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Genetically Engineered Virus Nanofibers as an Efficient
Vaccine for Preventing Fungal Infection
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1. Introduction
Candida albicans (CA) is a kind of fungus 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

C. albicans (CA) is well known as an
opportunistic fungus existing in normal
organisms, but could cause superficial and

that immunization with secreted aspartyl proteinases 2 (Sap2) can prevent
the infection, it is proposed 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 sep-
arately 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
increases 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

systemic infections in immunocompro-
mised or debilitated hosts such as patients
with cancer and AIDS. Though superficial
CA infections are nonlethal, systemic can-
didiasis infections result in high modality
and mortality in mildly immunocompro-
mised individuals even with antifungal
therapy.'! During the past decades,
therapeutic antifungals have been widely
used against candidiasis, dramatically
increasing the drug tolerance and resist-
ance.ll 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 pro-

tein carrier to acquire sufficient immu-

nogenicity, 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 infec-
tion.®”] Among them, the secretory aspartyl proteinases
(Saps) family (Sap1-10) was considered as the major determi-
nants and related to several putative virulence attributes such
as hyphal formation, adhesion, phenotypic switching, dimor-
phism, and the secretion of hydrolytic enzymes in systemic
infections.B-11 Sap2 is the most abundant form of Saps that
cause the damage and virulence due to the infection.®1213]
Furthermore, it was also found that antibodies against Sap2,
which were induced by immunization with Sap2 or recon-
structive Sap2, had a protective role against CA infection in
rats or mice."*7] 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.'82% This discovery indicated that the EPS might be
the immunodominant epitope of Sap2 for developing poten-
tial 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).
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Scheme 1. Schematic illustration of the general idea using EPSP nanofibers (=900 nm long and =7 nm wide) as a vaccine for preventing CA infection.
a) First, EPS was displayed on the WTP to form EPSP nanofibers, b) which were intraperitoneally injected into the mice for three times (25 pg per mice
each time) to obtain EPSP-immunized mice. 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 immunization, mice were c) challenged by
injecting 2x108 CA cells through d) tail vein. e) It was found that the EPSP-immunized mice were protected from CA infection, ) as evidenced by the
decreased fungal loading in kidney, less visceral lesion and increased survival rate. The second approach is to test if EPSP antibodies collected from
the EPSP-immunized mice can be used to cure the CA-infected mice. c") Briefly, serum was collected from the blood of EPSP-immunized mice, d’) fol-
lowed by the extraction of 1gG from the serum to obtain EPSP antibodies. e',f") After the mice were infected by CA cells through tail vein injection,” g')
the EPSP antibodies were injected intravenously into the infected mice, h") which led to the curing of CA infection i’) as evidenced by the significantly
reduced fungal loading in kidneys.

Filamentous phage is a nanofiber-like virus (=900 nm long
and 7 nm wide) that specifically infects bacteria.1=2%1 It is made
of DNA and proteins.?*?’] The DNA is encapsulated by a coat
made of five structural proteins, including one major coat pro-
tein (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.2-28 Filamentous phage increas-
ingly attracts scientists’ attention in recent years because of its
wide usage in many fields. For example, it can act as a tem-
plate for nanomaterials formation,?>34 as a probe for sensing
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and imaging,®>3?l as a vector for targeted drug and gene
delivery,?7?837] as a platform for screening peptides or anti-
bodies!?>?%) and as a scaffold for inducing stem cell differentia-
tion and bone formation .30l

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.*!l The pep-
tide 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.*” Hence, in this
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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 (pVIII,=3000 copies) con-
stituting 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 infec-
tion in BALB/c mice, were used to assess the protective role of
the EPSP nanofibers (Scheme 1). In the end, the antibody gen-
erated in response to the EPSP nanofibers was passively inocu-
lated to CA-infected mice to further prove the protective role of
the EPSP nanofibers as a subunit vaccine (Scheme 1).

2. Results

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). Sodium dodecyl sulfate polyacrylamide gel electro-
pheresis (SDS-PAGE) confirms the purification of the rSap2
(Figure 1a). p protein constituting the side wall of engineered
phage (i.e., with EPS fused to the solvent-exposed terminal of
the p) 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 p of WTP to achieve
peptide display on the side wall of the WTP, forming EPSP
nanofibers. Atomic force microscopy (AFM) and transmission
electron microscopy (TEM) images collectively confirm that
the EPSP is indeed a nanofiber (=900 nm long and 7 nm wide)
(Figure 2).

2.2. Antibody Response against rSap2 and CA

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
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Figure 1. SDS-PAGE to analyze rSap2 and EPSP. a) Purified rSap2 pro-
tein. 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 p of phage. Lanel, Maker, Lane 2,
WTP; Lane3, EPSP.
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Figure 2. a) AFM and b) TEM image of EPSP nanofibers. These images
show that the EPSP nanofibers were =900 nm long. Some shorter
nanofibers, which are the broken pieces by AFM tips, are seen in AFM.

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 indicated 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 confirmed 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.'”]

2.3. Cellular 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
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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 blot-
ting 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.

Adv. Healthcare Mater. 2016, 5, 786-794
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Figure 4. Immunofluorescence to assess the binding affinity of antibody-
containing sera with CA. a) Morphology of CA under differential interfer-
ence 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), e) 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 1gG conjugated with PE(excitation: 488 nm,
emission: 575 nm), 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

amount of all the cytokines except IL-10 in the mice immunized
with the EPSP and WTP nanofibers as well as rSap2 was sig-
nificantly higher than that in the mice injected with phosphate-
buffered saline (PBS) (p < 0.05). These data suggested 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 (2 x 10%) 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 had significantly 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 kid-
neys 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 f,g,i).
Survival rate against 2 x 107 lethal CA infection was esti-
mated with immunized mice one week after the last immuniza-
tion. The number of dead mice in each group was recorded for

Adv. Healthcare Mater. 2016, 5, 786794
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14 d 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, IgG was purified from sera collected from the
immunized mice and administrated to mice infected with a
lethal dose of CA cells (2 x 107). It was shown that the CFUs in
the kidneys of rSap2 and EPSP immunized mice were statisti-
cally 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.] 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. First, they could display EPS on the surface
by genetic means and allow the EPS to have the similar con-
formation as the native protein from which the EPS is derived.
Second, they have other advantageous characters, such as the
capacity to induce the antibody response and T-cell response,
being nontoxic to human beings, and easy and cost-effective
production.* In fact, because they can be mass-produced by
simply infecting bacteria, they could avoid the expensive ways
of producing vaccines by other methods. In this study, we have
constructed an EPSP where its major coat protein p was fused
with EPS (Figure 1 and Figure 2).

Sap2 is known as an important virulence factor, which is
secreted by CA and functions by degrading several host pro-
teins 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.*>#°] Immunization with
Sap2 or truncated Sap2 could induce mice to produce anti-
Sap2 antibody, and also significantly reduce the fungal burden
orally and vaginally.""141647] In another study, suppressing
Sap2 activity by adding the aspartyl proteinase inhibitor pep-
statin A drastically reduced the cytokine response of reconsti-
tuted human vaginal epithelium.® 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.*”) 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 immu-
nization with the EPSP nanofibers could produce antibodies in
the sera, which can bind rSap2 and rSap2-secreting CA (Figure
3 and Figure 4). Such binding event was supposed to prevent
the adhesion and migration of CA to or in the host, thereby
relieving the infection.l'® Hence, collectively, our work shows
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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 pg EPSP, 15 pg WTP or PBS in the left footpad. It was con-
cluded that the thickness of footpads of mice in EPSP group, rSap2 group
or WTP group was significantly larger than the control group at 4, 24, and
48 h after injection. * Significant (p <0.05), ** Very significant (p<0.01).

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 inflam-
matory cells for fungal killing and clearance and activate B cells
to secrete protective antibodies.’*>! Recently, it was found that
Th17 cells could mediate phagocyte recruitment to and activa-
tion of phagocytes at sites of infection, and IL-17 is integral for
the protection against a number of fungal pathogens.’>53 Other
studies claimed that Th17 cells, responsible for protection medi-
ated by some vaccines against candidiasis, functioned directly,
by promotion of or collaboration with, Thl response.l>%>*->¢]
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).

Table 1. Colonization of CA in kidneys of immunized mice.

Treatment group?  CFU in kidney [log;, per g of kidney]® P9

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

30ne week after the third time immunization with rSap2, EPSP, WTP or PBS, mice
were inoculated with 2 x 10°% CA cells; PKidneys of mice were collected, weighed,
and homogenized with a glass grinder in sterile physiological saline. Then, CFU of
CA in kidneys was counted; 9Statistic 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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This phenomenon can be explained by the reported discov-
eries.’”] 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 IL-4 and IL-10 may help
host to restore its protective immunity.>’]

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.”®* In 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 cel-
lular responses may be attributed to the foreign T-cell epitopes
displayed on the nanofibers.[®*®l Studies show that peptides
displayed on the phages can be loaded on major histocompati-
bility complex (MHC) class I by a process known as cross-pres-
entation to activate CD8+ T cells, or loaded on MHC class II by
a process, which occurs through first endocytosing by antigen
presenting cells and then undergoing proteolysis in the endo-
somal-lysosomal compartments to activate CD4+ T cells.[0%63]
These data provide further evidence showing that epitope dis-
played 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, proinflamma-
tory, 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 Th1l and TH17 cytokines (Figure 5),
boosted the DTH response in immunized mice, and produced
antibodies that can bind CA (Figure 4 and Figure 6). Besides, the
protective immunity against candidiasis was seen in the mice
immunized with the EPSP nanofibers (Figure 7 and Figure 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 bac-
teria, 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
peptidel® on the human-safe phage, might be a cost-effective
and nonadjuvant 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 infec-
tion, to decrease the progressive fungi loading in the kidney
of mice. EPSP nanofibers can be mass-produced by infecting
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their nature of being the nontoxic viruses
specifically infecting bacteria. In consid-
eration of the low-cost and nonadjuvant
character, they may be an effective vaccine
candidate against CA infection.
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5. Experimental Section

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. E. coli

792  wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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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% nonfat milk in TBST
(50 x 107% m Tris-HCI (pH 7.5), 150 x 107 m 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 antimouse 1gG conjugated to horseradish peroxidase (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 solution.

Immunofluorescence: The overnight culture of CA was incubated with
fresh yeast extract peptone dextrose medium until cultures reached
logarithmic phase. 2 x 107 sporophores were seeded into six 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 three times. The fixed cells were permeabilized with 0.5% triton
X-100 and washed with TBST for three times. After blocking with 3%
bovine serum albumin (BSA) at 37 °C, the cells were incubated with
P-phycoerythrin (PE) conjugated goat antirabbit 1gG (1:2000) (ZSGB-Bio
Origene, China) for 45 min at 37 °C and stained with 4’,6-diamidino-2-
phenylindole (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:
2 x 10° splenocytes from each immunized mice were dispersed
in 1640 medium and seeded in 96-well plates in the presence of
rSap2 (25 pg mL™Y), 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 Assay. DTH assay was done one
week after the final immunization. rSap2 (15 pg in 30 pyL PBS), EPSP
nanofibers (15 pg in 30 pL PBS), WTP nanofibers (15 pg in 30 pL PBS) or
PBS (30 pL) were injected into the left footpads for each mouse. Footpad
swelling was measured with a caliper at 4, 24, 48 h after the injection.
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