis ATCC as a reference strain. The antifungal drugs tested were amphotericin 

B, caspofungin, micafungin, anidulafungin and fluconazole. In brief, ~105 colony-forming units (CFU)/ml 

were treated with increasing concentrations of antifungal drugs for 24 hours at 37 °C. The determination of 

the MIC is based on the absorbance readings at 405 nm. For amphotericin B, MIC is considered as the lowest 

concentration giving the 90% growth inhibition compared to the control while for caspofungin, micafungin, 

anidulafungin and fluconazole is the lowest concentration giving the 50% of growth inhibition compared to 

the control. 
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Checkerboard assay 

To see an eventual enhancement effect of the antibody H5K1 in combination with the antifungal drugs, ~105 

CFU/ml of each strain were treated with serial 1:2 decreasing concentrations of antibody and compound both 

alone and in combination in a 96-well plate. The starting concentration of the antifungals was chosen as 1-fold 

higher compared to the MIC results while H5K1 starting concentration was based on previous studies. The 

plates were left in incubation at 37 °C for 24 hours and then the absorbance at 405 nm was read. FICI values 

were classified as follows: FICI ≤ 0.5 synergic, 0.5 <FICI ≤1 additive, FICI>1 indifferent. Every experiment 

was performed in duplicate.  

Minimal fungicidal concentration 

From the plates of the checkerboards an aliquot of the wells in which the absorbance was under the MIC value 

was serially diluted and spread on Sabouraud agar plates. After 24 hours of incubation at 37 °C, the CFU were 

counted. The minimal fungicidal concentration (MFI) considers a growth inhibition of 90%.  

Time-kill curves 

Based on the checkerboards and MCFs data, several concentrations of H5K1in correspondence of the MIC of 

anidulafungin and amphotericin B were selected and tested both alone and in combination. The sample with 

only Candida spp. was used as positive control while the treatments with the anidulafungin and amphotericin 

B alone were used to assess the additive and synergistic effects respectively. Briefly, ~105 CFU/ml of every 

strain were treated with PBS, hmAb, the antifungal drug and hmAb + antifungal drug for a total of 24 hours at 

37° C. At 0, 4, 8 and 24 hours an amount of each sample was diluted, spread on Sabouraud agar plates and left 

incubating at 37° C. The count of the colonies was done after 24 hours. Synergy is defined as a ≥2 log decrease 

in CFU/ml between the combination and its most active constituent after 24 hours. 

Atomic Force Microscopy 

The bottom of the wells of a 12-well plate was covered with a round 35 mm-diameter dish and then ~106 

CFU/ml in RMPI+MOPS were seeded. The cells of the four strains were incubated 24 hours at 37 °C with the 

aim to let them develop the biofilm. After washing with PBS, the cells were treated with 50 μg/ml of hmAb 

H5K1 and left incubating again for 24 hours at 37 °C. The cells were washed again before fixing with 

paraformaldehyde 4% in PBS for 1 hour at 4 °C. To better remove the paraformaldehyde, the samples were 

washed and finally, the glass sheets were gently removed and analyzed at the atomic force microscope. The 

instrument was set in true non-contact mode and topography, amplitude, error, and phase signals were acquired 

during the imaging. 

Polysaccharide content 

To evaluate the polysaccharide content the method of da Silveira et al. 21 was followed with a few 

modifications. ~106 CFU/ml in RMPI+MOPS were seeded in a 24-well plate and washed after 90 minutes 
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(adhesion phase). Then RPMI+MOPS was poured again in the wells with the addition of 50 μg/ml of hmAb 

H5K1 for the treated samples and PBS for the controls. The plate was incubated 24 hours at 37 °C and after 

washing with PBS the wells were scarpered in 1 ml of PBS. The cells were centrifuged at 10 000 g for 10 

minutes at 4 °C and the pellet was resuspended in PBS and sonicated at 35 Watt in ice (5 cycles of 30 seconds 

and a pause of 1 minute). The samples were centrifuged again (10 000 g for 10 minutes at 4 °C) and the 

supernatants were collected. To see the polysaccharides’ content the phenol/H2SO4 method was adopted. In 

brief, 200 μl of phenol (5% w/v) were added to 200 μl of supernatant and, after mixing, 1 ml of H2SO4 conc. 

was gently poured in. The samples were left 10 minutes RT and then left incubating 30 minutes at 30 °C. 

Finally, the absorbance was read at 485 nm and the glucan content was evaluated using a standard curve of 

glucose (0, 5, 10, 20, 40 and 80 μg/ml). 

Biofilm assays 

Using the same concentrations of the time-kill curves, hmAb H5K1, anidulafungin, amphotericin B and the 

combinations of the hmAb with each antifungal drug were tested in a biofilm inhibition and in a biofilm 

destruction assays. Both the metabolic activity and the biomass were evaluated. For the experiments ~106 

CFU/ml in RMPI+MOPS were seeded in a 96-well plate. To see the eventual inhibition, the seeded cells were 

immediately treated with the agents alone and in combination (PBS was used as positive control and wells 

without seeding were the negative controls). The plate was incubated at 37 °C for 24 hours and after three 

washes, to assess the metabolic activity 20 μl of MTS (Promega) /PMS (Sigma-Aldrich) solution were added 

to 100 μl of PBS in the wells and after 3 hours the absorbance at 492 nm was read 22 while for the biomass 100 

μl of crystal violet (0.1% in PBS) were added and left dying for 15 minutes at room temperature. After washing, 

ethanol 96% was added and left incubating for 15 minutes at room temperature. Absorbance was read at 570 

nm 23. For the biofilm disruption assay, the seeded cells were incubated 24 hours at 37° C before adding the 

treatments, then the methodology used is the same as before.  

Statistical analyses 

Data were analyzed by GraphPad Prism software. The statistical Kruskal-Wallis analysis of variance 

(ANOVA) on Dunn’s test for multiple comparisons was adopted for the biofilm inhibition and disruption, two-

way ANOVA with Sidak’s multiple comparisons test was used for AFM data and the Wilcoxon signed-rank 

test for the polysaccharide content. 
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RESULTS 

 

Flow cytometry and confocal microscopy 

The fungal pathogen Candida glabrata is a common cause of candidiasis especially in 

immunocompromised patients. Especially in systemic infections C. glabrata may be present in both 

yeast and hyphal form 24 since the reversible transition from spherical budding yeast to pseudohyphal 

or hyphal filaments is influenced by body temperature, serum, pH and CO2 concentration 25. The two 

forms aren’t just recognized by immune cells in a different way 26 but are also believed to have different roles:  

hyphae and pseudo hyphae facilitate tissue invasion, damage, and escape from host cells while yeasts 

tend to colonize mucosa, disseminate in the bloodstream, adhere to endothelial cells, and form biofilm 

27. Similar to other yeasts, Candida glabrata ages when it undergoes asymmetric, finite cell divisions 

which determine its replicative lifespan 28. This study shows that in the analyzed phase, most of the 

Candida glabrata strains show a population consisting of over 30% unbudded cells (the 

subpopulation in green in figure 3) and of approximately 60% budded cells (the subpopulation in blue 

in figure 3). However, 406486 strain highlights an inversion of the frequencies of unbudded and 

budded cells (Fig.1). On the identified subpopulations, the MFI of our FITC-conjugated hmAb H5K1 

was calculated, showing an increase of fluorescence intensities (corresponding to an increase of the 

hmAb H5K1 labelling) on the budded yeasts, as reported in literature 20. Of note, 406486 shows a 

reduced MFI, in comparison to other strains, contemporary to a decreased percentage of budded cells 

(Fig. 2). It has been seen that the replicative fungal aging significantly affects the fungal resistance to 

phagocytic clearance and to drug treatments and that the old cells (budded cells) persist while the 

youngers (unbudded cells) are killed by neutrophils 29. In our case, the ability to better recognize 

budding cells is an advantageous aspect hmAb H5K1. However, the net expression of MFI considering 

both the subpopulations is almost 100% for all the strains (97.9% 406486, 98.4% 391216, 98.2% 85.40 and 

98.3% 1324Y) as shown in figure 3.   
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Figure 1. Flow cytometric analysis - percentage of unbudded and budded cells 

Figure 2. Flow cytometry analysis - MFI of unbudded and budded cells treated with hmAb 

H5K1 
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Figure 3. Binding analysis by flow cytometry (mean fluorescence intensity of the two subpopulations; in 

green the unbudded cells and in blue the budded cells) and confocal microscopy (green fluorescence and 

bright-field images). 
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Minimum inhibitory concentration 

The four C. glabrata strains were treated with five antifungal agents with the aim to find the minimum 

inhibitory concentration for each of them (Table 1). While for amphotericin B the MIC values are the same, 

for the other drugs they vary more with similarities in pairs. The two strains without mutation in FKS genes 

(406486 and 391216), fairly and obviously present lower MICs for all the echinocandins except 406486 and 

the MICs for caspofungin are generally higher than those for micafungin and anidulafungin. This is quite 

normal and can be explained by the fact that caspofungin entered the clinic some years before the others and 

has been being a first-line drug, especially for candidiasis. Fluconazole has the highest concentrations of MIC, 

and this is consistent with its large use in the clinic.   

 

 

 

 

 

 

 

 

 

 

Checkerboard assay and MFC 

One representative of each antifungal class was selected to investigate the eventual enhancement effect born 

from the combination of the humanized antibody H5K1 with each of them on C. glabrata strains. Amphotericin 

B for the polyene class, anidulafungin for echinocandins and fluconazole for the azoles were tested in the 

checkerboard test. All the strains demonstrated a synergistic effect when treated with amphotericin B and the 

antibody as shown in figure 4 and demonstrated with FICI values lower than 0.5 as reported in Table 2. When 

H5K1 was combined with anidulafungin (Fig. 5) it revealed an enhancement resulting additive with FICI 

higher than 0.5 and finally, the combination with fluconazole appeared to have an indifferent effect (Fig. 6). 

In the MFC evaluation, the fungicidal activity was detected only at concentrations of amphotericin B 1-fold 

higher than the synergic combinations. 

 

                                                            Antifungal drugs – MIC (μg/ml) 

C. glabrata strains Amphotericin B Caspofungin Micafungin Anidulafungin Fluconazole 

406486 0.5 0.5 <0.004 0.015 >16 

391216 0.5 0.12 <0.004 0.015 >16 

85.40 0.5 2 0.03 0.25 128 

1324Y 0.5 0.25 0.016 0.06 >128 

 

Table 1. MIC values expressed in μg/ml of the four C. glabrata strains for each antifungal drug. 
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C. glabrata strains 
Concentrations (μg/ml) 

hmAb / AMB 
FICI 

406486 0.78 / 0.125 0.252 

391216 1.56 / 0.25 0.254 

85.40 12.5 / 0.125 0.281 

1324Y 3.13 / 0.125 0.258 

 

Figure 4. Checkerboards of the four C. glabrata strains treated with decreasing 

concentrations of amphotericin B, of H5K1 and of their combinations. 

 

Table 2. Concentrations of hmAb H5K1 and amphotericin B that in 

combination gave the best FICI values. All the FICI values confirm a 

synergistic effect (synergy when FICI ≤ 0.5). 
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Figure 5. Checkerboards of the four C. glabrata strains treated with decreasing 

concentrations of anidulafungin, of H5K1 and of their combinations. 

Figure 6. Checkerboards of the four C. glabrata strains treated with decreasing 

concentrations of fluconazole, of H5K1 and of their combinations. 



100 
 

Time-kill curves 

Several concentrations of hmAb H5K1, amphotericin B and anidulafungin were tested in combination with 

the intent to confirm the synergy and the additivity respectively. The aim was to find not just the most active 

combination but to reach an effective combination with the lowest concentration of both hmAb H5K1 and 

antifungal drugs. When combined with sub-MIC concentrations of amphotericin B, H5K1 seemed to suggest 

a synergistic effect (Δlog ≥2 between the most active agent and the combination) (Fig. 7). For 406486, 391216 

and 85.40 the maximal log-difference occurs at 24 hours of treatment while for 1324Y already at 8 hours. On 

the other hand, the combinations with sub-MIC concentrations of anidulafungin never reached a 2-log 

difference but demonstrated an enhancement effect compared to the drug alone. This improvement of the 

activity of anidulafungin is totally due to hmAb H5K1 presence, thus confirming the previous results of 

additivity from checkerboards (Fig. 8). The most important contribution of H5K1 is recorded at shorter 

timepoints (4 and 8 hours) for all the strains with a decrease of the combinatorial effect at 24 hours for three 

out of four strains. These data are just preliminary, more replicates must be done. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Time kill curves of the four C. glabrata strains treated with H5K1, amphotericin B, 

and their combination. 
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Figure 8. Time kill curves of the four C. glabrata strains treated with H5K1, anidulafungin, 

and their combination. 
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AFM analyses, polysaccharides content and biofilm assays 

In order to investigate the effect of hmAb H5K1 on biofilm formation, AFM analyses were performed on every 

strain. Both the length and the height of the biofilm were considered taking as baseline the dish surface and as 

end-measure spot the point of flex between Candida cells on a monolayer and the biofilm matrix (Fig. 9 A). 

The treatment with hmAb H5K1 caused a statistically significant reduction in the biofilm extension on 406486 

strain (Fig. 9 B) and in the biofilm thickness on 391216, 85.40 and 1324Y strains (Fig. 9 C). Moreover, in the 

random sampling of the topographic images, from a visive analysis, there was a higher number of cells 

completely lacking in biofilm in the treated samples compared to the controls (Fig. 10). We can conclude that 

hmAb H5K1 has a perturbating effect on C. glabrata biofilm. After 24 hours from the beginning of hmAb 

H5K1 treatment, the polysaccharide content was measured as well. The matrix of fungal biofilm is mostly 

composed of polysaccharides, and in particular by glucans and mannans 30. In light of the results obtained with 

AFM, the polysaccharide content was evaluated as well. The polysaccharide content underwent a statistically 

significant decrease with hmAb H5K1 treatment compared to the control in three strains out of four. The only 

strain that didn’t face a decrease compared to the control was the hyper producer of biofilm 406486 (Fig. 11). 

Cellular metabolic activity during biofilm-forming and in a mature biofilm was considered and analyzed 

together with the biofilm biomass. The metabolic activity of the four strains was reduced in a statistically 

significant manner as well as the biomass in presence of the combination of hmAb H5K1 and amphotericin B 

during biofilm formation, meaning a strong inhibitory activity even compared to amphotericin B alone. In a 

mature biofilm the combination causes a reduction of the metabolic activity in every strain but not always it is 

statistically significant, and the biomasses reflect this trend (Fig.12). Neither anidulafungin nor its combination 

with hmAb H5K1 has strong inhibitory or disrupting activity on biofilm apart from a few exceptions. The 

general trend seems to lead to higher metabolic activity and increased biomass in the presence of the antibody 

and of sub-MIC concentrations of anidulafungin (Fig. 13). 
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A 

B 

C 

Figure 9. AFM analyses explanation of the measures considered (A). 

Evaluation of the extension (B) and of the thickness (C) of the biofilm with 

and without H5K1 treatment in all C. glabrata strains.  
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Figure 10. AFM images of the biofilm of the four C. glabrata strains with and without 

H5K1 treatment after 24 hours.  

Control                                                         Treated  

406486 

 

 

 

 

 

391216 

 

 

 

 

85.40 
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Figure 11. Polysaccharide content in the biofilm matrix – fold of 

decrease between the treated samples and the controls. 
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DISCUSSION 

 

C. glabrata is a non-albicans Candida specie that is causing great concern both for its large spread all over the 

world and for its intrinsic and acquired resistance to the mostly used first-line antifungal drugs. The aim of this 

study was to test the humanized monoclonal antibody H5K1 on C. glabrata. H5K1 was previously investigated 

on C. auris manifesting its greatest potential in combination with antifungals as amphotericin B and 

caspofungin. In this case, the aim is to find the lowest concentrations that in combination could maintain the 

synergy and the additivity in another Candida specie, precisely C. glabrata strains, biofilm-hyper producer 

and echinocandin resistant as well. In addition to that, we wanted to explore the hypothetical effect of hmAb 

both alone and in combination with antifungal drugs on the biofilm. For these reasons the research began from 

the binding capacity: H5K1 can bind every C. glabrata strain tested with almost 100% of FITC-positive cells 

moreover, an advantage is the ability to distinguish budded and unbudded cells hence the replicative aging 

which affects fungal resistance 29. From these results, the checkerboards were essential to assess the possible 

enhancement effect of H5K1 in combination with three antifungal drugs chosen from different antifungal 

classes. Amphotericin B was the representative for the polyene class, anidulafungin for the echinocandins and 

fluconazole for azoles. The combination with amphotericin B was synergic for all four strains with the best 

FICI values abundantly under the threshold of 0.5. With anidulafungin, H5K1 had an additive effect while 

combined with fluconazole it demonstrated an indifferent effect. These results are consistent with those on C. 

auris but the added value consists in the concentrations of both the antifungal agents (the highest for both 

AMB and ANIDU was 0.25 μg/ml) and especially of the hmAb which are much lower compared to the 

previously used 250 μg/ml 20. The fungicidal activity determined by the MFI was proper only of the 

combination with amphotericin B and at concentrations 1-fold higher compared to the FICI values. 

Considering these data and the previous ones we suppose that the booster effect of H5K1 is convenient only 

for echinocandins, and amphotericin B and can be applied to different Candida species. In order to confirm 

the synergy with amphotericin B and the additivity with anidulafungin, different combinations of 

concentrations of hmAb-AMB and hmAb-ANIDU were tested obtaining as a preliminary result, synergistic 

effects at sub-MIC concentrations of amphotericin B and additive effects at sub-MIC concentrations of 

anidulafungin, with hmAb H5K1 never overcoming 50 μg/ml. Furthermore, hmAb H5K1 seems to perturbate 

the biofilm integrity and the polysaccharide content (the latter in the “normal”-biofilm producers’ strains). 

From the topographic analyses of the four strains treated or not with hmAb H5K1, it is evident that the antibody 

affects both the extension and the thickness of the biofilm matrix. Considering that the greater the extent of 

the biofilm, the thinner it is and vice versa, in the case of the biofilm-hyper producer strain there is a statistically 

significant difference in the matrix extension while for the other strains the reduction of thickness becomes 

statistically significant. We still don’t understand the exact mechanism, but we suppose that its ability in 

binding β-1,3-glucans may be implicated in these outcomes. H5K1 is able to potentiate the effect of 

amphotericin B during biofilm formation meaning a strong inhibition with a statistically significant reduction 

of metabolic activity and decrease of biomass. The disruption of the biofilm is not as efficient, but the 
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combination performs always slightly better than amphotericin B alone. It is not surprising to see, sometimes 

a high biomass and a low metabolic activity: this happens when cells deep in the biofilm don’t receive sufficient 

nutrients and die or because of the contact-dependent growth inhibition phenomenon 31,32. The effect of the 

combination with anidulafungin is accentuated neither for the inhibition nor for the disruption of the biofilm. 

On the contrary, the metabolic activity and the biomass increased in presence of hmAb H5K1 and sub-MIC 

concentrations of anidulafungin. We speculate about the fact that since hmAb H5K1 causes a perturbation in 

the biofilm affecting its integrity, it can interfere in the contact-dependent growth inhibition re-activating yeast 

cells and stimulating an uncontrolled proliferation 30. This could explain the high values of metabolic activity 

and biomass. If H5K1 is supported by a fungicidal compound as amphotericin B, the result is a potentiated 

activity as long as AMB can better reach Candida cells because of the antibody perturbation. This doesn’t 

happen when the antibody is used alone or in combination with anidulafungin. Anidulafungin is fungistatic, it 

was used at sub-MIC concentrations and, as seen in time-kill curves, it starts losing its effect at 24 hours. We 

suppose that sub-MIC concentrations of anidulafungin alone have an effect like that of H5K1 hence, for the 

same reason, at the moment of absorbance evaluation we manage to see cells already metabolically active and 

abundant biomasses. In conclusion, the humanized H5K1 is effective also on C. glabrata specie, including 

strains echinocandins resistant and biofilm-hyper producer. It confirmed its enhancement effect in 

combinatorial treatments especially with amphotericin B and echinocandins even at lower concentrations and 

suggest having an effect also on the biofilm. We consider these results not just highly promising but 

extraordinary considering that H5K1 is a full-length antibody therefore its real potential can be revealed only 

in the presence of the immune system. Nevertheless, hmAb H5K1 demonstrated to be a powerful tool in 

managing fungal growth even in absence of immunity effectors. Further studies must be done, and other fungal 

species should be used (especially among filamentous fungi), but these data support the idea of hmAb H5K1 

as a new drug candidate for the treatment of fungal infections and in particular of candidemia.  
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Development of a humanised scFv derived 

from mAb 2G8 against pathogenic fungi 
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INTRODUCTION 

 

With the discovery of the double helix of the DNA by Watson and Crick, the age of gene technology started 

as well as the development of biological and biotechnological compounds that could be used in clinics 1, 2. 

Novel techniques as the possibility to introduce foreign genes into an organism like bacteria together with the 

prospect to scale up the expression and the purification to have final clean products opened the route to a 

different approach to medicine 3, 4. With the financial support of different companies 4, 5, 6, several 

biotechnological entities reached the market with a subsequent boom of the biotech sector 7. In 1986 FDA 

approved the first ever monoclonal antibody, muromonab-CD3, a murine antibody anti-CD3 used for the 

prevention of transplant rejection 8. Its mouse nature turned out to be a great obstacle since it stimulated the 

immune system giving severe immunogenicity reactions 9. From that moment the humanization processes 

began, and the first result was revealed a few years later with natalizumab, a humanized monoclonal antibody 

anti-α4β1 integrin for the treatment of multiple sclerosis 10. Almost simultaneously the antibody fragments 

raised interest, an example is the first chimeric antigen-binding fragment (Fab) anti-GPIIb/IIIa abciximab 

approved by FDA in 1994 for the inhibition of platelet aggregation in cardiovascular diseases 11. The higher 

penetration given by the smaller sizes, the lack of glycosylation, hence the prospect of production in 

prokaryotic organisms and the low costs are the major advantages. However, the short half-life, the low 

stability and the risk of aggregation have limited a lot the entry into the market of several Fabs and single-

chain fragment variables (scFvs) 12. The monoclonal antibody 2G8 is a murine antibody IgG2b able to bind 

selectively β-1,3-glucans, fundamental components of the fungal cell wall, being effective against several 

pathogenic fungi both in vitro and in vivo 13, 14, 15. The aim of this project is the development of a humanized 

scFv starting from the murine mAb 2G8 and the fine-tuning of a purification process able to make a clean 

product with an acceptable yield. 
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MATERIALS AND METHODS 

 

Humanization of VH and VL regions of the murine monoclonal antibody 2G8 

The amino acids sequence of the murine scFv has been analysed by ExPasy16 to evaluate the instability index. 

The murine variable regions (VH and VL) were compared with the murine databases IMGT mouse V genes, 

IMGT mouse D genes and IMGT mouse J genes in IgBlastToll 17 software and were compared and mutated 

following the germlines found. The VH and VL were humanized by IgBlastTool launching their nucleotide 

sequences against the human germline databases IMGT human V genes, IMGT human D genes and IMGT 

human J genes 18,19. According to CDR-grafting technique, two strategies have been explored: the first one was 

based on the analysis of the whole sequences of the murine VH and VL and the second strategy considered 

just the single frameworks. In both cases, the germlines with the highest identity with the initial sequences 

were selected and the non-homologous amino acids were changed only in framework regions (FRW). The two 

humanized scFvs (hscFv) were assembled and their instability indexes were analyzed again by ExPasy. The 

variable regions chosen were checked separately in PDB databases 20 and the output sequences with the closest 

homology and with an X-ray crystallographic resolution ≤ 2 Å were selected. In order to avoid the reduction 

of the target binding affinity and specificity, the amino acids in the Vernier Zone 21 positions were back-

mutated to the original murine ones. 

Humanized scFvs (hscFv) in VH-linker-VL and VL-linker-VH orientations: construction and 

cloning in pET22b (+) 

The hscFv oriented in VH-linker-VL was synthesized de novo by GenScript and optimized with the codon 

usage for the expression in E. coli BL21(DE3) strain. The variable domains, joined with a linker of 15 amino 

acids (G4S)3, were cloned in pET22b (+) expression vector downstream pel B sequence, between Nco I and 

Hind III restriction sites, to have a periplasmic secretion, and a 6-Histidine tag at the C-terminus of the protein. 

The hscFv was obtained also in VL-linker-VH orientation. To build the reverse sequence, the variable regions 

were amplified separately by PCR endpoint with specific primers (Table 1) using the high-fidelity thermophilic 

DNA polymerase Vent DNA Polymerase (BioLabs). After purification with MiniElute PCR purification Kit 

(Qiagen), 50 ng of each purified variable region were used to create the new hscFv by SOE-PCR. The thermal 

profile of the reaction was: denaturation at 95 °C for 3 min, 5 cycles of denaturation at 95 °C for 1 min, 

annealing at 63 °C for 1 min and extension at 72 °C for 1 min, 5 cycles of denaturation at 95 °C for 1 min, 

annealing at 56 °C for 30 sec and extension at 72 °C for 1 min, 25 cycles of denaturation at 95 °C for 30 sec 

and extension at 72 °C for 1 min. 

The resulting fragment was purified with the MiniElute Gel-extraction purification Kit (Qiagen) and was 

digested with Nco I and Hind III restriction enzymes, as for the expression vector pET22b (+). The ligase 

reaction was performed with Anza Ligase (ThermoFischer) enzyme and competent E. coli BL21(DE3) cells 

were transformed. The positive clones were checked by colony PCR and underwent a miniprep with QuiaPrep 
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Spin Miniprep Kit (Qiagen) to be sequenced. T7 promoter and T7 terminator primers were used for both colony 

PCR and sequencing. 

 

 

 

 

Cloning of a monomer, dimer, and trimer of the human ubiquitin in pET45b (+) 

The histidine-tagged ubiquitin-based expression vectors were constructed starting from the pET45b (+) 

(Novagen) plasmid backbone. The pET45b (+) was digested with Pml I and Bam HI in order to insert the 

coding sequence for one or more ubiquitin (Ub) monomers, in frame with the N-terminal His-tag, provided by 

the vector itself. The wild-type Ub coding sequence was PCR amplified from HeLa cDNA, obtained from total 

RNA purified with the RNeasy Plus Mini kit (Qiagen), reverse-transcribed using PrimeScriptTM RT Master 

Mix (Perfect Real Time; Takara Bio Europe SAS, Saint-Germain-en-Laye, France), according to 

manufacturer´s instructions. Amplification of Ub coding sequence was performed with the Platinum Pfx DNA 

polymerase (Invitrogen, Carlsbad, CA, USA), according to the protocol, and the degenerate primers reported 

in table 2. 

 

 

 

 

 

 

 

The forward primer was engineered to be cut with Pml I restriction enzyme, while the reverse primer, carrying 

a Bam HI cutting site, was designed to allow the deletion of the translation stop codon at the end of the insert. 

Moreover, the presence of a Sac II cutting site in the reverse primer which matches with the last Ub codons 

 Sequence (5’>3’) F/R 

 5’-TTCCTGCCATGGACATTGTGATGACCCAGAC-3’ F 

 

 
5’-ACCAGAGCCGCCGCCGCCGCTACCACCACCACCACGTTTGATTTCCACTTTGG-3’ R 

 5’-AGCGGCGGCGGCGGCTCTGGTGGTGGTGGTTCCCAGGTTCAACTGGTCCAAAG-3’ F 

 

 
5’-GGAAGTTAAGCTTTTAGGAACTAACGGTCACCAGG-3’ R 

Sequence (5’>3’) F/R 

5’-CGTCACGTCACGTGATGCAGATCTTCGTGAAGACC-3’ F 

5’- ACGTGACGGGATCCACCGCGGAGACGGAGCACCAGGTGC-3’ R 

Table 1. Primers used to amplify VL-linker-VH sequence. F: forward, R: reverse. 

Table 2. Primers used to amplify a monomer, dimer, and trimer of ubiquitin. F: 

forward, R: reverse. 
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can be exploited to clone downstream any coding sequence hence, to obtain a fusion product with Ub at the 

N-terminus without any intervening amino acid residue and with an available internal Sac II cleavage site. The 

PCR conditions were: 2 min at 94 °C; 35 cycles of denaturation at 94 °C for 15 s, annealing at 62 °C for 15 s, 

and extension at 68 °C for 1 min. At the end of PCR cycles, the amplified products were analyzed through 

agarose gel electrophoresis. Ub is encoded in mammals by different genes which are transcribed in different 

mRNAs containing one (UBA52 and RPS27A) or more Ub CDS in tandem (3 for UBB and 9 for UBC, 

respectively) sharing a high homology. This explains the PCR output with the two degenerate primers reported 

above, which displayed different bands corresponding to one or multiples of Ub coding sequence (Fig. 1). The 

PCR products of Ub monomer, dimer and trimer were gel-purified by the Gel Extraction Kit (Qiagen), double-

digested with Pml I and Bam HI and then inserted into the pET45b (+) vector cut with the same restriction 

enzymes. Screening and purification of positive clones were performed as above. All pET45b (+)/Ub 

constructs were validated and confirmed through DNA sequencing using a PE310 Perkin Elmer capillary 

sequencer. 

Cloning of ubiquitin monomer-, dimer- and trimer-hscFv in pET45b (+) and ubiquitin dimer- 

and trimer-hscFv in pET22b (+) 

The hscFv VL-Linker-VH was amplified from vector pET22b (+) with specific primers and was purified with 

the MinElute PCR Purification Kit (Qiagen). Based on the cloning vector, it was digested with different 

restriction enzymes: Pml I (Anza) and Bam HI (Anza) to clone inside the pET45b (+) downstream the 6-His 

tag and Ksp I (Roche, isoschizomer of Sac II) and Hind III (Anza) to introduce it in pET45b (+) downstream 

Ub-trimer/dimer/monomer (Fig.2). After the purification with MinElute PCR Purification Kit (Qiagen), the 

digested hscFv was ligated with each of the mentioned plasmids already digested and hydrolyzed with Calf-

intestinal alkaline phosphatase (Anza). Competent E. coli BL21(DE3) cells were transformed then the colonies 

were checked by Colony PCR and used for a MiniPrep (QIAprep Spin Miniprep Kit Qiagen). The positive 

clones were sequenced. To obtain the Ub dimer and trimer hscFv with His Tag at C-terminus, the constructs 

Ub dimer-hscFv and Ub trimer-hscFv were amplified from the cloning vector pET45b (+) with specific primers 

containing Nde I and Hind III restriction sites. The amplified DNA fragments were purified with the Qiagen 

PCR purification kit and treated with Nde I and Hind III. The same enzymes were used to digest pET22b (+) 

to remove the pel B sequence (Fig.3). After the purification by Qiagen gel extraction kit, the digested constructs 

were ligated into the expression vector and used to transform competent E. coli BL21(DE3) cells. Bacteria 

were spread on agarose plates containing 100 µl/ml of ampicillin (Sigma-Aldrich) and the vectors with the 

right inserts were selected and expressed. 
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Figure 1. Cloning of Ub monomer, dimer ant trimer in pET45 b (+) 

Figure 2. Cloning of scFv in pET45b (+) downstream Ub monomer, dimer, and trimer 
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Expression of hscFvs 

A single colony of E. coli transformed with the respective plasmids, was inoculated into 20 ml of Louria-

Bertani (LB) medium (10 g/L Trypton, 5 g/L Yeast Extract, 10 g/L NaCl pH 7.5) with ampicillin 100 µl/ml 

(A100) and it was left shaking (190 rpm) overnight at 30 °C. After measuring the optical density at 600 nm, a 

part of the overnight culture was diluted in new LB medium+A100 to have a final optical density of 0.1. The 

suspension was put in agitation (190 rpm) at 25 °C until the OD600nm reached an absorbance ranging from 0.6 

to 0.8. An aliquot was removed and used as Not-Induced (NI) control. To induce the expression, isopropylthio-

β-D-galactophyranoside (IPTG) (Sigma-Aldrich) was added in a final concentration of 0.5 mM and cells were 

cultured at 25 °C under constant shaking (200 rpm). The OD600nm was measured every hour for 3 hours and 

every single time an aliquot of 10 ml was withdrawn. The aliquots were pelleted by centrifugation at 4 °C for 

20 minutes at 3000 rpm, suspended in 0.5 ml of lysis buffer (phosphate buffer 20 mM, glycerol 10% (v/v), 

NaCl 0.3 M, β-mercaptoethanol (BME) 3 mM, PMSF 1 mM pH 7.4) and sonicated 3 times (Ultrasonic Cell 

Crusher 60 W, 30 sec in ice). The samples were centrifuged at 4 °C for 20 minutes at 12000 rpm and the 

supernatants, representing the soluble fractions, were separated by the pellets. The latter were resuspended in 

0.5 ml of denaturing buffer (Urea 8 M, phosphate buffer 20 mM, glycerol 10% (v/v), NaCl 0.3 M, BME 10 

mM, pH 8). After one cycle of sonication, the suspensions were left in agitation for one hour and then 

centrifuged for 20 minutes RT at 12000 rpm. The supernatants obtained represented the insoluble fraction. The 

protein concentrations of both the soluble and insoluble fractions were measured through the Bradford assay 

(Bio-Rad).  

 

Figure 3. Cloning of Ub dimer scFv and Ub trimer scFv in pET22b (+) 
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SDS-PAGE and western blot analysis 

To evaluate the recombinant protein expression levels and the purification fractions, the samples diluted 1:2 

in sample buffer 2X (Tris-HCl 0.5 M pH 6.8, SDS 2% (w/v), Glycerol 20% (v/v), Bromophenol blue) + 4% 

(v/v) β-Mercaptoethanol (BME), vortexed and heated in boiling water for 3 minutes were resolved in SDS-

PAGE at the proper polyacrylamide concentrations. The proteins were visualized dying the gels with Brilliant 

Blue Coomassie R-250. To immunodetect the recombinant proteins the gels were electroblotted onto a 

nitrocellulose membrane (0.2 mm pore size) (Bio‐Rad) 1 h at 100 V. The membranes were blocked with 3% 

BSA (Bovine Serum Albumin, Sigma-Aldrich) in TBS (Tris Buffer Saline) + Tween 20 (Sigma-Aldrich) 0.1% 

for 1 hour at room temperature and incubated overnight with Anti-6X His tag polyclonal antibody (OriGene) 

(1:3500 in blocking solution). After washing 3 times (10 min. each), the bands were detected by anti-rabbit 

horseradish peroxidase (HRP)‐conjugated secondary antibody (Bio-Rad) (1:1000 in 3% milk in TBS + tween 

20). The chemiluminescence detection method (WesternBright ECL, Advasta) allowed seeing the peroxidase 

activity. 

Purification of Ub dimer- and trimer-hscFv VL-linker-VH His tag N-terminus and Ub dimer- 

and trimer-hscFv VL-linker-VH His tag C-terminus from the soluble fraction 

500 ml E.coli pellet were suspended in 25 ml of lysis buffer (phosphate buffer 20 mM, glycerol 10% (v/v), 

NaCl 0.3 M, BME 3 mM, PMSF 1 mM, pH 7.4), disrupted by physical method with French Press (Avastin, 

Emulsiflex B15) between 10000 and 13000 Psi and centrifuged at 12000 rpm for 30 min at 4 °C to obtain 

soluble and insoluble fractions (Inclusion Bodies, Ibs). In order to purify the hscFvs with AKTA purifier 

chromatography system (GE Healthcare) by IMAC chromatography, the soluble fraction was charged in a 5 

ml-HisTrap HP column (GE Healthcare, Bucks, UK) equilibrated with 5 CV (column volume) of loading 

buffer (phosphate buffer 20 mM, glycerol 10% (v/v), NaCl 0.3 M, BME 3 mM, pH 7.4). The column was 

washed with 20 CV of loading buffer and then with 5 CV for respectively 50, 250 and 500 mM of imidazole 

(Sigma-Aldrich) in loading buffer. Elution fractions were analyzed by SDS-PAGE 10% (v/v) and stained with 

Brilliant Blue Coomassie R-250. 

Purification of Ub trimer-hscFv VL-linker-VH His tag N-terminus from inclusion bodies 

The bacterial pellet coming from 500 ml of E. coli culture was treated as reported above. The insoluble fraction 

(inclusion bodies) was suspended in denaturing buffer (Urea 8 M, phosphate buffer 20 mM, glycerol 10% 

(v/v), NaCl 0.3 M, BME 10 mM and 30 mM of imidazole, pH 8) and incubated in agitation at room temperature 

for 60 minutes. The sample was centrifuged at 12000 rpm for 30 min. and the urea supernatant was collected. 

The hscFv purification was performed through AKTA purifier chromatography system by IMAC 

chromatography with 5 ml-HisTrap HP-column equilibrated with 5 CV loading buffer (Urea 8 M, phosphate 

buffer 20 mM, NaCl 0.3 M, glycerol 10% (v/v), BME 10 mM, imidazole 30 mM, pH 8). After the sample 

charging, the column was washed with 20 CV of loading buffer and the protein was refolded on column by a 

linear gradient of 30 CV to obtain a solution with 0.5 M of urea and 3 mM of BME. After this step, the column 
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was washed with 5 CV for 50, 250 and 500 mM of imidazole in 0.5 M Urea, 20 mM of phosphate buffer, 0.3 

M NaCl, glycerol 10% (v/v), BME 3 mM, pH 8. Elution fractions were analyzed by SDS-PAGE 10% (v/v) 

and stained with Brilliant Blue Coomassie R-250. 

Purification optimizations of Ub dimer hscFv VL-linker-VH His tag C-terminus from the 

soluble fraction 

The first step of optimization concerned the change of the pH, and consequently of the buffers, opting for basic 

solutions of Tris-HCl. 500 ml of E. coli pellet were suspended in 25 ml of lysis buffer (Tris-HCl 20 mM, NaCl 

0.3 M, glycerol 10 % (v/v), BME 3 mM, PMSF 1 mM, pH 8.5), disrupted by French Press and to separate the 

soluble and insoluble fractions. The soluble fraction was charged in a column with 30 ml Ni+2 Sepharose HP 

(GE Healthcare, Bucks, UK) and equilibrated with loading buffer (Tris-HCl 20 mM, NaCl 0.3 M, glycerol 10 

% (v/v), BME 3 mM, pH 8.5). The column was washed with 20 CV of loading buffer and then with 5 CV for 

each imidazole concentrations (50, 250 and 500 mM in Tris-HCl 20 mM, NaCl 0.3 M, glycerol 10% (v/v), 

BME 3 mM, pH 8.5). The second step of optimization was developed with the aim to reach a higher level of 

cleaning of the fractions containing the hscFv by maintaining the same buffers therefore, after the sample 

charging in 30 ml Ni+2 Sepharose HP and the equilibration with loading buffer, a first step of 5 CV with 

imidazole 100 mM was applied to remove most of the proteins and then a gradient of 5 CV until 250 mM of 

imidazole. Elution fractions were analyzed by SDS-PAGE 10%. The fractions corresponding to the elution 

peak were collected, concentrated, and dialyzed against Tris-HCl 20 mM, NaCl 0.3 M, glycerol 10% (v/v), 

BME 3 mM, pH 8.5 to remove imidazole. 

ELISA assay 

A 96-well plate was coated with 50 μg/ml Laminarin (Sigma-Aldrich, L9634) in 0.05 M carbonate buffer pH 

9.6 overnight at 4 °C. Nonspecific interactions were prevented with 100 µL/well of BSA 3% (w/v) in PBS-

Tween 20 blocking solution (NaCl8g/L, KH₂PO₄ 0.2g/L, Na₂HPO₄∙12 H₂O 2.9g/L, KCl 0.2g/L, Tween 20 

0.05% (v/v), pH 7.4) at 37 °C for 1hour. The plate was then incubated with decreasing concentrations of hscFv 

(from 50 μg/ml to 0.10 μg/ml) in the blocking solution for 2 hours at 37 °C. 100 µL/well of freshly prepared 

Anti-6X His tag polyclonal antibody (OriGene) in blocking solution (1:500) were added and the plates were 

incubated at 37 °C for 1h. At the same temperature and for the same time 100 µL Goat anti-rabbit-HRP (Bio-

rad) diluted 1:1000 in blocking solution was poured in each well. After every single passage, the plates were 

washed 5 times with PBS-Tween 20. To reveal the binding of the secondary antibody, 100 µL of 5 mg-ABTS 

tablet (Roche Diagnostics) dissolved in 12 ml of sodium citrate (0.05M, pH 3) and supplemented with 1:1000 

dilution hydrogen peroxide (Carlo Erba Reagents) were added and after 15, 30, 45 and 60 minutes the 

absorbance at 405 nm was measured at the microplate reader (Bio-Rad). From the addiction of the ABTS 

solution, the plates were left in the dark. 
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RESULTS 

 

Humanization of VH and VL regions of the murine monoclonal antibody 2G8 

The murine amino acids sequence of the scFv 2G8 (VH-Linker-VL) was analyzed with ExPasy and the value 

of the instability index was 41.64. To decrease this value, the VH and VL regions were investigated separately 

through “IgBlastTool”. The murine germlines found to have the highest homology were IGHV1-9*01 for the 

VH (96,2%) and IGKV1-133*01 for the VL (97,7%). The substitution of the non-homologs amino acids (in 

VH: FRW1 I20→L, FRW2 L1→I, FRW3 S30→T, V35→I; in VL: FRW1 I2→V, S7→T, FRW3 F33→V) 

(Fig. 1 A), lowered the instability index until 37.05. These mutated variable regions were used for the 

humanization process. The first strategy recognized IGHV1-46*02 (74.7%) and IGKV2-30*01 (84.0%) as 

human germlines with the highest homology (data not shown). Regarding the second strategy the human 

germlines found for the VH murine frameworks were: IGHV1-3*02 for FWR1 (87.5 %), IGHV1-38-4*01 for 

FRW2 (77.1 %), IGHV169*06 for FRW3 (76.3 %) while for the VL murine frameworks: IGKV2-29*02 for 

FRW1 (84.6 %), IGKV2-28*01 for FRW2 (90.7 %), IGKV2-30*01 for FRW3 (86.3 %) (Fig. 1 B). Once the 

frameworks have been humanized, the two single chains were assembled and launched again in ExPasy. The 

best instability index, even if still too high, was obtained by the second strategy with a value of 41.10. The VH 

and VL of the selected hscFv were compared with the murine ones and back-mutations (VH FRW2 S40→R 

and FRW3 A61→N) were done to decrease the instability index to 37.01 (Fig. 1 C hVH1 and 1 D hVL1). 

Through their analysis in PDB the sequences obtained were: 3HC4 (Identities:80%, X-RAY diffraction: 1.62 

Å 22), 4KQ3 (Identities 80%, X-RAY diffraction: 1.92 Å 23), 4JDV (Identities 72%, X-RAY diffraction: 1.65 

Å 24) for VH and 4DTG (Identities:84%, X-RAY diffraction: 1.80 Å 25), 4LKX (Identities82%, X-RAY 

diffraction: 1.92 Å 26, 4LRI (Identities78%, X-RAY diffraction: 1.65 Å 27) for VL. After the analysis of amino 

acid sequences, non-homolog amino acids in frameworks were changed (Fig. 1 C hVH2 and 1 D hVL2). 

According to several studies 21, 28 about the critical role of Vernier Zones in protein shaping, some amino acids 

were back-mutated in correspondence with these residues. The variable regions obtained were used to build 

the hscFv (Fig. 1 E). 
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Protein expression of the humanized scFv (hscFv) in VH-linker-VL and in VL-linker-VH 

orientations cloned in pET22b (+) 

The recombinant hscFv cloned in pET22b (+) downstream the pelB sequence and the His-tag at the C-terminus, 

was successfully expressed in E. coli BL21(DE3) mainly in inclusion bodies fraction. The cells were collected 

and analyzed at 1, 2 and 3 hours after induction with IPTG. The hscFvs’ bands were found at the molecular 

weight of about 27 kDa. Despite the majority of scFvs are built as VH-linker-VL, some studies 29, 30, 31, 32 

showed that the VL-linker-VH orientation ameliorates both the stability and the expression. These data 

revealed to be useful for our hscFv whose amount in the soluble fractions improved for the VL-linker-VH 

construct. Western immunoblotting confirmed the presence of the recombinant proteins (Fig. 2A and 2B). 

Although the hscFv VL-linker-VH amount in the soluble fraction was improved by the orientation, it was not 

enough to be purified and for this reason a preliminary purification from inclusion bodies was performed. After 

the solubilization of inclusion bodies in Urea 8 M buffer, the sample was loaded in a 5 ml HisTrap column 

under denaturing conditions. The hscFv was eluted with 250 mM of imidazole in Urea 0.5 M buffer. The 

purified fractions were mixed but after concentration, they produced protein precipitation therefore to improve 

the solubility and to avoid the precipitation tween 80 (Sigma-Aldrich) was added in all buffers following the 

same purification process. This strategy prevented the precipitation, but when the hscFv was tested for 

biological activity by ELISA it was impossible to determine the exact β-1,3-glucan-binding efficiency (data 

not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  SEQ Figure \* ARABIC 1: Humanization process of murine mAb 2G8 VH and VL 
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Figure 2. SDS-PAGE and western immunoblotting of hscFvs’ expressions. A: VH-linker-VL, 

B: VL-linker-VH. 
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Expression of ubiquitin monomer-, dimer- and trimer-hscFv in pET45b (+) and ubiquitin 

dimer- and trimer-hscFv in pET22b (+) 

The SDS-PAGE analysis (Fig. 3) shows hscFv cloned in pET45b (+), hence with the His-tag at the N-terminus, 

alone and with Ub monomer, dimer and trimer. An increase of hscFv in the soluble fraction is directly 

correlated with the number of ubiquitin subunits (Fig. 3 A, B, C and D). hscFv without Ub and Ub monomer-

hscFv showed electrophoresis mobility in accordance with their molecular weight (MW) (without Ub ~27 kDa 

and with one subunit ~35 kDa) (Fig. 3 A and B), whereas Ub dimer- and trimer-hscFv bands were lower than 

expected (with two Ub subunits ~44 kDa and with three subunits ~52 kDa) and for this reason, the rightness 

of the sequences has been checked with nucleotide sequencing.  

To produce the Ub trimer- and dimer-hscFv with His-tag at C-terminus, the constructs were amplified from 

pET45b (+) and cloned in pET22b (+) without pel B sequence (as for pET45b (+) vector) adopting the same 

expression conditions reported above. The expression analysis not only follows the pattern seen before but 

also shows an increase of the recombinant protein in soluble fractions (Fig. 3 C compared to E and D compared 

to F). The western immunoblotting analysis revealed the presence of the Ub dimer-hscFv His-tag C-term (Fig. 

3 E). 
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Figure 3. Images from A to D SDS-PAGE expression analysis of hscFv in pET45b (+);     

A: hscFv without Ub; B: Ub monomer-hscFv; C: Ub dimer-hscFV; D: Ub trimer-hscFv. 

Images E and F: SDS-PAGE expression analysis of hscFv in pET22b (+); E: Ub dimer-

hscFv; F: Ub trimer-hscFv 3. G: western immunoblotting of Ub dimer-hscFv in pET22b(+). 
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Purification of ubiquitin dimer- and trimer-hscFv His-tag N-terminus from soluble fraction 

and of ubiquitin trimer-hscFv His-tag N-terminus from inclusion bodies 

The soluble fraction coming from the lysate bacterial pellet was used to purify the recombinants Ub dimer- 

and trimer-hscFv His-tag N-terminus by IMAC nickel column. SDS-PAGE analysis of purification processes 

showed that the Ub dimer- and trimer-hscFv were found in flow-through fractions failing the binding in column 

(Fig.4 A and B). To evaluate if the His-tag could be insufficiently exposed when the protein is in native 

conditions, the same purification process was performed also under denaturing conditions using inclusion 

bodies of Ub trimer-hscFv His-tag N-terminus, the recombinant produced in higher quantity. In this case, part 

of the recombinant antibody bound the Ni+2 Sepharose resin and the elution fractions obtained with 250 mM 

of imidazole were analyzed by SDS-PAGE (Fig. 5). In light of these results, we supposed that the His-tag 

might be potentially masked and for this reason, we decided to change the His-tag position from N-terminus 

to C-terminus. 
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Figure 4. Purification of Ub dimer-hscFv His-tag N-terminus (A) and Ub trimer-hscFv His-tag N-terminus 

(B) from soluble fractions. 

MRK: Marker 

NI: not induced 

C: sample charged in column 

FT: flow-through 
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Figure 5. Purification of Ub trimer-hscFv His-tag N-

terminus from inclusion bodies 

MRK: Marker 

NI: inclusion bodies’ fraction not induced 

C: sample charged in column 

FT: flow-through 
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Purification of ubiquitin dimer- and trimer-hscFv His-tag C-terminus from the soluble fraction  

The purifications of the soluble fractions of both Ub dimer- and trimer-hscFv with the His-tag at the C-terminus 

revealed that the new position is able to improve the protein binding to the column even though a portion keeps 

going to the flow-through (Fig. 6 A and B). The fractions obtained from purification were pooled, concentrated, 

and dialyzed to remove the imidazole. The products were tested in ELISA showing that Ub dimer-hscFv 

performed better than Ub trimer-hscFv. From here the choice to optimize the purification process just for the 

Ub dimer-hscFv (Fig.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. ELISA assay to compare the binding activity of Ub dimer-

hscFv and Ub trimer-hscFv to laminarin antigen. 
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Figure 6. Purification of Ub dimer-hscFv His-tag C-terminus (A) and Ub trimer-hscFv His-tag C-terminus (B) from 

soluble fractions. 

MRK: Marker 

C: sample charged in column 

FT: flow-through 
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Optimized purifications of Ub dimer-hscFv His-tag C-terminus from the soluble fraction 

Two peaks were obtained, the first at 100 mM of imidazole and the second during the gradient towards 250 

mM. The fractions corresponding to the peaks were analyzed in SDS-PAGE. As shown in Fig. 8 no 

recombinant protein was found in the 100 mM- peak. HscFv was eluted at around 165 mM of imidazole as a 

single band denoting a good level of purity and at the expected MW. From 1L of bacterial culture, the yield 

was 40 mg.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Purification of Ub dimer-hscFv at pH 8.5 – step at 100 and gradient until 250 mM of imidazole. 
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DISCUSSION 

 

Looking at the increasing interest of the pharmaceutical companies and research laboratories towards antibody-

based treatments, the development of a humanized scFv becomes an interesting and tempting challenge. The 

IgG2b antibody 2G8 was an optimal candidate for this kind of study since it doesn’t just bind β-1,3-glucans, 

fundamental components of the fungal cell wall, but also demonstrated its efficacy in inhibition of growth, 

adhesion and infection progression, both in vitro and in vivo against several pathogenic fungi.  

Ub dimer-hscFv His-tag C-terminus is the result of a humanization process followed by a deep study aimed to 

express and purify a considerable amount of clean product. The humanization process was based on the CDR-

grafting technique. The VL-VH orientation seemed to be a little more soluble than the VH-VL but the real 

contribution in terms of solubility was given by ubiquitin. The solubility increased with the number of ubiquitin 

monomers added in the sequence, but at the same time, the steric hindrance made the purification through His-

tag difficult for both the Ub dimer- and the trimer-hscFv. The order changing, with the presence of the His-tag 

at the C-terminus improved the purification profile but the hscFvs were largely found in the flow-through. We 

suppose that the protein folding could still mask the tag of Histidine not allowing the binding to the column. 

Only the pH modification moving from the canonical 7.4 to 8.5 let a total protein binding thus suggesting a 

temporary and reversible conformational modification in basic conditions that probably implicate the His-tag 

exhibition. The Ub dimer-hscFv His-tag C-terminus was then collected resulting in a 40 mg clean product 

coming from 1L of bacterial culture. The binding capacity was maintained in ELISA meaning that the hscFv 

obtained was still efficient. Further studies on its activity and stability are ongoing.  
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INTRODUCTION 

 

The use of monoclonal antibodies as therapeutics has met a rapid evolution mainly due to their computational 

identification and/or design combined with efficient and rapid screening methods 1. Advances in recombinant 

antibody technologies promoted the manipulation of antibody fragments as well, allowing research, diagnoses, 

and therapies to benefit from several engineered products 2, 3, 4, 5, 6, 7. In particular, single-chain fragment 

variables (scFvs), are recombinant antibody formats composed only by the variable regions of the heavy and 

of the light chains. Their smaller size and the consequently higher degree of penetration and facilitated access 

to the antigen, together with the better pharmacokinetic profile, the lower immunogenicity risk due to the lack 

of the Fc domain and the high production at low costs have drawn huge interest and several investments 6, 8, 9, 

10. Despite the advantages of scFvs compared to the respective full-length antibodies, several bottlenecks have 

been identified: scFvs often don’t share with their parentals a good binding affinity, they suffer from a rapid 

clearance, they are less stable and tend to aggregate becoming immunogenic in any case 2, 10, 11. These features 

limit a lot their therapeutic potential, nevertheless, some genetic and chemical modifications and suitable 

formulations are being explored 12, 13, 14, 15, 16. In this study we continue the investigation of Ub-dimer-hscFv 

His-tag at the C-terminus (hscFv) which was previously humanized and optimized in order to make it soluble 

and purifiable. Our attempts are those of the improvement in the purity of the hscFv and of the evaluation of 

the binding to the specific antigen and of the stability, always monitoring the aggregation formation. Finally, 

the hscFv activity was tested on Candida spp. looking at the binding and at the growth inhibition both alone 

and in combination with antifungal drugs markedly available. 
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MATERIAL AND METHOD 

 

Expression of hscFvs 

E. coli transformed with pET45b (+) – Ub-dimer-hscFv His-tag at the C-terminus was used for the protein 

expression. In brief, a single colony was spread into Louria-Bertani (LB) medium (10 g/L Trypton, 5 g/L Yeast 

Extract, 10 g/L NaCl pH 7.5) with ampicillin 100 µl/ml and left growing overnight at 30 °C in agitation. Then 

the inoculum was diluted in 500 ml of LB to have an OD600 of 0.1 and incubated in agitation at 25 °C until an 

OD600 of 0.6-0.8. An aliquot was removed while the remaining culture was induced by isopropylthio-β-D-

galactophyranoside (IPTG) (Sigma-Aldrich). The expression was carried on for three hours with withdrawals 

at every hour whereas the remaining volume was used for the purification. The aliquots were centrifuged, and 

the pellet lysed and sonicated three times (Ultrasonic Cell Crusher 60 W, 30 sec in ice). After centrifugation, 

the supernatants were collected (soluble fractions) while the pellets were resuspended in denaturing buffer 

(Urea 8 M, phosphate buffer 20 mM, glycerol 10% (v/v), NaCl 0.3 M, BME 10 mM, pH 8), sonicated once 

and left in agitation for 1 hour RT. Finally, the samples were centrifugated again and the supernatants were 

collected (insoluble fractions). The protein concentration was measured through Bradford assay (Bio-Rad) and 

the analysis of the aliquots was performed by SDS-PAGE and western-blot. 

Purification with a negative passage in Q Sepharose and a positive passage in Ni+2 Sepharose  

The remaining volume of the expression was centrifuged.  E. coli pellet was lysed with lysis buffer (Tris-HCl 

20 mM, glycerol 10% (v/v), NaCl 30 mM, BME 3 mM, PMSF 1 mM, pH 7.4), then the suspension underwent 

three passages in French Press and was centrifuged again. The supernatant was charged in Q Sepharose FF 

column (GE Healthcare, Bucks, UK) previously equilibrated with 5 CV of loading buffer (Tris-HCl 20 mM, 

glycerol 10% (v/v), NaCl 30 mM, BME 3 mM, pH 7.4). The column was washed with 20 CV of loading buffer 

and then with 5 CV for respectively 0.25, 0.5, 0.75, 1 and 2 M of NaCl in loading buffer. The flow-through 

and the elution fractions were analyzed by SDS-PAGE 10% (v/v) and stained with Brilliant Blue Coomassie 

R-250. Then the flow-through fractions were reunited, adjusted in pH until 8.5 and in NaCl concentration until 

0.3M, concentrated, dialyzed, and charged in Ni+2 Sepharose HP (GE Healthcare, Bucks, UK). The Ni+2 

Sepharose HP column was previously equilibrated with loading buffer (Tris-HCl 20 mM, NaCl 0.3 M, glycerol 

10 % (v/v), BME 3 mM, pH 8.5). The first step of elution occurred with 100 mM of imidazole (5 column 

volume (CV)) while the hscFv was eluted during the gradient until 250mM of imidazole (5CV). The elution 

fractions were analyzed by SDS.PAGE then the fractions containing the hscFv were reunited, concentrated, 

dialyzed to remove imidazole, and used to perform different analyses.  

SDS-PAGE and western blot analysis 

Samples were diluted 1:2 in sample buffer 2X (Tris-HCl 0.5 M pH 6.8, SDS 2% (w/v), Glycerol 20% (v/v), 

Bromophenol blue) + 4% (v/v) of β-Mercaptoethanol (BME), vortexed and boiled for 3 minutes. Then they 

were charged and let running in polyacrylamide gel (10%) The proteins were dyed with Brilliant Blue 
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Coomassie R-250 whereas for immunodetection the gels were electroblotted onto a nitrocellulose membrane 

(0.2 mm pore size) (Bio‐Rad) for 1 hour at 100 V. The membranes were blocked with 3% BSA (Bovine Serum 

Albumin, Sigma-Aldrich) in tris buffer saline (TBS) + Tween 20 (Sigma-Aldrich) 0.1% for 1 hour at room 

temperature and then incubated overnight with Anti-6X His tag polyclonal antibody (OriGene) (1:3500 in 

blocking solution). After washing 3 times (10 min. each), the membranes were incubated with anti-rabbit 

horseradish peroxidase (HRP)‐conjugated secondary antibody (Bio‐Rad) (1:1000 in 3% milk in TBS + tween 

20). Bands were visualized with the enhanced chemiluminescence detection kit WesternBright ECL 

(Advansta) in a ChemiDoc MP Imaging System (Bio‐Rad). 

Mass spectrometry 

Following the method of Zhang et al. 16, 10 pmol/μl of hscFv diluted in a solution of H2O/acetonitrile 50:50 

supplemented with formic acid 0.1% was injected for direct infusion into the Orbitrap Exploris 240 Mass 

Spectrometer (Thermo Fisher Scientific) equipped with electrospray ionization source. The analysis was 

performed at room temperature with an elution flow rate of 10 μl/min., in intact protein mode and the surface-

induced dissociation (SID) was set at 60 V to help desolvation without fragmenting the hscFv and the 

resolution at 15 000. The resulting spectrum was the average of all the scans acquired in the mass range from 

600 to 1400 mass-to-charge ratio (m/z) and deconvoluted with FreeStyle software (Thermo Fisher Scientific). 

The analysis was performed by the internal facility of the University of Urbino Carlo Bo – section of 

biochemistry and biotechnology. 

Investigation of the aggregation behaviour 

The aggregation behaviour of hscFv was evaluated in SDS-PAGE. First it was diluted 1:2 in sample buffer 2X 

(Tris-HCl 0.5 M pH 6.8, SDS 2% (w/v), Glycerol 20% (v/v), Bromophenol blue). The sample buffer was 

supplemented with 4% (v/v) of β-Mercaptoethanol (BME), 5 M of urea and 10 mM of EDTA, assaying all the 

possible combinations 17. At the same time, BME was also substituted with different concentrations of DTT 

(1, 10, 50 and 100 mM) and the samples were and weren’t boiled.  

At the end of these analyses, the purified hscFv was dialyzed in order to change BME into 1,4-Dithiothreitol 

(DTT). DTT is a stronger reducing agent moreover, it is more stable, hence it is preferred for storage. 

ELISA assay 

A 96-well plate was coated with 50 μg/ml Laminarin (Sigma-Aldrich, L9634) in 0.05 M carbonate buffer pH 

9.6 overnight at 4 °C. For 1 hour at 37 °C the plate was incubated with blocking solution (BSA 3% (w/v) in 

PBS-0.05% (v/v) tween 20, pH 7.4) then, decreasing concentrations hscFv were added and left to bind for 2 

hours at 37 °C. Anti-6X His tag polyclonal antibody (OriGene) in blocking solution (1:500) were added and 

the plates and left incubating at 37 °C for 1hour. Then the Goat anti-rabbit-HRP (Bio-rad) diluted 1:1000 in 

blocking solution was left bind for 1 hour at 37 °C. After every single passage, the plates were washed 5 times 

with PBS-Tween 20. Finally, 100 µL of 5 mg-ABTS tablet (Roche Diagnostics) dissolved in 12 ml of sodium 
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citrate (0.05M, pH 3) and supplemented with 1:1000 dilution hydrogen peroxide (Carlo Erba Reagents) were 

left react in the dark for 15, 30, 45 and 60 minutes and the absorbance was read at 405 nm at the microplate 

reader (Bio-Rad). 

Stability test 

Aliquots containing hscFv were left at different temperatures for different time points (Table 1). The evaluation 

of the structural stability of the hscFv was performed through SDS-PAGE and western blot, while to assess its 

activity, the IC50 resulting from ELISA tests were compared. 

 

 

 

Immunofluorescence and flow cytometry 

Candida albicans and Candida auris were inoculated overnight in RPMI+MOPS (0.165M pH 7). In order to 

investigate C. albicans in both hyphal and yeast form, two inocula for this specie were prepared, one of 

RPMI+MOPS (0.165M pH 7) and the other RPMI+MOPS (0.165M pH 7) supplemented with 10% serum 18. 

Inocula were washed and ~106 CFU/ml were resuspended in PBS 3% (w/v) BSA + 50 μg/ml of hscFv and left 

1 hour at 37 °C. Cells were washed and incubated with Anti-6X His tag polyclonal antibody (OriGene) in 

blocking solution for 1 hour at 37 °C and then, with goat anti-mouse IgG1 Alexa Fluor 488 (Molecular Probes). 

After washing again, the samples were fixed with paraformaldehyde 4% in PBS for 1 hour at 4 °C. After 

washing again, each sample was resuspended in PBS and divided into two aliquots. An aliquot was used for 

the immunofluorescence microscopy while the other for the analysis at the flow cytometer (FACScanto II, 

BDBioscences, Erembodegem, Belgium), equipped with three lasers (488 nm, 633 nm, 405 nm) to evaluate 

the fluorescence intensity due to the conjugation to the hmAb compared to the cells’ autofluorescence. The 

dialysis buffer was used at the place of the hscFv, while PBS replaced the other antibodies in the controls. 

Temperatures 37 °C 4 °C -20 °C -80 °C 

Time points 

3 days 

1 week 

2 weeks 

3 weeks 

3 days 

1 week 

2 weeks 

3 weeks 

1 month 

2 months 

3 months 

1 month 

2 months 

3 months 

3 months 

Table 1. Schematic representation of the temperatures and time points for the stability test 
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Minimum inhibitory concentration (MIC) 

Confident about the results obtained with the humanized full-length antibody H5K1, hscFv was tested as well 

in combination with caspofungin (CAS) (Sigma-Aldrich) and amphotericin B (AMB) (Sigma-Aldrich) on C. 

auris. EUCAST guidelines for the microdilution method were followed. In brief, from an overnight inoculum 

of C. auris in RPMI+MOPS (0.165M pH 7), 1–5x105 CFU/ml were plated in a 96-well plate. The antifungal 

drugs concentrations were 10-fold serially diluted starting from 4 μg/ml, while the concentrations of hscFv 

tested were 0.25, 2.5 and 25 μg/ml. The plates were incubated at 37 °C for 24 and 48 hours. The absorbance 

was read at 405 nm with a Microplate Reader (Bio-Rad). For caspofungin we considered the concentrations 

that inhibit 50% of the growth compared to drug-free control (MIC50) while for amphotericin, the 

concentration that inhibits the 90% (MIC90) and the 50% (MIC50) of the growth compared to drug-free 

control. The dialysis buffer was used at the place of the hscFv. The assays were performed three times in 

triplicate. 
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RESULTS 

 

Purification process 

In view of a scaling up and with the aim to clean as much as possible Ub dimer-hscFv VL-linker-VH His tag 

C-terminus (hscFv) from other proteins and especially from endotoxins, a negative passage in Q Sepharose FF 

was introduced in the purification process before the step in Ni+2 Sepharose HP. As reported in Figure 1, the 

first passage was essential to remove some contaminants with the majority of the hscFv passing in the flow-

through fractions. The fractions containing the hscFv were collected, reunited, adjusted in NaCl concentration 

and pH and charged in Ni+2 Sepharose HP column. This passage was previously validated and the elution of 

the hscFv occurred, as expected at around 165 mM of imidazole. The fractions seem cleaner compared to the 

purifications performed before with a single passage in Ni+2 Sepharose HP. The contribution of every single 

purification step is summarized in figure 3. The first band corresponds to the sample charged in Q Sepharose 

FF, the second band to result of the Q Sepharose FF purification and at the same time the sample charged in 

Ni+2 Sepharose HP and the third band the result of the Ni+2 Sepharose HP purification. The third band is cleaner 

from contaminants even if it presents some products of degradation and traces of aggregates. The yield 

obtained from around 500 ml of bacterial culture was ~18.8 mg meaning that there hasn’t been a significant 

loss of material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Purification of Ub dimer-hscFv: step in Q Sepharose FF, negative passage. Elution with 0.25, 

0.5, 0.75, 1 and 2 M of NaCl. 

MRK: Marker 

C: sample charged in column 

FT: flow-through 

kDa 

 

100 

75 

 

50 

 

37 

 
 

25 

MRK  C                    FT                                                    Elution fractions 

0.25 M         0.5 M              0.75 M             1 M                   2 M 



140 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

kDa 

 
 

100 

75 
 

50 
 

37 

 
25 

MRK   C    FT                                                    Elution fractions 

100 mM                                           gradient until 250 mM    

Figure 2. Purification of Ub dimer-hscFv: step in Ni+2 Sepharose HP, positive passage. First elution with 

100 mM of imidazole followed by a gradient until 250 mM of imidazole. 
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Figure 3. Sequence of the steps of the purification process and 

progressive higher level of purity of the hscFv. 

MRK: Marker 

1: soluble fraction of the bacterial culture charged in Q Sepharose FF 

2: product of the negative passage in Q Sepharose/sample charged in 

Ni+2 Sepharose HP 

3: product of the positive passage in Ni+2 Sepharose HP 
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Mass spectrometry 

Figure 4 represents the average ESI mass spectrum with mass-to-charge (m/z) ranging between 600 and 1400. 

The hscFv was analyzed in its intact form and each peak of the resulting Gaussian distribution represents a 

different protonated level of the proteins present in the sample. The distribution proceeds from the most 

protonated to le least protonated species in a charged state ranging from 36+ to 63+. The corresponding 

deconvoluted mass spectrum (Fig. 5) shows that the most abundant peak belongs to the hscFv and represents 

almost 100% of the total proteins in the sample. The molecular mass is 44 519.89 Da; the other two most 

abundant species are cationized adducts of the hscFv with respectively 1 (44 497.35 Da) and 4 (44611.05 Da) 

Na+ cations at the place of protons. The remaining peaks are probably degradation products of the hscFv and 

contaminants of the purification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Positive ESI Orbitrap mass spectrum of the intact hscFv. m/z ranging from 

600 to 1400 and charge ranging from 36+ to 63+. 

Figure 5. Deconvoluted mass spectrum showing the prevalence of the hscFv and of its 

cationized adducts. 
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Investigation of the aggregation behaviour 

One of the major limits of the antibody fragments is their pro-aggregation behaviour and for this reason, 

electrophoretic analyses were performed to assess the presence and absence of aggregates. hscFv was dissolved 

in a common buffer (sample buffer) supplemented with BME, urea, EDTA and their combinations and boiled 

(Fig. 6) and with different concentrations of DTT not/boiling the samples (Fig. 7). In figure 6 it is evident that 

the 30 mM of BME used during the purification process are not sufficient for preventing the aggregation of 

the hscFv. Only by adding 4% of BME (~0.57 M) to the sample buffer it is possible to let the bands enter the 

gel and be resolved. The aggregates are clearly resistant to the denaturing action of urea and to the chelating 

activity of EDTA suggesting that the interactions responsible for the aggregates are neither aspecific nor metal-

linked. The aggregates are sensitive to reducing conditions demonstrating that the 4 Cysteines in the sequence 

play a putative role probably creating both intra- and intermolecular disulphide bonds. Figure 7 confirms that 

the redox state gives a pivotal contribution to the aggregates’ formation. In not boiling condition and in absence 

of DTT, the majority of hscFv can’t penetrate the gel. With the same treatment, the addition of increasing 

concentrations of DTT promotes the progressive disaggregation starting from 1 mM of DTT and with a 

complete electrophoresis resolution already with 10 mM. Aspecific interactions have a minor influence, and it 

is evident comparing the samples with 1 mM of DTT boiled and not boiled. Interestingly in both figures is the 

presence of aggregates at around the double (~90 kDa) and the triple (~133 kDa) of hscFv molecular weight, 

meaning the presence of hscFv dimers and trimers. 
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Figure 6. SDS-PAGE analysis of the hscFv to test the aggregation formation in presence of BME, urea 

and EDTA and their combinations added to the sample buffer solution. The samples were boiled. 

S: sample buffer 

B: 4% β-Mercaptoethanol (BME) 

U: 5 M urea 

E: 10 mM EDTA 
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ELISA assay 

The hscFv coming from the purification, after concentration and dialysis, was tested in ELISA assay to assess 

its binding capacity to the β-1,3-glucan laminarin. The resulting IC50 is 0.403 ± 0.029 μg/ml (Fig. 8 A) and the 

AUC of the relative interpolated curve is 0.59 (Fig. 8 B).  
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Figure 7. Electrophoretic analysis of the effect of the boiling and of 

increasing concentrations of DTT on hscFv aggregates. 0, 1 ,10, 50 

and 100 mM are the concentrations of DTT. The first five samples 

weren’t boiled while the last four were boiled.   

Figure 8. Binding of the hscFv to laminarin and evaluation through ELISA assay (A) and the 

interpolated ROC curve (B).  
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Stability test 

Aliquots of the same stock solution containing the purified, concentrated, and dialyzed hscFv (Fig. 10 A) were 

separated and stored at different temperatures and for different time points. Already after 3 days at 37 °C, the 

hscFv started losing its binding ability (Fig. 9 A). Temperature played a dual role, the first was a direct effect 

on the hscFv while the second implies the DTT faster degradation hence, a huge aggregation of the hscFv in a 

shorter time. Both these concomitant events probably influenced the activity and the stability of the hscFv 

whose bands gradually disappeared for the aliquots at 37 °C leaving space only to aggregates (Fig. 10 B, C, D 

and E). At 4 °C the hscFv preserved the binding capacity with IC50s ranging near the value of the beginning 

(Fig. 9 B). Only after one month the IC50 progressively increased, whereas the aliquots at -20° and -80° C, not 

just performed as at the starting point in terms of binding (Fig. 9 C and D) but they even didn’t present more 

aggregates compared to the time 0 (Fig. 10 F, G and H) 
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Figure 9. Stability test. Evaluation of the binding activity of hscFv when stored at 37° (A), 4° (B), -20° (C) 

and -80° C (D) for different time points.  
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Figure 10. Stability test. Evaluation of the aggregation formation immediately after hscFv production (A) and when 

it is stored at different temperatures for 3 days (B), 1 week (C), 2 weeks (D), 3 weeks (E), 1 month (F), 2 months (G) 

and 3 months (H).  
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Immunofluorescence and flow cytometry 

Until now the binding of hscFv to β-1,3-glucans was evaluated only in ELISA assays and using laminarin as 

antigen. Here we demonstrated its ability in recognizing and binding β-1,3-glucans on the cell wall of C. auris 

and C. albicans both in hyphal and yeast form (Fig. 11). Through flow cytometry analyses the fold of increase 

between the fluorescence of treated samples and the basal cell autofluorescence was calculated. For C. auris 

the fold of increase is about 50 while for C. albicans around 30.5. These values increase considerably 

considering the events at higher forward scatter (FSC) and side scatter (SSC): for C. auris becomes 120 and 

for C. albicans 54. The subpopulations considered are the budded cells for C. auris and the hyphae for C. 

albicans and represent respectively the 13% and the 66% of the entire samples (Fig. 12).  

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Immunofluorescence analysis to evaluate hscFv binding to β-1,3-glucans of C. auris and 

C. albicans cells. Green fluorescence and bright-field images. 
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Minimum inhibitory concentration (MIC) 

Looking at the promising results in flow cytometry and immunofluorescence, the hscFv was also investigated 

for its possible activity in combination with caspofungin (CAS) and amphotericin B (AMB). We considered 

MIC50 as the lowest concentration that inhibits 50% of the growth compared to drug-free control and MIC90 

as the lowest concentration that inhibits 90% of the growth compared to drug-free control. For what concern 

caspofungin, positive results are visible already at 24 hours with the gradual loss of efficacy of CAS from 

0.125 μg/ml and the retention of activity when combined with hscFv (Fig. 13 A). In particular, the combination 

with 25 μg/ml of hscFv permitted the MIC50 to shift of 2-fold dilutions from 0.125 μg/ml of caspofungin to 

0.03125 μg/ml (Table 2). At 48 hours the effect doesn’t disappear (Fig. 13 B), in fact the shift of MIC50 is 

maintained of 2-fold for the combination with 25 μg/ml of hscFv (from 0.25 to 0.0625 μg/ml of caspofungin) 

but appears, of 1-fold (from 0.25 to 0.125 μg/ml), also with 2.5 μg/ml (Table 3). Nevertheless, the best results 

were obtained with amphotericin B for which we considered both MIC90 and MIC50 (Fig. 14 A and B). At 

24 hours both the combination with 2.5 μg/ml and with 25 μg/ml of hscFv caused a shift of 1-fold for the 

former and of 2-fold for the latter, for both MIC90 and MIC50 (MIC90 decreased from 0.25 μg/ml to 0.125 

Figure 12. Flow cytometric analysis of MFI of C. auris and C. albicans cells treated with hscFv. On the left 

C. auris cells: in red the entire sample population; in green the subpopulation of the unbudded cells; in blue 

the subpopulation of the budded cells. On the right C. albicans cells: in red the entire sample population; in 

green the subpopulation of the cells in yeast form; in blue the subpopulation of the cells in hyphal form. 
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μg/ml with 2.5 μg/ml of hscFv and to 0.0625 μg/ml with 25 μg/ml of hscFv, whereas MIC50 decreased from 

0.125 μg/ml to 0.0625 μg/ml when CAS is combined with 2.5 μg/ml of hscFv and to 0.03125 μg/ml when 

combined with 25 μg/ml of hscFv) (Table 4). The shift of MIC50 is extended also to the combination with 

0.25 μg/ml of hscFv at 48 hours. While the fold-shifts for the combinations with 2.5 and 25 μg/ml of hscFv 

were maintained constant for MIC90, they increased of 1-fold for MIC50 (MIC90 decreased from 0.5 μg/ml 

to 0.25 with the addition of 2.5 μg/ml of hscFv and to 0.125 μg/ml with 25 μg/ml of hscFv while MIC50 

decreased from 0.5 μg/ml to 0.25 μg/ml with 0.25 μg/ml of hscFv, to 0.125 μg/ml with 2.5 μg/ml of hscFv and 

to 0.0625 μg/ml with 25 μg/ml of hscFv) (Table 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. MIC assay of caspofungin (CAS) alone and in combination with different concentrations of hscFv at 24 

(A) and 48 (B) hours.   

                                                                                                       

Drug µg/ml 

% growth inhibition - 48h 

 CAS 
Combination CAS-hscFv (µg/ml) 

0.25 2.5 25 

4 77.2 78.5 78.8 77.6 

2 91.9 91.7 93.9 90.2 

1 94.7 93.2 95.6 92.7 

0.5 91.6 91.4 95.6 94.1 

0.25 56.3* 55.4* 88.4 93.3 

0.125 6.5 10.7 53.4* 91.1 

0.0625 0.7 2.8 5.4 71.2* 

0.03125 5.2 6.3 3.4 26.6 

0.156 6.9 9.5 11.6 20.1 

0.0078 3.9 6.9 7.7 12.0 
 

Drug µg/ml 

% growth inhibition - 24h 

CAS 
Combination CAS-hscFv (µg/ml) 

0.25 2.5 25 

4 93.0 94.3 96.3 90.6 

2 98.6 98.9 98.6 94.7 

1 99.1 98.8 98.7 95.1 

0.5 99.0 98.8 100 96.2 

0.25 97.0 98.0 100 96.3 

0.125 59.2* 68.2* 85.0* 95.8 

0.0625 9.1 24.7 29.8 91.4 

0.03125 0 6.7 11.9 61.5* 

0.156 0 2.4 16.2 15.1 

0.0078 0 2.4 12.8 9.8 

                                                                                                                                           

Table 2. Percentage of growth inhibition of 

caspofungin (CAS) alone and in combination with 

hscFv at 24 hours.  MIC50 breakpoints are marked 

with ⁎. 

Table 3. Percentage of growth inhibition of 

caspofungin (CAS) alone and in combination with 

hscFv at 48 hours.  MIC50 breakpoints are marked 

with ⁎. 

A B 



149 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drug µg/ml 

% growth inhibition - 24h 

AMB 
Combination AMB-hscFv (µg/ml) 

0.25 2.5 25 

4 100 100 100 100 

2 100 100 100 100 

1 100 100 100 100 

0.5 100 100 100 98.9 

0.25 95.6† 99.0† 100 98.2 

0.125 70.2* 80.1* 100† 98.4 

0.0625 14.7 31.8 75.1* 91.3† 

0.03125 0 8.9 31.8 71.0* 

0.156 0 9.3 22.2 47.3 

0.0078 0 7.6 14.4 21.5 

 

Drug µg/ml 

% growth inhibition - 48h 

 AMB 
Combination AMB-hscFv (µg/ml) 

0.25 2.5 25 

4 100 100 100 100 

2 100 100 100 100 

1 100 100 100 100 

0.5 100*† 100† 100 100 

0.25 36.1 50.0* 96.0† 100 

0.125 18.6 15.9 50.1* 94.9† 

0.0625 3.1 5.9 15.9 50.4* 

0.03125 2.3 0 6.1 29.4 

0.156 1.3 4.2 6.2 18.8 

0.0078 3.5 3.5 2.6 13.3 

 

Figure 14. MIC assay of amphotericin B (AMB) alone and in combination with different concentrations of hscFv 

at 24 (A) and 48 (B) hours.   

Table 4. Percentage of growth inhibition of 

amphotericin B (AMB) alone and in combination 

with hscFv at 24 hours.  MIC50 breakpoints are 

marked with ⁎ while MIC90 breakpoints are marked 

with †. 

 

Table 5. Percentage of growth inhibition of 

amphotericin B (AMB) alone and in combination 

with hscFv at 48 hours. MIC50 breakpoints are 

marked with ⁎ while MIC90 breakpoints are marked 

with †.   

A B 
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DISCUSSION 

 

In this study we tried to characterize the hscFv previously humanized and optimized. The purification process 

was firstly improved in order to obtain a product pure as much as possible still maintaining a good yield. Here 

we are proud to present the result of a double-step purification process based on a negative passage in Q 

Sepharose FF and on a positive passage in Ni+2 Sepharose HP. The hscFv has a level of purity that touches 

almost 100%. The presence, even if little, of degradation products and of aggregates persuaded us to start 

immediately analyses about the nature of the aggregates and about the best buffer composition. The 

interactions behind the aggregate behaviour are sensitive to the presence of reducing agents as β-

mercaptoethanol (BME) and 1,4-dithiothreitol (DTT), while were slightly susceptible the boiling/not boiling 

process and completely indifferent to the presence of urea and EDTA meaning that aspecific interactions play 

a minor role compared to the formation of intra-and intermolecular disulphide bonds. From these results the 

initial formulation was modified only in its reducing agent, therefore BME was substituted with DTT since it 

has stronger activity and is stabler. hscFv demonstrated to be able to recognize and bind β-1,3-glucans with an 

IC50 of 0.403 ± 0.029 μg/ml. To test the stability of the new formulation, tests were performed at different 

temperatures and for different time points. The formation of many aggregates and the total loss of the binding 

activity occurs within 3 weeks at 37° C probably because of a direct effect of the temperature on the hscFv and 

of an indirect effect given by the faster degradation of DTT. At 4° C, the hscFv demonstrated to maintain the 

binding capacity longer with a slight and slow decrease only after one month. Aggregate increased as well, 

especially if compared to the samples stored at -20° and -80° C that preserved completely both the binding 

activity and the monomeric form without traces of aggregates formation compared to the starting point. Not 

satisfied, we evaluated the binding of the hscFv also on C. auris and C. albicans cells, the latter both in hyphal 

and yeast form obtaining good results. The fold of increase of the mean fluorescence intensity in C. auris and 

C. albicans are respectively 50 and 30.5 but they considerably increase to 120 and 54 considering the 

subpopulations composed by budded cells for C. auris and cells in hyphal form for C. albicans. These 

subpopulations represent respectively 13% and 66% of the entire samples and are also the cells with the highest 

positivity for the hscFv. This is consistent with the information reported in the literature about a higher β-1,3-

glucan exposition in bud scars and in hyphae 19, 20.  Finally, the hscFv activity on the pathogenic yeast C. auris 

was assessed through MIC assays and both alone and in combination with caspofungin and amphotericin B. 

hscFv alone doesn’t affect the fungal growth but it contributes substantially to the activity of both caspofungin 

and amphotericin B especially when they are alone and lose their activity. Actually, MIC50 of caspofungin 

shifts of 2-fold concentration with 25 μg/ml of hscFv at 24 and 48 hours and of 1-fold with 2.5 μg/ml at 48 

hours. With amphotericin B hscFv reaches its greatest potential with a decrease of MIC50 and MIC90 of 1-

fold concentration with 2.5 μg/ml of hscFv and of 2 folds with 25 μg/ml at 24 hours while, if MIC90 fold 

decrease remains constant, the MIC50 shifts of 1-fold concentration with 0.25 μg/ml of hscFv, of 2 folds with 

2.5 μg/ml and of 3 folds with 25 μg/ml. Further experiments must be done, especially to check the presence of 

additivity or synergy and to see whether the activity in combination is effective also on other fungal species 
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and genera. Since the small size of the hscFv it may be interesting to see its level of penetration, binding and 

activity in biofilm. Nonetheless, these highly promising preliminary results make us hopeful and intrigued.  
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FINAL CONCLUSION 
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The microbiological world and especially the fungal panorama is currently facing hard times with the rapid 

development and spread of resistance and the birth of new species intrinsically and sometimes multidrug-

resistant. Noted the poor drug arsenal and the lack of effectiveness, an innovative approach had to be found. 

The application of biological drugs in this field has always been scarce and limited to a few attempts that 

almost always ended up with failures. In this study, we started from a candidate rich in activity potential but 

poor in safety and clinical future, the murine monoclonal antibody 2G8. 2G8 demonstrated to be able to bind 

selectively β-1,3-glucans, vital components of the cell wall of pathogenic fungi, and to be efficient in 

controlling fungal infections. Nevertheless, the murine nature was its major bottleneck, therefore I started my 

Ph.D. project with the aim to develop, produce and characterize a humanized antibody starting from 2G8. Two 

different antibody formats were evaluated: the single-chain fragment variable (scFv) and the full-length. These 

choices reflected two different ways of administration, hence diverse infection severity and urgency level. The 

full-length format was designed for systemic applications while the scFv, with its briefer half-life, for topical 

use.  

The canonical CDR-grafting permitted the birth of a humanized single-chain fragment variable (hscFv). The 

orientation as VL-linker-VH and the presence of two ubiquitin monomers at the N-terminus and the His-tag at 

the C-terminus granted higher quantity, stability, and solubility. With many efforts, we managed to have a 

clean product (~40 mg from 1L of bacterial culture) with two steps of purification, a negative passage in Q 

Sepharose and a positive passage in Ni2+ Sepharose. hscFv is still able to bind β-1,3-glucans both as coated 

antigens and on C. auris and C. albicans cells and to affect the growth of C. auris when combined with 

caspofungin and amphotericin B. A black mark is represented by its tendency to aggregate forming disulphide 

bonds and, in a minor way, aspecific interactions. Studies on the best formulation led to the substitution of the 

reducing agent and to relatively long stability and retention of activity when stored at 4°, -20° and -80° C. 

In the meanwhile, with a novel humanisation approach combining different humanization methods, the 

humanised full-length monoclonal antibody H5K1 was generated. It was soon compared to the murine 2G8 

from which it took immediate distance in terms of performances showing better IC50, AUC and Kd. Among 

pathogenic fungi, Candida spp. are the causes of many nosocomial infections and even though C. albicans is 

still the prevalent specie, over the past few years a mycological shift toward the non-albicans Candida (NAC) 

species has been recorded. Apropos Candida auris is one of the three leading causes of morbidity and mortality 

worldwide and is often associated with intrinsic multidrug-resistance and Candida glabrata is associated with 

higher mortality compared to other NACs. Both these species were considered as a fungal model to evaluate 

hmAb H5K1 effectiveness. H5K1 can bind selectively β-1,3-glucans on C. auris, C. albicans and C. glabrata 

cells and on Aspergillus fumigatus and Fusarium solani conidia. In particular, C. auris, C. albicans and C. 

glabrata had almost 100% of positive cells with a major binding propensity for budded cells and hyphae. 

Surprisingly H5K1 demonstrated activity alone in C. auris growth and adhesion inhibition and cell wall 

perturbation and in C. glabrata biofilm matrix alteration. However, the best activity was revealed in 

combination with amphotericin B and echinocandins on both C. auris and C. glabrata (of the latter two strains 

had low susceptibility for echinocandins and one was a biofilm hyper producer). H5K1 establishes additivity 
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with echinocandins and synergy with amphotericin B potentiating its fungicidal activity as well. This happens 

also at low concentrations of both hmAb H5K1 and of the antifungal drugs being an advantage considering 

the side effects of the available antifungal drugs used for prolonged periods and at high doses. In addition to 

its intrinsic and combinatorial efficacy, hmAb H5K1 keeps being a full-length antibody then able to be 

recognized by macrophages. As a matter of fact, after C. auris opsonization, macrophage efficiency increased, 

and the phagocytosis was enhanced. 

 

 In conclusion, hscFv and hmAb H5K1, both born from the murine hmAb 2G8, demonstrated comparable and 

sometimes better performances than their parental. They are effective in vitro especially in combination with 

amphotericin B and echinocandins showing to be able to modulate not just the fungal growth and adhesion but 

also the biofilm formation. The two different antibody formats are destined for different applications but in 

view of this fact, the full-length H5K1, suitable for systemic use, can also enhance the activity of phagocytic 

cells of the immune system.  

The data showed in this thesis suggest that hscFv and hmAb H5K1 could be new drug candidates for the 

treatment of fungal infections and especially, candidiasis. Although the encouraging results, hscFv must be 

further explored while, noted the promising preclinical outcomes of hmAb H5K1, we are optimistic and 

hopeful about its rapid moving to clinical phases with the name of Dia-T51.  

The considerable data resulting from these three years of Ph.D. were more than adequate for the patent 

submission of Dia-T51 (PCT/EP2021/080372). 
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