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Abstract

Candida albicans (CA) is a kind of fungi that can cause high morbidity and mortality in
immunocompromised patients. However, preventing CA infection in these patients is still a
daunting challenge. Herein, inspired from the fact that immunization with Secreted aspartyl
proteinases 2 (Sap2) could prevent the infection, we propose to use filamentous phage, a human-
safe virus nanofiber specifically infecting bacteria (~900 nm long and 7 nm wide), to display an
epitope peptide of Sap2 (EPS, with a sequence of Val-Lys-Tyr-Thr-Ser) on its side wall and thus
serve as a vaccine for preventing CA infection. The engineered virus nanofibers and recombinant
Sap2 (rSap2) are then separately used to immunize mice. The humoral and cellular immune
responses in the immunized mice are evaluated. Surprisingly, the virus nanofibers significantly
induce mice to produce strong immune response as rSap2 and generate antibodies that can bind
Sap2 and CA to inhibit the CA infection. Consequently, immunization with the virus nanofibers in
mice dramatically increase the survival rate of CA-infected mice. All these results, along with the
fact that the virus nanofibers can be mass-produced by infecting bacteria cost-effectively, suggest
that virus nanofibers displaying EPS can be a vaccine candidate against fungal infection.
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1. Introduction

C. albicans (CA) is well known as an opportunistic fungus existing in normal organisms, but
could cause superficial and systemic infections in immunocompromised or debilitated hosts
such as patients with cancer and AIDS. Though superficial CA infections are non-lethal,
systemic candidiasis infections result in high modality and mortality in mildly
immunocompromised individuals even with antifungal therapy.[: 21 [31 During the past
decades, therapeutic antifungals have been widely used against candidiasis, dramatically
increasing the drug tolerance and resistance.[4l Hence, there is a pressing need in the
development of new vaccines against candidiasis at the infectious stage.

Subunit vaccines, which consist of one or more proteins conjugated with a protein carrier to
acquire sufficient immunogenicity, are the most studied types of fungal vaccines and most
likely to result in an approvable vaccine.[®] There are several virulence factors available and
helpful for CA infection.[® 71 Among them, the secretory aspartyl proteinases (Saps) family
(Sap1-10) was considered as the major determinants and related to several putative
virulence attributes such as hyphal formation, adhesion, phenotypic switching, dimorphism,
and the secretion of hydrolytic enzymes in systemic infections.[8-111 Sap2 is the most
abundant form of Saps that cause the damage and virulence due to the infection.[8 12. 131
Furthermore, it was also found that antibodies against Sap2, which were induced by
immunization with Sap2 or reconstructive Sap2, had a protective role against CA infection
in rats or mice.[24-17] These results suggested that the Sap2 based subunit vaccine might be a
kind of valuable vaccines against candidiasis. A very short epitope peptide of Sap2 (EPS,
with a sequence of Val-Lys-Tyr-Thr-Ser) was demonstrated to have the ability to respond to
IgG from candidiasis infected patients.[18-20] This discovery indicated that the EPS might be
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the immunodominant epitope of Sap2 for developing potential vaccines against CA
infection. Hence, we propose to use protein-based phage nanofibers to display and thus carry
the EPS to replace the Sap2 in immunotherapy of the fungal infection (Scheme 1).

Filamentous phage is a nanofiber-like virus (~900 nm long and 7 nm wide) that specifically
infects bacteria.[21-23] |t is made of DNA and proteins.[24 25] The DNA is encapsulated by a
coat made of five structural proteins, including one major coat protein (pVIII) constituting
the side wall of the nanofibers and four minor coat proteins with two of them each
constituting one distal tip of the nanofibers.[26-28] Filamentous phage increasingly attracts
scientists’ attention in recent years because of its wide usage in many fields. For example, it
can act as a template for nanomaterials formation[2%-34], as a probe for sensing and
imaging(3° 361 as a vector for targeted drug and gene delivery[27. 28.37] as a platform for
screening peptides or antibodies[2°] and as a scaffold for inducing stem cell differentiation
and bone formation[38-40],

A foreign peptide can be fused to the N-terminal end of pVIII by genetic means without
interfering with the packaging of coat protein and DNA into mature phage nanofibers.[41]
The peptide displayed on the phage, if it was an epitope derived from a native functional
protein, was found to adopt a conformation similar to that found in the native protein.[42]
Hence, in this study we displayed EPS on the side wall (termed major coat) of virus
nanofibers by fusion of EPS to the solvent-exposed N-terminal of the major coat protein
(pVTII, ~3000 copies) constituting the side wall of phage (Scheme 1). We then proceeded to
evaluate the protective effect of EPS-displaying phage (EPSP) nanofibers as a subunit
vaccine against candidiasis (Scheme 1). The original protein, a recombinant Sap2 (rSap2)
bearing the EPS was used as a control. Both the EPSP and rSap2 were used to immunize the
mice. Then the humoral and cellular immune responses to the EPSP nanofibers in the
immunized mice were investigated along with the responses to the rSap2. A series of assays,
including the survival rate, fungal loading in kidneys, and pathological change in kidneys
and livers against CA infection in BALB/c mice, were used to assess the protective role of
the EPSP nanofibers (Scheme 1). In the end, the antibody generated in response to the EPSP
nanofibers was passively inoculated to CA-infected mice to further prove the protective role
of the EPSP nanofibers as a subunit vaccine (Scheme 1).

2.1. Characterization of purified rSap2 protein and EPSP nanofibers

rSap2 was purified with Ni affinity purification procedure. Sap2 is a protein with a
molecular weight of about 43 kDa (Figure 1a). SDS-PAGE confirms the purification of the
rSap2 (Figure 1a). pVIII protein constituting the side wall of engineered phage (i.e., with
EPS fused to the solvent-exposed terminal of the pVIII) or wild type phage (WTP)
nanofibers was separated by SDS-PAGE (Figure 1b). SDS-PAGE (Figure 1b) demonstrated
that the EPS was successfully fused to the pVIII of WTP to achieve peptide display on the
side wall of the WTP, forming EPSP nanofibers. AFM and TEM images collectively confirm
that the EPSP is indeed a nanofiber (~900 nm long and 7 nm wide) (Figure 2).
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2.2. Antibody response against rSap2 and CA

2.3. Cellular

2.2.1. Western blotting—The antibody response against rSap2 was assessed by Western
blotting. rSap2 could bind to the antibodies in the sera collected from the mice immunized
with the rSap2 (Figure 3, lane 2) and EPSP nanofibers (Figure 3, lane 4), but not with the
sera from the mice immunized with the WTP nanofibers (Figure 3, lane 6). These results
indicate that the antibodies generated due to the immunization with EPSP nanofibers could
bind to Sap2.

2.2.2. Immunofluorescence—To make sure that the reactivity of anti-EPSP antibody
with Sap2 was not attributable to the contamination produced during prokaryotic expression,
immunofluorescence assay was done to estimate the antibody response to CA. The ability of
anti-EPSP antibody in the sera to bind the Sap2-producing CA could be seen visually from
the image (Figure 4c), while the control group of anti-WTP antibody in the sera did not bind
CA (Figure 4g). These data confirm that the EPSP nanofibers acted as an antigen and
stimulated mice to produce antibodies that can bind Sap2-producing CA. The binding of CA
might prevent the adhesion and migration of CA, which will relieve the CA infection.[17]

immunologic response

2.3.1. Cytokines production induced by EPSP nanofibers—To assess the cellular
response, the cytokines levels, such as the production of IFN-y, IL-2, IL- 10, IL-12 and
IL-17 were evaluated in the immunized mice. Our results showed that the amount of all the
cytokines except IL-10 in the mice immunized with the EPSP and WTP nanofibers as well
as rSap2 was significantly higher than that in the mice injected with phosphate-buffered
saline (PBS) (p < 0.05). These data suggest that both viral nanofibers and rSap2 could
induce Thl and TH17 type cytokines gene expression (Figure 5).

2.3.2. Delayed-type hypersensitivity (DTH) reaction—DTH reaction in the
immunized mice was also induced by EPSP nanofibers. Compared with the control group in
which mice were injected with PBS, mice immunized with rSap2, EPSP or WTP nanofibers
showed significantly greater footpad swelling (Figure 6).

2.4. Assessment of using EPSP to protect systemic CA infection

To estimate the immune protection effect of the EPSP nanofibers in the immunized mice
against candidiasis, CA cells (2x106) were injected intravenously to each mouse one week
after the last immunization. CA colonies in kidneys were counted. Our results showed that
the mice immunized with EPSP nanofibers significantly had fewer colony forming units
(CFUs) in the kidneys than those immunized with the WTP nanofibers or injected with PBS
(Table 1). In addition, there was no statistical difference between the groups immunized with
EPSP nanofibers and rSap2 (Table 1). Histopathological examination (Figure 7) further
proved that mice immunized with the EPSP nanofibers or rSap2 had less lesion in the
kidneys and livers. On the contrary, significant protein tubes or inflammatory cell infiltration
were seen in the kidneys or livers of the mice immunized with WTP or PBS (Figure 7c, d, g,
f, i).
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Survival rate against 107 lethal CA infection was estimated with immunized mice one week
after the last immunization. The number of dead mice in each group was recorded for 14
days following challenges. Our data showed that the survival rate of the EPSP group was
43.75%, slightly lower than rSap2 group (56.25%), but significantly higher than WTP (0%)
and PBS group (0%) (Figure 8).

To explore the potential function of anti-EPSP IgG against candidiasis, 1gG was purified
from sera collected from the immunized mice and administrated to mice infected with a
lethal dose of CA cells (2x107). It was shown that the CFUs in the kidneys of rSap2 and
EPSP immunized mice were statistically less than those in the WTP immunized or PBS
injected mice (Table 2).

3. Discussion

Nowadays, vaccines against fungal diseases have attracted more and more attention for the
increasing incidence rates of fungal diseases worldwide. It has been shown that protein
antigens can exert protective immunity against fungal diseases.[3] A protein antigen based
vaccine could enhance host resistance by inducing the production of antibodies, T-cell-
mediated immune response, or a combination of both.[®] In this study, the humoral and
cellular immune response against candidiasis in BALB/c mice immunized with the EPSP
nanofibers was tested along with the control group of rSap2.

Phage nanofibers are a powerful antigen delivery vector for two main reasons. Firstly, they
could display EPS on the surface by genetic means and allow the EPS to have the similar
conformation as the native protein from which the EPS is derived. Secondly, they have other
advantageous characters, such as the capacity to induce the antibody response and T cell
response, being non-toxic to human beings, and easy and cost-effective production.[44] In
fact, because they can be mass-produced by simply infecting bacteria, they could avoid the
expensive ways of producing vaccines by using animals. In this study we have constructed
an EPSP where its major coat protein pYIII was fused with EPS (Figures 1 and 2).

Sap2 is known as an important virulence factor, which is secreted by CA and functions by
degrading several host proteins capable of protecting mucosal surface. Sap2 not only helps
fungi to obtain necessary growth nitrogen, but also enhances the attachment, colonization,
and penetration of host tissue by removing the host barriers.[45: 48] Immunization with Sap2
or truncated Sap2 could induce mice to produce anti-Sap2 antibody, and also significantly
reduce the fungal burden orally and vaginally.[!1- 14. 16, 47] |n another study, suppressing
Sap2 activity by adding the aspartyl proteinase inhibitor pepstatin A drastically reduced the
cytokine response of reconstituted human vaginal epithelium (RHVE). [48] It was also found
that Sap2 null mutants had a reduced potential to cause tissue damage even though other Sap
members were up-regulated in these mutants.[4% Our work further showed that
immunization with the rSap2 could produce antibodies in the sera, which can bind rSap2
(Figure 3). Moreover, our work demonstrated that immunization with the EPSP nanofibers
could produce antibodies in the sera, which can bind rSap2 and rSap2-secreting CA (Figure
3, Figure 4). Such binding event was supposed to prevent the adhesion and migration of CA
to or in the host, thereby relieving the infection.[26] Hence, collectively, our work shows that
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the EPSP, the nanofibers displaying an epitope from the Sap2, can have similar function as
rSap2 in terms of treating CA infection as a vaccine. Namely, our work indicates that the
EPS displayed on the EPSP nanofiber surface can mimic Sap2 and induce mice to produce
antibodies that can bind with the Sap2-secreting CA for treating the infection. Some studies
claimed that mice got significantly passive protection after inoculated with monoclonal IgM
and IgG against Sap2.[16] Our results proved the similar result with anti-EPSP 1gG. When
the purified anti-EPSP or Sap2 monoclonal antibody was passively given to mice infected
with a lethal dose of CA cells (2x 107), there was a statistically significant reduction of CFUs
in the kidneys treated with either anti-EPSP antibody or rSap2 antibody compared with
antibody against WTP or PBS (Table 2). The mechanism by which the anti-EPSP antibodies
protect CA infection is unclear at this moment. It is likely that they decrease the adhesion
and colonization of CA in host and thus relieve the CA infection in a similar manner as anti-
Sap2.[14]1 Therefore, the protective effect of the EPSP against candidiasis proved that EPS
displayed on the EPSP nanofiber surface indeed mimic the epitope of Sap2 and functioned
as a vaccine together with a phage carrier.

Cellular immunity, including the CD4+ and CD8+ T cells is deemed to be critical for the
elimination of fungal pathogens. CD4+ T cells come into play against fungi through
secretion of T-helper (Th1 or Th17) cytokines, which can activate inflammatory cells for
fungal killing and clearance and activate B cells to secrete protective antibodies.[50: 511
Recently, it was found that Th17 cells could mediate phagocyte recruitment to and activation
of phagocytes at sites of infection, and IL-17 is integral for the protection against a number
of fungal pathogens.[®2 531 Other studies claimed that Th17 cells, responsible for protection
mediated by some vaccines against candidiasis, functioned directly, by promotion of or
collaboration with, Th1 response.[32: 54-56] Observations in our study showed that the EPSP
nanofibers could induce TH1 and Th17 response including the secretion of IL2, IL12, IFN-y
and IL17 in the supernatant of splenocytes (Figure 5). In addition, Th2 response with the
secretion of IL10 in the experimental groups was a little stronger than that in the control
group, but with no significant difference (Figure 5). This phenomenon can be explained by
the reported discoveries.[57] Namely, the TH2 response is related to the subversion of host
by fungi and the increased secretion of TH2 cytokines (IL-4 and IL-10) often can be seen in
the progressive disease. However, neutralizing the activities of 1L-4 and I1L-10 may help host
to restore its protective immunity.[57]

In addition to CD4+ T cells response, CD8+ T cells could be elicited with protective anti-
fungal responses and resistance in the absence of obvious help from CD4+ T cells.[58. 591 |n
our study, stronger DTH reaction reduced by CD8+ cells was seen in the mice immunized
with the EPSP nanofibers than that in the mice receiving PBS. Hence, we believe that the
EPSP nanofibers elicited CD8+ immune response (Figure 6).

The reason that EPSP nanofibers could induce stronger cellular responses may be attributed
to the foreign T-cell epitopes displayed on the nanofibers.[60: 611 Studies show that peptides
displayed on the phages can be loaded on major histocompatibility complex (MHC) class |
by a process known as cross-presentation to activate CD8+ T cells, or loaded on MHC class
Il by a process, which occurs through first endocytosing by antigen presenting cells (APC)
and then undergoing proteolysis in the endosomal-lysosomal compartments to activate
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CD4+ T cells.[52.63] These data provide further evidence showing that epitope displayed on
the surface of the EPSP nanofibers can be a superior vaccine that can significantly induce
cellular response.

A vaccine candidate for fungal infections usually need to satisfy one or both of these
immunological themes to improve fungi killing: the ability to activate cell based, pro-
inflammatory, CD4+ or CD8+ immune response of the host; the ability to induce protective
antibodies in host. Observations in this study supported that immunization with the EPSP
nanofibers increased the secretion of Thl and TH17 cytokines (Figure 5), boosted the DTH
response in immunized mice, and produced antibodies that can bind CA (Figs. 4 and 6).
Besides, the protective immunity against candidiasis was seen in the mice immunized with
the EPSP nanofibers (Figures 7-8 and Table 1). The anti-EPSP antibody can be a therapeutic
cure to CA-infected mice (Table 2). Phage nanofibers are viruses that specifically infect
bacteria. Thus phage nanofibers can be mass-produced in an error-free format by simply
infecting bacteria, providing a cost-efficient method for the production of the nanofibers.
Hence, our work implied that the EPSP nanofibers, which display a very short 5-mer peptide
instead of a longer peptide[®4 on the human-safe phage, might be a cost-effective and non-
adjuvant effective vaccine against candidiasis.

4. Conclusion

A type of engineered viral nanofibers, EPSP nanofibers with a 5-mer EPS displayed on their
side walls, are used to immunize the mice. We have characterized humoral and cellular
response to the EPSP nanofibers. We found that the EPSP nanofibers could serve as an
excellent subunit vaccine against candidiasis. The EPSP nanofibers not only can induce cell-
based immune response in mice, but also can stimulate the mice to produce effective
antibodies, which can bind CA for treating the infection, to decrease the progressive fungi
loading in the kidney of mice. EPSP nanofibers can be mass-produced by infecting bacteria
in a cost-efficient manner due to their nature of being the non-toxic viruses specifically
infecting bacteria. In consideration of the low-cost and non-adjuvant character, they may be
an effective vaccine candidate against CA infection.

5. Experimental

Reagents

CA (ATCC10231) was maintained on sabouraud’s agar at 4 °C. The pET28a-Sap2
recombinant plasmid was constructed and stored in our own laboratory. 6-8 week-old
female BALB/c mice were purchased from Beijing HFK Bioscience Company. £. coliBL21
and TG1 strains were bought from Source Biosicense, USA. Freund’s incomplete and
complete adjuvants were purchased from Aladdin Industrial Corporation in China.

Production and purification of rSap2 and phage nanofibers

The correct recombinant plasmid PET28a-Sap2 was transformed into £. coli BL21. After
cultured in Luria-Bertani (LB) medium in the presence of 1 mM IPTG for 6 h, the £. coli
bacteria were collected and decomposed by ultrasonic interaction, followed by
centrifugation. After centrifugation, the protein in the precipitate was then dissolved in urea
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and purified with Ni affinity chromatography following the manufacturer’s instructions (GE,
USA). Finally, the protein in the urea was dialyzed in PBS and quantified by
spectrophotometry. The purity of rSap2 was detected by SDS-PAGE and developed with
brilliant blue.

EPS was displayed on the major coat of phage nanofibers using our reported protocal.[3%]
EPSP was amplified by infecting £. co/i TG1 strain and purified with double polyethylene
glycol (PEG) precipitations. Briefly, synthesized oligonucleotides encoding EPS were
inserted into the phagemid pfd88, then the resultant recombinant plasmid pfd88-EPS was
transformed into £. coli TG1. After the transformed £. coli TG1 cells were cultured with the
help of WTP for 6 h, EPSP was amplified and secreted into the extracellular culture. Then,
the culture supernatant containing EPSP nanofibers was pooled and purified in PEG-6000/
NaCl (5% PEG-6000, 0.5 M NaCl) with two consecutive precipitations. The EPSP pellet
was suspended in 1 ml PBS buffer. The amount of EPSP was estimated by
spectrophotometry. WTP was amplified and purified by the similar procedure. EPSP and
WTP nanofibers were analyzed by SDS-PAGE with polyacrylamide gel, followed by silver
staining.

Image of EPSP nanofibers

The EPSP nanofibers were characterized with atomic force microscopy (AFM) and
transmission electron microscopy (TEM).

Immunization of mice

All the animal experiments were done under the international legal and institutional
guidelines and approved by Institutional Animal Care and Use Committee at Northeast
Normal Univeristy. Mice were divided randomly into four groups and immunized
intraperitoneally for three times (on week 0, 2, and 3) with the following suspensions: (1) 25
ug rSap2 in 100 pl PBS coupled with 100 pl Freund’s complete adjuvant (FCA) for the first
time as well as Freund’s incomplete adjuvant (FIA) for the second and third time; (2) 25 ug
EPSP nanofibers in 200 pl PBS each time; (3) 25 pg WTP nanofibers in 200 pl PBS each
time; and (4) 200 pl PBS each time.

Western blot

One week after the third immunization, the blood of the mice of all groups was collected and
then the sera was seperated. Western blotting was used to assess the antibody response
against rSap2 in the sera of vaccinated or negative control mice. Briefly, rSap2 protein was
added to polyacrylamide gel, transferred onto nitrocellulose membrane at 75 V for 3 h, and
blocked with 5% non-fat milk in TBST (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.1%
Tween 20) overnight at 4 °C. The membranes were subsequently incubated with sera (1:400)
for 1 h at 37 °C and then washed with TBST. After incubated with anti-mouse 1gG
conjugated to horseradish peroxidase (HRP) (1:2500)(ZSGB-Bio Origene, China) for 1 h at
37 °C and washed with TBST three times, the antigen-antibody complexes were detected
using 3-Amino-9-ethylcarbazole (AEC) solution.
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Immunofluorescence

The overnight culture of CA was incubated with fresh yeast extract peptone dextrose (YPD)
medium until cultures reached logarithmic phase. 107 sporophores were seeded into 6 well
tissue culture plates and cultured with 1640 medium for 4 h. After slight wash with PBS
once, the cells were incubated with sera containing antibodies against EPSP or WTP for 2 h
on ice. The adherent cells were fixed with 4% paraformaldehyde for 20 min and washed
subsequently with PBS for 3 times. The fixed cells were permeabilized with 0.5% Triton
X-100 and washed with TBST for three times. After blocking with 3% BSA at 37 °C, the
cells were incubated with P-phycoerythrin (PE) conjugated goat anti-rabbit 1gG (1:2000)
(ZSGB-Bio Origene, China) for 45 min at 37 °C and stained with DAPI for 10 min. After
washed with PBST (PBS+0.1% Tween 20) for three times, the cells were mounted and
observed with a laser scanning confocal microscope.

Cytokines secretion in supernatants of the splenocytes culture

108 splenocytes from each immunized mice were dispersed in 1640 medium and seeded in
96-well plates in the presence of rSap2 (25 ug/ml), EPSP nanofibers (25 pug/ml), WTP
nanofibers (25 ug/ml) or PBS individually, with each group in triplicates. Culture
supernatants were collected after 48 h incubation to determine the levels of cytokines in
accordance with the manufacturer’s instruction (Wuhan Boster Biological Technology, LTD.
China).

Delayed-type hypersensitivity (DTH) assay

DTH assay was done one week after the final immunization. rSap2 (15 pg in 30 ul PBS),
EPSP nanofibers (15 pg in 30 pl PBS), WTP nanofibers (15 pg in 30 ul PBS) or PBS (30 pl)
was injected into the left footpads for each mouse. Footpad swelling was measured with a
caliper at 4 h, 24 h, 48 h after the injection.

Challenge with CA strains

One week after the final immunization, three mice of each group were inoculated
intravenously with 106 CA. Each group of mice was sacrificed 7 d after the infection. Then
kidneys and livers were excised aseptically in two parts. One part was fixed in 10% (v/v)
formalin for tissue slices. Sections (3-5 pm) of buffered paraffin-embedded tissues were
stained with hematoxylin and eosin (H&E). Another part was used to assess the number of
CA having migrated to the kidney and spleen. For the survival rate experiment, eight
immunized mice in each group were injected intravenously with 107 CA one week after the
last immunization. The number of mice that died 14 days post-infection was counted.

Passive therapy using antibodies against candidiasis

In the passive therapy assay, 1gG antibody was purified firstly from the sera of all
immunized mice according to the manufacturer’s instructions with HiTrap Protein G HP
column (GE General Electric, USA). The purified antibodies were used to treat the mice
infected by CA (107) 4 h after infection. Randomized groups of 8 mice were given one of
the following antibodies intravenously: (1) 100 pl of purified antibody against rSap2 at a
dose of 5.0 mg/kg weight; (2) 100 ul of purified antibody against EPSP nanofibers at a dose
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of 5.0 mg/kg mice weight; (3) 100 pl of purified antibody against WTP nanofibers at a dose
of 5.0 mg/kg mice weight; and (4) 100 ul PBS at a dose of 5.0 mg/kg mice weight. The mice
were sacrificed two days later, and yeast cell counts in kidneys were determined.

Statistical analysis

Numerical data were analyzed with Student’s T-test to determine statistical significance.
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Figure 1.
SDS-PAGE to analyze rSap2 and EPSP. (a) Purified rSap2 protein. Sap2 was identified with

a molecular weight of about 43 kDa. Lanel, Marker; Lane 2, rSap2 protein, (b) Purified
EPSP. It showed that EPS was successfully fused to the wild type pYIII of phage. Lanel,
Maker, Lane 2, WTP; Lane3, EPSP.
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Figure 2.
AFM (a) and TEM (b) image of EPSP nanofibers. These images show that the EPSP

nanofibers were about ~900 nm long. Some shorter nanofibers, which are the broken peieces
by AFM tips, are seen in AFM.
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Figure 3.
One week after the third time immunization, sera from each group of immunized mice were

collected and used for western blotting assay. Lane 1, 3 and 5, marker; lane 2, rSap2 + sera
from mice immunized with rSap2; lane 4, rSap2 + sera from mice immunized with EPSP
nanofibers; lane 6, rSap2 + sera from mice immunized with WTP nanofibers. These results
indicate that rSap2 can only react with the sera from mice immunized with rSap2 or EPSP
nanofibers.

4 5
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Figure 4.
Immunofluorescence to assess the binding affinity of antibody-containing sera with CA. (a)

Morphology of CA under differential interference contrast (DIC) microscope; (b) CA
stained with DAPI (excitation: 358nm, emission: 461nm), (c) CA incubated with sera
containing anti-EPSP and stained by goat anti-rabbit IgG conjugated with PE(excitation:
495nm, emission: 519nm), (d) Merge of a, b and c, (¢) Morphology of CA under DIC
microscope, (f) CA stained with DAPI(excitation: 358nm, emission: 461nm), (g) CA
incubated with sera containing anti-WTP and stained by goat anti-rabbit IgG conjugated
with PE(excitation: 488nm, emission: 575nm), (h) Merge of e, f and g. The fluorescence
images illustrated that the antibodies in sera collected from mice immunized with EPSP
could bind to CA. Scale bars: 5um
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Cytokines expression in the supernatants of splenocytes culture. One week after the last
immunization, spleens of immunized mice were removed, ground and seeded in 96 wells
plates, followed by stimulating with rSap2, EPSP, WTP or PBS. Then the production of
cytokines was measured. Group 1, rSap2 immunized mice; group 2, EPSP immunized mice;
group 3, WTP immunized mice; group; 4, PBS injected mice. These data suggest that both
phage nanofibers and rSap2 could induce Thl (IFN-y, IL-2, IL-12)and TH17(IL-17) type
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cytokines gene expression, but not TH2(IL-10)(p>0.05). All data was compared to PBS
group, * Significant (p<0.05), ** Very significant (p<0.01).
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Figure 6.
DTH response of immunized mice with rSap2, EPSP, WTP or PBS. One week after the third

time immunization, mice were injected with 15 ug rSap2, 15 ug EPSP, 15 ug WTP or PBS in
the left footpad. It was concluded that the thickness of footpads of mice in EPSP group,
rSap2 group or WTP group was significantly larger than the control group at 4 h, 24 h, and
48 h after injection. * Significant (p<0.05), ** Very significant (p<0.01).
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Figure7.
Microscopic observation of H&E-stained paraffin section of kidneys and livers of

immunized mice against CA (2x10) infection. One week after the third time immunization,
all mice were challenged with CA. Histological sections (3-5 mm) of kidneys and livers of
each mice were stained with H&E, observed with microscope and then photographed by
digital cameras. (a) Livers from mice immunized with rpSap2. Magnification: 400x, (b)
Livers from mice immunized with EPSP. Magnification: 400x, (c) Livers from mice
immunized with WTP. Magnification: 200x, (d) Livers from mice immunized with PBS.
Magnification: 200x, (e) Kidneys from mice immunized with rpSap2. Magnification: 400x,
(f) Kidneys from mice immunized with EPSP, Magnification: 400x%, (g) Kidneys from mice
immunized with WTP, Magnification: 200x, (h) and (i) Kidneys from mice immunized with
PBS, Magnification: 200x. These images suggested that immunization with EPSP (b, f) or
rSap2 (a, e) protected the mice against CA infection in visceral injury compared to PBS
group (d, h, i) and WTP group (c, g). The arrows in (c), (d), (g) and (h) indicate infiltration
of inflammatory cells, and those in (i) indicate protein tubes.
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Figure8.
Survival percentage of immunized mice resistant to CA infection. One week after the third

time immunization, each mouse was inoculated with 2x107 CA cells, and then the number
of living mice was recorded for 14 days. The survival rate revealed that immunization with
EPSP or rSap2 significantly prolonged the living time of mice against CA infection in
comparison to PBS control and WTP group. The data is represented as mean+standard
deviation.
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WTP=wild type phage
EPS=epitope peptide of Sap2
EPSP=EPSP-displaying phage
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Schematic illustration of the general idea using EPSP nanofibers (~900 nm long and ~7 nm
wide) as a vaccine for preventing CA infection. Firstly, EPS was displayed on the WTP to
form EPSP nanofibers (a), which were intraperitoneally injected into the mice for three
times (25 pg/mice each time) to obtain EPSP-immunized mice (b). Then, two approaches
were adopted to prove the use of EPSP as a vaccine for preventing CA infection. The first
approach is to test if CA cells can infect the EPSP-immunized mice. Briefly, one week after
the last mmunization, mice were challenged (c) by injecting 108 CA cells through tail vein

Adv Healthc Mater. Author manuscript; available in PMC 2017 April 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Huai et al.

Page 23

(d). It was found that the EPSP-immunized mice were protected from CA infection (e), as
evidenced by the decreased fungal loading in kidney, less visceral lession and increased
survival rate (f). The second approach is to test if EPSP antibodies collected from the EPSP-
immunized mice can be used to cure the CA-infected mice. Briefly, serum was collected
from the blood of EPSP-immunized mice (c”), followed by the extraction of 1gG from the
serum to obtain EPSP antibodies (d’). After the mice were infected by CA cells through tail
vein injection (e’ and f’), the EPSP antibodies were injected intravenously into the infected
mice (g’), which led to the curing of CA infection (h”) as evidenced by the significantly
reduced fungal loading in kidneys (i).
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Table 1
Colonization of CA in kidneys of immunized mice.
Treatment group®  CFU in Kidney (log;o/g of kidney)P pC
rSap2 2.34+0.04 <0.05
EPSP nanofibers 2.71+0.09 <0.05
WTP nanofibers 3.29+0.04 NS (not significant)

PBS 3.37+0.02

aOne week after the third time immunization with rSap2, EPSP, WTP or PBS, mice were inoculated with 2x100 CA cells.

bKidneys of mice were collected, weighed and homogenized with a glass grinder in sterile physiological saline. Then CFU of CA in kidneys was
counted.

cStatistic analysis with student’s t-test showed that immunization with EPSP (p<0.05) or rSap2 (p<0.05) significantly decreased the CFU in
kidneys of mice against candidiasis compared with PBS group and WTP group.
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Table 2
CFU in kidneys of mice treated with antibody
Treatment groups?  CFUsin KidneyP (log10/g of kidney) pC
rSap2 1.30+0.46 <0.01
EPSP nanofibers 1.34+0.54 <0.05
WTP nanofibers 2.47+0.55 NS (not significant)

PBS 2.45+0.46

aMice were inoculated with 100 uL PBS containing 2x107 CA cells via an intravenous injection. Four hours later, 6 mice each group were chosen
randomly for treatment with the reagents below: (1) 100 pl of purified antibody against rpSap2 at a dose of 5.0 mg/kg mice weight; (2) 100 pl of
purified antibody against EPSP at a dose of 5.0 mg/kg mice weight; (3) 100 ul of purified antibody against WTP at a dose of 5.0 mg/kg mice
weight; (4) 100 pl PBS at a dose of 5.0 mg/kg mice weight.

bTwo days after injection of antibodies, kidneys of mice were collected, weighed and homogenized with a glass grinder in sterile physiological
saline. CFUs were counted and recorded.

cDifference analysis with student’s t-test showed that the EPSP antibody (p<0.05) and rSap2 (p<0.01) antibody greatly decreased the CFU in
kidneys of mice against candidiasis compared with the control (PBS) group.
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