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Novel nanoscale bacteriophage-
based single-domain antibodies for 
the therapy of systemic infection 
caused by Candida albicans
Shuai Dong1, Hongxi Shi1, Donghui Cao2, Yicun Wang1, Xintong Zhang1, Yan Li1, Xiang Gao1,3 
& Li Wang1

Candida albicans (C. albicans) is an important human commensal and opportunistic fungal pathogen. 
Secreted aspartyl proteinases (Saps) are a major virulence trait of C. albicans, and among these 
proteases Sap2 has the highest expression levels. It is possible that antibodies against Sap2 could 
provide an antifungal effect. In this study, two phages displaying anti-rSap2 single chain variable 
fragments (scFvs) were screened from human single fold scFv libraries, and their potential therapeutic 
roles were evaluated using a murine model infected by C. albicans. The in vivo efficacies were assessed 
by mortality rates, fungal burden and histological examination. Overall survival rates were significantly 
increased while the colony counts and infectious foci were significantly decreased after treatment with 
the scFv-phages relative to the control groups. In order to investigate the immune response provoked 
by scFv-phages, three kinds of cytokines (Th1, Th2 and Th17 types) were measured and a clear immune 
response was observed. These findings suggest that anti-rSap2 scFv-phages have potential in the 
therapy of systemic infection caused by C. albicans.

Candida species are the most common human fungal pathogens, and rank as the fourth most common cause of 
nosocomial bloodstream infections1. Systemic candidiasis is associated with high mortality when the fungi infect 
the bloodstream (called candidemia) and subsequently invade internal organs2. Among the Candida species, 
Candida albicans (C. albicans) represents the most prevalent in systemic infections, accounting for approximately 
50% of cases of candidemia. It is an opportunistic fungal pathogen, which colonizes the skin and mucosal surfaces 
in healthy subjects, and can cause hospital-acquired bloodstream infections in immunocompromised hosts3,4, 
leading to mortality rates as high as 81% because of poor treatment options5–7. According to WHO statistics, 
Candida infections add a total of US$ 8 billion to US health-care expenditures every year8.

Currently, even after treatment with classical antifungal drugs, mortality caused by Candida infections remains 
high, in part because of adverse drug reactions, side effects, and the high cost of treatment9,10. The increas-
ing incidence of drug resistance has hindered the development of new antifungal agents in clinical therapy11.  
Recently, some evidence suggested that antibodies could be regarded as therapeutic agents against various fun-
gal infections including C. albicans12. Specifically targeting virulence factors, such as the secreted proteases and 
surface antigens specific to dimorphic forms, have been considered as attractive strategies13,14. However, the 
preparation of animal-derived monoclonal antibodies is laborious and expensive. Combinatorial phage-antibody 
libraries, in which scFv fragments are expressed as a fusion with several kinds of M13 phage coat proteins, have 
emerged as an excellent tool to generate antibodies compared with the traditional methods. Phage display and 
antibody technology has the specificity of selecting single human monoclonal antibodies against immunodomi-
nant targets15. It can be controlled through genetic engineering and chemical modification16. Mice infected with 
vancomycin-resistant Enterococcus faecium could be treated by phage, which played the role of antibacterial rea-
gents17. Currently, the results of clinical trials indicated that phage had no acute toxicity18, and phage-displayed 
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scFvs have been proved to be stable and can be produced rapidly, implying that they have the potential to be 
developed into therapeutics19.

The secreted aspartyl proteinases (Saps) of C. albicans are encoded by a family of 10 SAP genes20 and have been 
considered as key virulence determinants of C. albicans. They are clustered into three distinct groups, each of 
which are characterized by close sequence homology and physiological relevance21. Among the Sap family, Sap2 
is up to 67% identical to Sap1 and Sap3, and it is the most highly expressed and the major cause of damage and 
virulence when infected the host21–23. Sap2 is critical for mucosal infections and probably contributes to systemic 
infections, it hydrolyses proteins of the immune system, and finally Sap2 penetrates the host tissue and degrades 
many human proteins24–26. Hube et al. reported that the virulence of a C. albicans sap2 mutant strain was reduced 
significantly in an infection model27. Thus, a protective effect of a Sap antibody opens up a new way to investigate 
the therapy of the C. albicans infections28.

In this study, two anti-rSap2 scFvs were identified through screening of human single fold scFv libraries, 
and both of the novel nanoscale anti-rSap2 scFv-phages could inhibit fungal colony counts and infectious foci 
through mediating immune response. Moreover, the survival percentage of scFv-phage-treated Candida-infected 
animals was increased. Therefore, these novel therapeutic materials combine the advantages of bacteriophage and 
single chain variable fragments, to provide a potential candidate for the therapy of systemic infection caused by 
C. albicans.

Results
Screening and characterization of scFv-phages binding to rSap2.  The high binders were sought 
from human single fold scFv libraries I+​J. They were used on the screening of hapten peptide (histamine-succi-
nyl-GSYK, Him), a universal reporter system in a wide range of therapeutic and imaging applications29. In this 
study, the coating antigen was recombinant protein Sap2 (rSap2), which was purified and could be recognized by 
an anti-His-tag monoclonal antibody (Fig. S1). After 3 rounds of regular bio-panning with rSap2, phages with 
strong affinities and slow off-rates were obtained. 70 clones were sequenced, 43 and 27 full-length scFvs clones 
were found in library J and I, respectively. Interestingly, two separate clones dominated the population of selected 
clones (43/70, and 19/70) and were designated as JS and IS according to their screening source. The amino acid 
sequences of selected scFvs are listed in Fig. 1a.

Figure 1.  Amino acid sequences of selected scFvs and the binding ability of scFv-phage JS and IS with 
rSap2. (a) Sequences were listed starting with the initiation methionine. VH and VL were variable regions of 
the heavy chain and light chain. Red fonts indicated complementary determinant regions (CDR) of VH and VL. 
(b) The samples were serially diluted against rSap2 in ELISA. The absorbance at OD 450 nm was measured and 
the results were calculated as the mean values with SD. The three-dimensional structure of the scFv molecule 
and the predicted antigen-binding site of JS (c) and IS (d), were analyzed by DeepView. CDR: complementarity 
determining region; VH and VL: heavy and light chains, respectively. (e) A transmission electron microscopy 
(TEM) image of the stained phages.
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A scFv represents the smallest functional domain of an antibody providing antigen-binding activities30. It 
has heavy (VH) and light (VL) chains attached to one another by a flexible Glycine-Serine linker, with three 
variable complementarity determining regions (CDR regions) inserted into the conserved framework regions in 
both VH and VL. It is noteworthy to point out that the CDR regions of JS and IS consisted of a high percentage 
of polar amino acids (asparagines, cysteine, glutamine, serine, threonine, tyrosine); 44.2% and 61.5%, respec-
tively. Comparatively, the percentage of hydrophobic amino acids (alanine, isoleucine, leucine, phenylalanine, 
tryptophan, valine) was 25% and 21.2%, respectively (Table S1). These results suggest that the scFvs have good 
hydrophilic properties. The amino acid sequences of JS and IS were submitted to DeepView to predict their 3D 
structures and identify the CDR regions, 3 VH-CDRs and 3 VL-CDRs were observed (Fig. 1c,d). In indirect 
ELISA, the titers of JS and IS were determined with rSap2 at the dilution of 1:2400, whereas helper phage KM13 
was relatively poorly recognized (Fig. 1b). Figure 1e shows a transmission electron microscopy (TEM) image of 
the stained phage.

Binding specificity of scFv-phage antibodies.  The two anti-rSap2 scFv-phages were tested for their 
ability to recognize C. albicans cells. We first observed the co-localization of the scFv-phages and C. albicans cells. 
After fixation, C. albicans cells in two morphologic stages were incubated with PBS, KM13, JS and IS scFv-phages, 
respectively. Immunofluorescence analysis showed that extant signals were observed in JS and IS incubation 
groups compared with the PBS and KM13 incubation groups, in which no fluorescence signal was detected. 
Interestingly, the localization of JS and IS was not only restricted to the cell membrane surface but also observed 
in the cytosol of both yeast cells and hyphal cells (Fig. 2). Furthermore, the scFv-phages also had strong binding 
ability to the Sap2 protein as indicated by the reaction of polyclonal antibody against rSap2 (anti-rSap2 pAb).

The reactivity of scFv-phages to rSap2, C. albicans total cell lysates, and whole cell wall lysates was analyzed by 
Western blotting to determine their specificity. The results showed that anti-rSap2 scFv-phage gave a specific and 
robust signal for both rSap2 and native Sap2 in total cell lysates of C. albicans. However, another two bands were 
detected in total cell lysates, which were also observed when reacted with anti-rSap2 pAb. These indicated that 
the scFv-phages might only target Sap2, and the two lower molecular weight bands might be the autodegradation 
components of Sap2 as reported before31. Moreover, the cross reaction of anti-rSap2 scFv-phages against cell wall 
lysates was also excluded as no band was observed (Fig. S2).

Effects of anti-rSap2 scFv-phages on the systemic C. albicans infection.  In order to evaluate 
side-effects of phage on host, the helper phage KM13 was injected intravenously into mice, and the contents 
of white blood cells (WBC), lymphocytes (LY), neutrophils (NE), monocytes (MO), the red blood cells (RBC), 
hemoglobin (HGB) and blood platelets (PLT) in the blood were investigated. As shown in Table 1, no signifi-
cant differences between the treatment and PBS groups were observed, implying that no haematological system 

Figure 2.  The scFv-phages and poly-antibodies were used for indirect immunoinfluscent assay of  
C. albicans yeast cells and hyphal cells. PBS and KM13 binding to C. albicans are shown in (a,e) and (b,f), 
there were no detectable fluorescence, which were used as controls. The positive control was anti-Sap2 pAb. 
It was confirmed that JS (c,g) and IS (d,h) could not only bind to yeast forms, but also were found in hyphal 
forms of C. albicans. The slides were observed under a confocal microscope using the blue, green and red light 
channel. Blue, DAPI. Green, FITC-conjugated goat anti-mouse IgG. Red, PE-conjugated goat anti-rabbit IgG. 
Scale bar, 5 μ​m.
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diseases, bacterial infections and hypersplenism were caused by KM13, and medullary hematopoiesis function 
was normal. Thus, phage could be utilized in vivo in the subsequent study.

In order to elucidate the effects of anti-rSap2 scFv-phage on systemic C. albicans infections, infected mice 
were administered with PBS, KM13 and anti-BSA scFv-phage as negative controls, in which a higher mortality 
was observed compared with the JS and IS treatment groups (14-day survival, 44.4% versus 0%, JS versus PBS, 
respectively; P =​ 0.19) (Fig. 3).

Light-microscopic examinations of PAS-stained and H&E-stained kidney-tissue sections of mice with dissem-
inated C. albicans infection were carried out to investigate the size and number of infectious foci. In addition, the 
morphology of C. albicans in these tissue sections was also studied. In control groups, a large number of vacuo-
lation and lymphocytic infiltrations were found (arrow, Fig. 4b), and multiple foci were observed in fungal cells 
(Fig. 4a) after 3 days of injection. Additionally, both kinds of C. albicans cells (yeast and branched hyphae) were 
observed and were distributed more in cortical regions than medullar regions. In contrast, only few vacuolation 
and lymphocytic infiltrations were observed in mice treated with JS and IS, and the number of infectious foci as 
well as C. albicans germ-tube formation also decreased.

To determine the effect of JS and IS on the outcome of C. albicans infection, BALB/c mice infected with  
C. albicans were used to examine the fungal burden in kidneys, spleen and hearts (Fig. S3). After 3 days of treat-
ment with JS and IS, the fungal burden in the three organs decreased compared with control groups, with the 
influence of JS more effective (Fig. 5a–c), especially in the heart. In conclusion, both anti-rSap2 scFv-phage played 
an important role against C. albicans infection in mice, especially for JS which had a better efficacy.

Effects of anti-rSap2 scFv-phage on the immune system response.  For determining how 
the immune response was modulated by scFv-phage, the levels of several cytokines, i.e. interleukin-2 (IL-2), 
interleukin-4 (IL-4) and interleukin-17 (IL-17), were examined in the serum of administered mice. The results 
showed that the concentration of IL-2 and IL-17 was statistically increased in the groups treated with JS after 
infection, whereas the level of IL-4 was significantly decreased (Fig. 6a–c). In addition, IL-2 was also induced 
significantly after IS treatment. When compared, the change of cytokines in the IS treatment group was less sig-
nificant than for JS.

Discussion
This study presents a potential new strategy in systemic candidiasis therapy. The efficacy and the number of anti-
fungal drugs is limited because of characteristics such as cytotoxicity and host drug resistance. It has been veri-
fied that passive transfer of anti-Sap2 immunoglobulin G (IgG) to C. albicans-infected mice could significantly 
decrease the yeast burden of kidneys32. Cassone et al. reported that anti-Sap2 antibodies selected from a human 
Fab antibody library could contribute to control vaginitis33. Recently, our studies have further shown that mice 
infected with C. albicans could get significant passive protection after inoculation of purified Sap2 polyclonal anti-
body34. Although phage display antibody library method represents an excellent tool to strengthen the treatment 

WBC(109/L) LY(109/L) NE(109/L) MO(109/L) RBC(1012/L) HGB(g/L) PLT(109/L)

PBS 10.7+7.6 5.6+4.7 4.3+2.3 0.7+0.6 7.1+0.3 150+95.5 94.3+10.2

KM13 14.1+3.1 3.5+1.5 7.1+1.0 0.6+0.2 6.5+0.3 194+10.4 104.7+100.1

P value N/S N/S N/S N/S N/S N/S N/S

Table 1.   The effect of phage on blood characteristics in mice. 5 mice in each group and the results were 
expressed as the mean ±​ standard deviation. N/S, not significant.

Figure 3.  The survival percentage of mice challenged with C. albicans and treated with scFv-phages. The 
mice were challenged with 1 ×​ 107 C. albicans cells and treated with scFv-phages or controls at the indicated 
concentrations (1 ×​ 107 pfu JS and IS). The number of living mice was monitored daily for 14 days. The survival 
percentage of scFv-phages treated animals was higher than that of control mice, as assessed by Log-rank test 
(n =​ 8).
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Figure 4.  Representative periodic acid-Schiff (PAS) or hematoxylin and eosin (HE)-stained histological 
sections of the kidneys from mice with systemic candidiasis. Kidneys of injected mice were taken, fixed, 
embedded in paraffin wax, and stained with PAS (a) or HE (b). Right panel showed an enlarged image of the 
left rectangle. Arrows indicated a tubular cavity representing for the characteristic vacuolation and lymphocytic 
infiltration.
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of invasive fungal infections, no therapeutic agents based on the human antibody library against Sap2 have been 
reported to control systemic candidiasis in experimental models.

To our knowledge, two of the anti-rSap2 scFv-phages screened from human single fold scFv libraries were the 
first proved to be recognized specifically by rSap2. Moreover, the impact of these two scFv-phages on C. albicans 
systemic infection was evaluated in an in vivo model, and a remarkable therapeutic efficacy was found, implying 
their potential in the therapy of systemic candidiasis. First, mice treated with scFv-phages exhibited a longer sur-
vival time. Second, few vacuolation and lymphocytic infiltrations were observed in kidney-tissue sections of mice 

Figure 5.  The determination of fungal clearance from organs treated with anti-rSap2 scFv-phages against 
infected mice. The mice were infected with 1 ×​ 106 cells of C. albicans by the intravenous route. 1 ×​ 107 pfu JS or 
IS was therefore administered intravenously 2 h after the infection, followed by a repeat treatment given at 24 h. 
PBS, KM13 and anti-BSA phages were served as negative controls. Mice were killed at 3 days post-infection. 
The fungal burden in the kidneys (a), spleens (b) and hearts (c) of C. albicans-infected mice treated with 
PBS, KM13, anti-BSA, JS or IS were shown. The results were expressed as mean ±​ SD (n =​ 5). Each graph was 
representative of three independent experiments. *P <​ 0.05; **P <​ 0.01; ***P <​ 0.001.
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treated with JS and IS. Third, the fungal burden in three organs (kidneys, spleens, hearts) of mice injected with 
anti-rSap2 scFv-phages were significantly decreased compared with the control groups.

Previous studies demonstrated that the important lines of defence against candidiasis were cell-mediated 
immunity and innate immunity12. Th1 helper cells are the host immunity effectors against intracellular bacteria 
and protozoa, and the Th1-mediated response can protect the host against pathogenic fungi, such as C. albicans 
infections35,36. IL-2, a kind of Th1-type cytokine, has been found to be able to inhibit and attack the growth 
of Cryptococcus neoformans without major histocompatibility complex (MHC) restriction37 through activating 
human lymphocytes. Th2 cells induce the humoral immune system, particularly for IL-10, suppresses Th1 cell 
differentiation and the function of dendritic cells. The interaction between cytokines from the Th1/Th2 balance is 
complicated; Th1-type cytokines are required for clearance of a fungal infection, while Th2-type cytokines usually 

Figure 6.  The determination of cytokine responses in C. albicans-infected mice treated with anti-rSap2 
scFv-phages. The mice were infected with 1 ×​ 106 cells of C. albicans by the intravenous route. 1 ×​ 107 pfu JS or 
IS was therefore administered intravenously 2 h after the infection, followed by a repeat treatment given at 24 h. 
PBS, KM13 and anti-BSA phage were served as negative controls. The blood samples were collected at 3 days 
after infection. The Th1 (IL-2) (a), Th2 (IL-10) (b), Th17 (IL-17) (c) cytokines were measured by ELISA. The 
results were expressed as mean ±​ SD (n =​ 5). Each graph was representative of three independent experiments. 
*P <​ 0.05; **P <​ 0.01; ***P <​ 0.001.
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result in susceptibility to infection or allergic responses38. The decreasing of IL-10 drives CD4+T cells differen-
tiating into Th1 cells, which can yield more Th1 cytokines, such as IL-2. As a result, the host immunity defence 
shifts from Th2-type to Th1-type. Th17 helper cells are a subset of T helper cells developmentally distinct from 
Th1 and Th2 lineages, which produce interleukin 17 (IL-17), interleukin 6 (IL-6), etc. The Th17 response is crucial 
for anti-C. albicans host response and plays an important role in clearance of various pathogens39,40. In this study, 
Th1 and Th17 cytokines were significantly increased in mice treated with anti-rSap2 scFv-phages, which meant 
the cellular immunoresponse may represent one of the therapeutic mechanisms in vivo. Our previous studies also 
showed that the hybrid phage displaying the epitope of Sap2 SLAQVKYTSASSI was a potential vaccine against  
C. albicans infection, potentially through triggering immunoprotection against fungal infection. It probably ful-
filled a major role in the cell-mediated immunity response, as well as providing protection to mice against very 
high doses of C. albicans challenge41.

In conclusion, anti-rSap2 scFv-phage played an efficient therapeutic role in candidiasis, especially for JS. 
Therefore, the use of anti-rSap2 scFv-phages may provide a new platform for the treatment against candidiasis. 
Our methodology can also be further exploited to develop specific antibodies against other Candida protective 
antigens through screening human single fold scFv libraries.

Materials and Methods
Ethics statement.  All animal experiments were performed in agreement with the recommendations in the 
Guide for the Care and Use of Laboratory Animals of China Association for Laboratory Animal Science. The 
Ethics Committee of Northeast Normal University approved all animal care and protocols (Changchun, China).

Materials.  C. albicans strain ATCC10231 was used in this study. The pET28a-Sap2 recombinant plasmid 
was constructed and transformed into the competent cell of BL21 (DE3) to generate recombinant Sap2 fusion 
protein (rSap2) with a His-tag sequence, which was purified through an affinity chromatographic column of 
Ni-NTA (GE Healthcare Life Sciences, USA). Polyclonal antibody against rSap2 (anti-rSap2 pAb) was produced 
as described previously42 and conserved in our laboratory. Female BALB/c mice, 6–8 weeks of age, were pur-
chased from Beijing HFK Bioscience Company and maintained in the Specific-Pathogen-Free Animal Facility of 
Jilin University, China.

The screening of human single fold scFv libraries I+J.  Human single fold scFv libraries (Tomlinson I +​ J)  
(in phagemid/scFv format-fused to the pIII minor coat protein of M13 bacteriophage) were purchased from 
MRC (Cambridge, England). The procedure of bio-panning was the same as described previously43 with some 
modifications. In brief, 4 ml of the required antigen was coated on immunotubes (Nunc Maxisorp, Scotland, UK) 
overnight. The concentration of rSap2 was 100 μ​g/ml in first round, and then gradually decreased to 50 μ​g/ml and 
25 μ​g/ml in the following two rounds, respectively. On the following day, immunotubes were filled to brim with 
2% MPBS (2% Marvel milk powder in PBS), and incubated at room temperature (RT) for 2 h to block. Then 1012 
to 1013 phage was added into 4 ml of 2% MPBS and incubated for 60 min at RT. The unbound phage was removed 
by washing 10 (round 1) to 20 (rounds 2 and 3) times with PBS (pH 7.2) containing 0.1% Tween 20. The bound 
phage was eluted using 500 μ​l trypsin-PBS (1 mg/ml) for 10 min. Half of the eluted phage was used to infect a fresh 
exponentially growing culture of E. coli TG1 cells (OD600 =​ 0.4), and incubated for 30 min at 37 °C in a water bath 
without shaking. The rescued phage particles were used for the further screening rounds. 3 rounds of bio-panning 
experiments were carried out for the screening of scFv-phage clones with specific binding to rSap2.

Preparation and characterization of the scFv-phage.  The positive JS and IS phage isolated from 
human single fold scFv libraries were used to infect E. coli TG1. After inoculating a single plaque into 5 ml of 
fresh TG1 medium at an OD600 of 0.4, the cells were grown overnight shaking at 37 °C, 50 μ​l of which was then 
added to 50 ml 2 ×​ TY for amplified culture at the same conditions for 2 h. 10 ml of this culture was added with 
5 ×​ 1010 helper phage, and incubated in a 37 °C water bath for 30 min statically. After centrifugation at 3,000 ×​ g 
for 10 min, the pellet was resuspended in 50 ml of 2 ×​ TY containing 100 μ​g/ml ampicillin, 50 μ​g/ml kanamycin 
and 0.1% glucose, and incubated at 30 °C overnight. The overnight culture was centrifuged at 3,300 ×​ g for 15 min 
and 40 ml of supernatant was added to a 10 ml PEG/NaCl solution (20% Polyethylene glycol 6000, 2.5 M NaCl). 
The mixture was kept in ice for 1 h and spun at 3,300 ×​ g for 30 min, then the pellet was resuspended in 2 ml PBS 
and spun at 11,600 ×​ g for 10 min to remove the remaining bacterial debris.

Phage JS and IS were negatively stained with uranyl acetate. Briefly, a drop of liquid sample was transferred 
onto a dry copper grid which was previously coated with carbon, stained with 2% uranium acetate, and examined 
by transmission electron microscopy (TEM).

Confocal laser-scanning microscopy.  The yeast cells were incubated in yeast extract peptone dextrose 
(YPD) medium. In order to obtain hyphal cells, 1 ×​ 106 cells in RPMI 1640 medium were incubated at 37 °C 
for 90 min. Cells were washed 3 times with PBS (pH 7.4), and fixed with 4% paraformaldehyde for 30 min. The 
mixture was incubated at RT with JS or IS (2.5 ×​ 109 pfu) for 1 h, permeabilized in 0.5% Triton X-100 for 30 min 
and blocked with 3% BSA for 1 h. Then anti-rSap2 pAb and anti-phage g3p (pIII) antibody (Mo Bi Tec, Germany) 
were used, respectively. Firstly, anti-rSap2 pAb (1:1000) was incubated for 1 h, then, the cells were washed 3 times 
and incubated with anti-phage g3p (pIII) antibody diluted 1:1000 in PBS (pH 7.4) for 1 h at 4 °C. Next, cells were 
washed and stained with a secondary FITC-conjugated antibody and phycoerthrin (PE) conjugated antibody 
(ZSJQ-Bio, Beijing, China) for 1 h, followed by DAPI (1:200) (ZSJQ-Bio, Beijing, China) staining for 10 min. 
Fluorescence was detected by Olympus BX50 FluoView confocal microscope, with a 63 ×​ NA 1.4 oil-immersion 
objective.
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Preparation of C. albicans cell walls and Western blotting analysis.  The C. albicans cell pellet 
was harvested by centrifugation, and cell walls were prepared as described elsewhere44. Briefly, the cell pellet 
was washed 3 times in PBS (pH 7.4) and then centrifuged, then ground to a fine powder in liquid nitrogen 
at the presence of a protease inhibitor cocktail. Isolated cell walls were washed 3 times with MilliQ water and 
then boiled for 10 min in SDS extraction buffer [150 mM NaCl, 2% (w/v) SDS, 100 mM Na-EDTA, 100 mM 
beta-mercaptoethanol, 50 mM Tris/HCl, pH 7.8]. Subsequently, they were washed again with MilliQ water and 
stored at −​20 °C until required.

Equal amounts of proteins of rSap2, cell walls and total cell lysates were separated by SDS-PAGE (10%), and 
transferred to a PVDF membrane (Millipore, Germany) using a blotting system (Bio-Rad, USA) for 1 h at 90 V. The 
membrane was incubated with the scFv-phages (1 ×​ 1010 pfu), anti-rSap2 pAb and KM13 phages respectively, and 
subsequently blotted with different secondary antibodies, i.e., anti-phage g3p antibody for phages and goat anti-rabbit 
IgG for anti-rSap2 pAb. Detection was achieved with the chemiluminescence method according to the manufacturer’s 
instructions (Millipore, Germany), and visualized by using the ECL detection system (Tanon 5500, Shanghai, China).

Construction of infection models of systemic candidiasis.  To verify the toxicity of the phage, female 
BALB/c mice were infected intravenously with 1 ×​ 107 pfu helper phage KM13, and repeat infection was per-
formed on days 7, 14, and 21. Blood samples were collected at the end of day 21 and kept in vacuum tubes con-
taining K3 EDTA. The contents of WBC, LY, NE, MO, RBC, HGB and PLT in the blood were determined using 
an automatic blood analyser (Blood Analysis System XFA6100, Jiangsu, China).

C. albicans strain ATCC 10231 was grown in YPD broth at 37 °C overnight. Then cells were washed and resus-
pended in PBS. For survival studies, BALB/c mice of SPF level 6–8 weeks old and 18–20 g were challenged with 
C. albicans at a lethal dose (1 ×​ 107 cells). Experimental groups (1 ×​ 107 pfu JS and IS) and control groups (PBS, 
KM13 and anti-BSA) were administered 2 h after the infection intravenously, followed by a repeat treatment given 
at 24 h. The animal status was regularly monitored for a period of 14 days. The survival curves were analysed by 
Log-rank test using GraphPad Prism software version 5.00 (GraphPad Software, USA).

Mice were infected with 1 ×​ 106 cells of C. albicans by the intravenous route. 1 ×​ 107 pfu JS or IS was therefore 
administered intravenously 2 h after the infection, followed by a repeat treatment given at 24 h. PBS, KM13 and 
anti-BSA phage were served as negative controls. Mice were killed at 3 days post-infection for further studies.

Kidney samples from infected mice were immediately fixed by formalin and dehydrated with xylene, and 
then rehydrated through a graded series of ethanol solutions (80%, 90%, 100% ethanol) and embedded in par-
affin. Tissue sections (5 μ​m) were mounted onto glass slides and stained with hematoxylin and eosin (H & E) or 
periodic acid-Schiff (PAS) using conventional staining methods. Slides were analyzed under light microscopy.

To assess the tissue outgrowth of C. albicans, the kidneys, spleens and hearts were collected, weighed and 
homogenized in sterile PBS with a tissue grinder 3 days after infection. C. albicans burdens were determined by 
plating dilutions of the homogenates on YPD agar plates, and incubating the plates overnight at 37 °C for colony 
formation, as described elsewhere45. The CFU were counted and expressed as the log CFU per gram of tissue.

In vivo analysis of cytokine response.  Before cytokine detection, the blood samples were collected on 
day 3 after infection and stored at −​20 °C. The levels of IL-2, IL-10 and IL-17 in murine plasma were measured 
using enzyme-linked immunosorbent assay kits (Affymetrix ebioscience, USA) following the instructions of the 
manufacturer. Cytokine titers were calculated by standard curves.

Statistical analysis.  All P values of <​0.05 were considered significant. Quantitative variables were analyzed 
by one-way analysis of variance (ANOVA). GraphPad Prism 5 software was used to perform statistics and graphs.

References
1.	 Pfaller, M. A. & Diekema, D. J. Epidemiology of invasive candidiasis: a persistent public health problem. Clin. Microbiol. Rev. 20, 

133–163 (2007).
2.	 Diekema, D., Arbefeville, S., Boyken, L., Kroeger, J. & Pfaller, M. The changing epidemiology of healthcare-associated candidemia 

over three decades. Diagn. Microbiol. Infect. Dis. 73, 45–48 (2012).
3.	 Wakabayashi, H., Takakura, N., Teraguchi, S. & Tamura, Y. Lactoferrin feeding augments peritoneal macrophage activities in mice 

intraperitoneally injected with inactivated Candida albicans. Microbiol. Immunol. 47, 37–43 (2003).
4.	 Horn, D. L. et al. Epidemiology and outcomes of candidemia in 2019 patients: data from the prospective antifungal therapy alliance 

registry. Clin. Infect. Dis. 48, 1695–1703 (2009).
5.	 Chen, S. et al. Active surveillance for candidemia, Australia. Emerg. Infect. Dis. 12, 1508–1516 (2006).
6.	 Colombo, A. L. et al. Epidemiology of candidemia in Brazil: a nationwide sentinel surveillance of candidemia in eleven medical 

centers. J. Clin. Microbiol. 44, 2816–2823 (2006).
7.	 Pagano, L. et al. The epidemiology of fungal infections in patients with hematologic malignancies: the SEIFEM-2004 study. 

Haematologica 91, 1068–1075 (2006).
8.	 Cleveland, A. A. et al. Changes in incidence and antifungal drug resistance in candidemia: results from population-based laboratory 

surveillance in Atlanta and Baltimore, 2008–2011. Clin. Infect. Dis. 55, 1352–1361 (2012).
9.	 Damasceno, B. P. et al. Amphotericin B microemulsion reduces toxicity and maintains the efficacy as an antifungal product. J. 

Biomed. Nanotechnol. 8, 290–300 (2012).
10.	 Cassone, A. Development of vaccines for Candida albicans: fighting a skilled transfromer. Nat. Rev. Microbiol. 11, 884–891 (2013).
11.	 Liu, S. et al. Combination of fluconazole with non-antifungal agents: a promising approach to cope with resistant Candida albicans 

infections and insight into new antifungal agent discovery. Int. J. Antimicrob. Agents. 43, 395–402 (2014).
12.	 Bugli, F. et al. Human monoclonal antibody-based therapy in the treatment of invasive candidiasis. Clin. Dev. Immunol. 2013, 

e403121 (2013).
13.	 Jacobsen, I. D. et al. Candida albicans dimorphism as a therapeutic target. Expert Rev. Anti Infect. Ther. 10, 85–93 (2012).
14.	 Gauwerky, K., Borelli, C. & Korting, H. C. Targeting virulence: a new paradigm for antifungals. Drug Discov. Today 14, 214–222 (2009).
15.	 Yamamura, D. L., Rotstein, C., Nicolle, L. E. & Ioannou, S. Candidemia at selected Canadian sites: results from the Fungal Disease 

Registry, 1992-1994. CMAJ. 160, 493–499 (1999).



www.nature.com/scientificreports/

1 0Scientific Reports | 6:32256 | DOI: 10.1038/srep32256

16.	 Farr, R., Choi, D. S. & Lee, S. W. Phage-based nanomaterials for biomedical applications. Acta Biomater. 10, 1741–1750 (2014).
17.	 Biswas, B. et al. Bacteriophage therapy rescues mice bacteremic from a clinical isolate of vancomycin-resistant Enterococcus faecium. 

Infect. Immun. 70, 204–210 (2002).
18.	 Krag, D. N. et al. Selection of tumor-binding ligands in cancer patients with phage display libraries. Cancer Res. 66, 7724–7733 (2006).
19.	 Burritt, J. B., Bond, C. W., Doss, K. W. & Jesaitis, A. J. Filamentous phage display of oligopeptide libraries. Anal. Biochem. 238, 1–13 (1996).
20.	 Monod, M., Hube, B., Hess, D. & Sanglard, D. Differential regulation of SAP8 and SAP9, which encode two new members of the 

secreted aspartic proteinase family in Candida albicans. Microbiology. 144, 2731–2737 (1998).
21.	 Naglik, J. R., Challacombe, S. J. & Hube, B. Candida albicans secreted aspartyl proteinases in virulence and pathogenesis. Microbiol. 

Mol. Biol. Rev. 67, 400–428 (2003).
22.	 Taylor, B. N. et al. Induction of SAP7 correlates with virulence in an intravenous infection model of candidiasis but not in a vaginal 

infection model in mice. Infect. Immun. 73, 7061–7063 (2005).
23.	 Albrecht, A. et al. Glycosylphosphatidylinositol-anchored proteases of Candida albicans target proteins necessary for both cellular 

processes and host-pathogen interactions. J. Biol. Chem. 281, 688–694 (2006).
24.	 Schweizer, A., Rupp, S., Taylor, B. N., Röllinghoff, M. & Schröppel, K. The TEA/ATTS transcription factor CaTec1p regulates hyphal 

development and virulence in Candida albicans. Mol. Microbiol. 38, 435–445 (2000).
25.	 de Repentigny, L., Aumont, F., Bernard, K. & Belhumeur, P. Characterization of binding of Candida albicans to small intestinal 

mucin and its role in adherence to mucosal epithelial cells. Infect. Immun. 68, 3172–3179 (2000).
26.	 Naglik, J., Albrecht, A., Bader, O. & Hube, B. Candida albicans proteinases and host/pathogen interactions. Cell. Microbiol. 6, 

915–926 (2004).
27.	 Hube, B. et al. Disruption of each of the secreted aspartyl proteinase genes SAP1, SAP2, and SAP3 of Candida albicans attenuates 

virulence. Infect. Immun. 65, 3529–3538 (1997).
28.	 Jebali, A. et al. Triangular gold nanoparticles conjugated with peptide ligands: a new class of inhibitor for Candida albicans secreted 

aspartyl proteinase. Biochem. Pharmacol. 90, 349–355 (2014).
29.	 Kim, H. Y., Wang, X., Wahlberg, B. & Edwards, W. B. Discovery of hapten-specific scFv from a phage display library and applications 

for HER2-positive tumor imaging. Bioconjug. Chem. 25, 1311–1322 (2014).
30.	 Ahmad, Z. A. et al. scFv antibody: principles and clinical application. Clin. Dev. Immunol. 2012, e980250 (2012).
31.	 Rodrigues, J. A., Höfling, J. F., Azevedo, R. A., Gabriel, D. L. & Tamashiro, W. M. Production of monoclonal antibodies for detection 

of a secreted aspartyl proteinase from Candida spp. in biologic specimens. Hybridoma. 26, 201–210 (2007).
32.	 Vilanova, M. et al. Protection against systemic candidiasis in mice immunized with secreted aspartic proteinase 2. Immunology 111, 

334–342 (2004).
33.	 Pericolini, E. et al. Secretory aspartyl proteinases cause vaginitis and can mediate vaginitis caused by Candida albicans in mice. MBio 

6, e00724 (2015).
34.	 Huai, Y. et al. Genetically engineered virus nanofibers as an efficient vaccine for preventing fungal infection. Adv. Healthc. Mater. 5, 

786–794 (2016).
35.	 Tarumoto, N. et al. Exacerbation of invasive Candida albicans infection by commensal bacteria or a glycolipid through IFN-γ​ 

produced in part by iNKT cells. J. Infect. Dis. 209, 799–810 (2014).
36.	 Romani, L. Immunity to fungal infections. Nat. Rev. Immunol. 11, 275–288 (2011).
37.	 Wang, J., Wang, L., Li, X. & Mao, C. Virus activated artificial ECM induces the osteoblastic differentiation of mesenchymal stem cells 

without osteogenic supplements. Sci. Rep. 3, e1242 (2013).
38.	 Traynor, T. R. & Huffnagle, G. B. Role of chemokines in fungal infections. Med. Mycol. 39, 41–50 (2001).
39.	 Mear, J. B. et al. Candida albicans airway exposure primes the lung innate immune response against Pseudomonas aeruginosa infection 

through innate lymphoid cell recruitment and interleukin-22-associated mucosal response. Infect. Immun. 82, 306–315 (2014).
40.	 Cypowyj, S., Picard, C., Maródi, L., Casanova, J. L. & Puel, A. Immunity to infection in IL-17-deficient mice and humans. Eur. J. 

Immunol. 42, 2246–2254 (2012).
41.	 Wang, Y. et al. Hybrid phage displaying SLAQVKYTSASSI induces protection against Candida albicans challenge in BALB/c mice. 

Hum. Vaccin. Immunother. 10, 1057–1063 (2014).
42.	 Wang, Y. et al. Detection of Candida albicans Sap2 in cancer patient serum samples by an indirect competitive enzyme-linked 

immunosorbent assay for the diagnosis of candidiasis. Indian J. Pathol. Microbiol. 56, 243–247 (2013).
43.	 Garet, E., Cabado, A. G., Vieites, J. M. & González-Fernández, A. Rapid isolation of single-chain antibodies by phage display 

technology directed against one of the most potent marine toxins: Palytoxin. Toxicon 55, 1519–1526 (2010).
44.	 Klis, F. M., de Koster, C. G. & Brul, S. A mass spectrometric view of the fungal wall proteome. Future Microbiol. 6, 941–951 (2011).
45.	 Kullberg, B. J., van ‘t Wout, J. W. & van Furth, R. Role of granulocytes in increased host resistance to Candida albicans induced by 

recombinant interleukin-1. Infect. Immun. 58, 3319–3324 (1990).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (No. 81373231), and the 
Department of Science and Technology of Jilin Province, China (No. 20160101216JC).

Author Contributions
S.D., H.S., D.C., Y.W., X.Z. and Y.L. performed the experiments and analyzed the data, S.D. and X.G. wrote and 
revised the main manuscript. X.G. and L.W. designed the experiment and discussed the results. All authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Dong, S. et al. Novel nanoscale bacteriophage-based single-domain antibodies for the 
therapy of systemic infection caused by Candida albicans. Sci. Rep. 6, 32256; doi: 10.1038/srep32256 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Novel nanoscale bacteriophage-based single-domain antibodies for the therapy of systemic infection caused by Candida albica ...
	Results

	Screening and characterization of scFv-phages binding to rSap2. 
	Binding specificity of scFv-phage antibodies. 
	Effects of anti-rSap2 scFv-phages on the systemic C. albicans infection. 
	Effects of anti-rSap2 scFv-phage on the immune system response. 

	Discussion

	Materials and Methods

	Ethics statement. 
	Materials. 
	The screening of human single fold scFv libraries I+J. 
	Preparation and characterization of the scFv-phage. 
	Confocal laser-scanning microscopy. 
	Preparation of C. albicans cell walls and Western blotting analysis. 
	Construction of infection models of systemic candidiasis. 
	In vivo analysis of cytokine response. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Amino acid sequences of selected scFvs and the binding ability of scFv-phage JS and IS with rSap2.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The scFv-phages and poly-antibodies were used for indirect immunoinfluscent assay of C.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The survival percentage of mice challenged with C.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Representative periodic acid-Schiff (PAS) or hematoxylin and eosin (HE)-stained histological sections of the kidneys from mice with systemic candidiasis.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The determination of fungal clearance from organs treated with anti-rSap2 scFv-phages against infected mice.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ The determination of cytokine responses in C.
	﻿Table 1﻿﻿. ﻿  The effect of phage on blood characteristics in mice.



 
    
       
          application/pdf
          
             
                Novel nanoscale bacteriophage-based single-domain antibodies for the therapy of systemic infection caused by Candida albicans
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32256
            
         
          
             
                Shuai Dong
                Hongxi Shi
                Donghui Cao
                Yicun Wang
                Xintong Zhang
                Yan Li
                Xiang Gao
                Li Wang
            
         
          doi:10.1038/srep32256
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep32256
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep32256
            
         
      
       
          
          
          
             
                doi:10.1038/srep32256
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32256
            
         
          
          
      
       
       
          True
      
   




