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Abstract

Candida species are the second most frequent cause of fungal infections worldwide. Current knowledge
of immunity to Candida has been gleaned almost exclusively from studies on Candida albicans, the most
common disease-causing species. Knowledge of immunity to non-albicans Candida (NAC) species is still at
an early stage due to the lack of tractable animal models with which to study these important pathogens.
This is partly because many NAC species are not usually pathogenic in mouse models of candidiasis. In
this study, we established an immunosuppressed mouse model of disseminated candidiasis by the two
clinically important NAC species, C. glabrata and C. tropicalis. The inbred mouse strains, A/J and BALB/c,
show distinct susceptibilities to disseminated Candida infection. A/J mice, deficient for complement C5,
are more susceptible to disseminated infection with both C. glabrata and C. tropicalis compared to BALB/c
mice, the latter having functional C5. Here we show that peptide-pulsed dendritic cell (DC) vaccination with
a peptide derived from a C. tropicalis cell surface protein, significantly improved survival and reduced the
fungal burdens of disseminated candidiasis in these immunocompromised mice. Importantly, this study
is the first report of protective efficacy conferred by a peptide vaccine against medically important NAC
species in immunosuppressed hosts. Establishing this experimental mouse model provides an important
tool to further understand pathogenesis and host resistance in Candida infection. Significantly, our findings
also demonstrate how this model can be used to evaluate new control strategies against candidiasis, such
as vaccines.
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Introduction

Disseminated candidiasis is the leading cause of nosocomial
bloodstream infections in the United States. Despite the avail-
ability of antifungal therapy, crude mortality in the last decade
has remained unacceptably high. Disseminated candidiasis is the
cause of more fatalities than any other systemic mycosis,!** yet
to date there are no vaccines against Candida or indeed any
other fungal pathogen. Candida albicans is the most common
disease-causing species (60-70%); however, the prevalence of
disease caused by non-albicans Candida (NAC) species is on

of all Candida infections in the United States and is the most
common NAC species isolated.!* A particular problem with C.
glabrata is its resistance to the most common drug classes, azoles
and echinocandins.>~” C. tropicalis, in particular, is associated
with invasive infection, accounting for up to 45% of NAC in-
fections.® Strikingly, higher mortality caused by disseminated
C. tropicalis rather than C. albicans infection was documented
in patients with acute leukemia or undergoing bone marrow
transplantation, for whom neutropenia appears to be a partic-

ularly important risk factor,®~!! although the basis for this is

the rise, along with an increase in antifungal drug resistance.? unclear.
Candida glabrata now accounts for approximately 15% to 20%
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Experimental animal models are a critical component of un-
derstanding pathogenesis and host resistance to infection. Such
models allow the evaluation of potential antifungal vaccines
and chemotherapies. To investigate systemic Candida infection,
mouse models have been developed that mimic human disease,
the most common being the intravenous infection model. The
murine intravenous model of disseminated C. albicans infection
is well characterized and reproducible, while tractable mouse
models for NAC are lacking because many NAC species are
usually nonpathogenic in mice. Therefore, developing faithful
mouse models to understand host resistance to NAC species
is key for future work. In this study, we first performed a si-
multaneous comparison of the relative pathogenicities of the
three clinically most relevant Candida species in both im-
munocompetent and immunocompromised mouse models to
understand species-related variations in virulence. We then
successfully established immunocompromised mouse models
of disseminated infection by C. tropicalis and C. glabrata.
Furthermore, we showed that peptide-pulsed dendritic cell
(DC) vaccination with peptide derived from the Candida cell
wall protein 5-methyltetrahydropteroyltriglutamate homocys-
teine methyltransferase (Met6), significantly improved survival
and reduced the fungal burdens of disseminated candidiasis in
immunocompromised mice of both BALB/c and A/] strains. Vac-
cination of high-risk groups is a particularly promising strat-
egy to prevent invasive Candida infection.!” There are extensive
data confirming the immunogenicity and efficacy of vaccines
even in patients with weakened immune systems. For exam-
ple, those with neutropenia, active leukemia, human immun-
odeficiency virus (HIV) infections, or those receiving immuno-
suppressive corticosteroids.'3=17 Neutropenia is one of the most
common problems associated with disseminated candidiasis in
humans, and here we are first to report that a synthetic cell wall-
derived peptide vaccine can provide effective protection against
disseminated C. tropicalis infection in immunocompromised
hosts.

Methods

Candida strains and culture conditions

Three isolates of Candida were used to induce systemic in-
fection in BALB/c and A/] mice. C. albicans SC5314 (ATCC
MYA-2876), C. tropicalis (ATCC MYA-3404) and C. glabrata
(ATCC 2001) were grown as stationary-phase yeast cells (24 h
cells) in glucose-yeast extract-peptone (GYEP, 2% glucose, 1%
peptone, 0.3% yeast extract) broth at 37°C, washed, and sus-
pended to the appropriate cell concentration (5 x 10°/ml, 1 x
10%/ml, or 1 x 10%/ml) in Dulbecco’s phosphate-buffered saline
(DPBS; Sigma) and used to infect mice intravenously (IV) as
described.'$-1?

Mice

BALB/c and A/] female mice (National Cancer Institute Animal
Production Program, Frederick, MD, USA) 5 to 7 weeks old
were used throughout. Mice were maintained in our AAALAC-
certified animal facility and all animal experiments were per-
formed using a protocol approved by the Institutional Animal
Care and Use committee (IACUC) at LSU Health Sciences Center
(LSUHSC).

Peptide vaccines

14-mer peptide Met6, PRIGGQRELKKITE, was synthesized
based on a sequence located within the N-terminus of C. al-
bicans cell wall protein 5 methyltetrahydropteroyltriglutamate
homocysteine methyltransferase. Met6 peptide (purity 98.5%)
was produced commercially (GenScript).

Isolation and culture of dendritic cells (DCs) from
mouse bone marrow

Dendritic cells (DCs) were generated from mouse bone marrow
by a previously described method.?%:2! Briefly, donor mice were
euthanized by CO, asphyxiation, their long bones, femurs, and
tibias were aseptically removed. Bone marrow was flushed from
the bones by forcibly injecting several ml of Roswell Park Memo-
rial Institute medium (RPMI-1640) and clumps removed or dis-
persed by gentle pipetting through a sterile 70-mm cell strainer.
Red blood cells were lysed (ACK lysing buffer, 0.15 M NH4Cl,
1.0 mM KHCO3, 0.1 mM EDTA) for 4 min, and the remaining
bone marrow cells were suspended in complete medium (CM,
RPMI-1640 supplemented with 10% FBS, 2 mM L-glutamine,
1% nonessential amino acids, and 100 units/ml penicillin and
100 ug/ml streptomycin). Cell density was adjusted to 2 x 10°
cells per ml and plated in six-well plates at 5 ml per well. Cells
were cultured for up to 9 days in the presence of 40 ng/ml of
rmGM-CSF and rmIL-4 (R&D Systems) at 37°C, 5% CO,. On
days 4 and 7 of culture, the same amount of fresh GM-CSF and
interleukin (IL)-4 was added to the wells.

Active immunizations with peptide pulsed dendritic
cells

A time course of the protocols for active immunization, the in-
duction of immunosuppression, and survival studies after Can-
dida infection is summarized in Figure 1. All active vaccinations
were conducted as previously described.?!=23 DCs were pulsed
in vitro with Meté6 peptide as described before.?! Briefly, DCs in
culture were pulsed with the peptide antigen (1 M) on day 6.
On day 7, PGE; (1077 M) was added along with LPS (2 ug/ml,
Sigma) for 24 h to induce DC maturation. On day 9, antigen-
pulsed DCs were washed extensively and 5 x 103 cells in 200 pl
DPBS were administered via the intraperitoneal (IP) route. The
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Figure 1. A time course of the protocols for active immunization, the induction of immunosuppression, and survival studies after Candida infection is summarized.
(A) Before challenge, BALB/c and A/J mice were immunosuppressed by IP with CY or SC injection of cortisone acetate at day 3. The IP injection (150 mg/kg) of CY
was repeated every 7 days after infection and SC injection of cortisone (125 mg/kg) was performed daily to maintain leukocytopenia. (B) All active vaccinations
were conducted as previously described (21-23). On day 0, antigen-pulsed dendritic cells (DCs) were washed extensively and 5 x 10° cells in 200 .| DPBS were
given by IP route as a priming dose to the mice. The mice were boosted IP twice 2 weeks apart with same number of fresh antigen-pulsed DCs without adjuvant.

This Figure is reproduced in color in the online version of Medical Mycology.

mice were boosted IP at day 14 and day 28 with fresh antigen-
pulsed DCs without adjuvant.

To test the efficacy of the vaccine in immunocompro-
mised mice, vaccinated mice were immunosuppressed by in-
traperitoneal injection of 200 mg/kg of cyclophosphamide (CY;
Sigma-Aldrich) on day -3 followed by another 4 doses
(150 mg/kg) every 7 days on days 7, 14, 21, and 28 post-
infection (Fig. 1).

Immunosuppression

Before challenge, BALB/c and A/] mice were immunosuppressed
by intraperitoneal injection of a 200 mg/kg dose of cyclophos-
phamide (CY; Sigma-Aldrich), or subcutaneous (SC) injections
of cortisone acetate (Merck) at a dose of 125 mg/kg at day 3.
The IP injection (150 mg/kg) was repeated every 7 days after
infection (i.e., at days 7, 14, 21, and 28 post-infection) in or-
der to maintain leukocytopenia and low neutrophil counts for
the entire experimental procedure. The SC injection of cortisone
(125 mg/kg) was performed daily to maintain leukocytopenia.
Both regimens have been shown to render mice neutropenic (The
absolute neutrophil count is <500 cells/mm?) within 3-4 day of
the first cyclophosphamide/cortisone injection, and neutropenia
lasted until the termination of the experiments (day 30). Leuko-
cyte and differential counts from peripheral blood were moni-
tored for up to 30 days to verify the induction of leukocytopenia.
Total leukocyte and differential cell counts were determined on a
hemacytometer and by Wright-Giemsa staining. Body weights of

the mice were also measured and compared for 21 days after the
first CY/cortisone or saline injection. With regard to the mouse
model of C. glabrata disseminated candidiasis, on day -3 be-
fore C. glabrata (ATCC 2001) inoculation (day 0), some groups
of BALB/c mice received a combination of cyclophosphamide
plus cortisone acetate at the same dosage schedule as indicated
above. To verify the induction of neutropenia, leukocytes and
differential counts were monitored 48 h after the injection, at
which time the total peripheral leukocyte count fell to approx-
imately 500 cells per ml (from a baseline of 8000 cells per ml),
with a polymorphonuclear content of less than 10% of the to-
tal leukocyte count. Peripheral leukocyte count was monitored
daily thereafter.

Fungal challenge dose and assessment of protection

Due to defective fungal host defense and impaired survival in
immunosuppressed mice, the C. albicans challenge dose was
modified from 5 x 10° to 5 x 10* to obtain similar survival
curves as shown in immunocompetent mice. Immunosuppressed
mice and age- and sex-matched normal control mice (7 = 5 in
each group) were injected intravenously with different doses of
live C. albicans yeast cells (5 x 10°, and § x 10° in 0.1 ml
DPBS), or live C. glabrata yeast cells (1 x 107, 1 x 108, and 1
x 10% in 0.1 ml DPBS), or live C. tropicalis yeast cells (1 x 107,
5 x 107, and 1 x 10% in 0.1 ml DPBS). After two independent
experiments, 5 x 10* of C. albicans SC5314, 1 x 107 of C. trop-
icalis, and 1 x 108 of C. glabrata were determined as the lethal
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challenge dose for immunosuppressed BALB/c and A/] mice in
all the following survival studies, producing an acute infection,
with 60-100% of animals dying within 10-15 days. For active
immunization experiments, 2 weeks after the second boost of
Met6 peptide vaccine on day 0, immune and control immuno-
suppressed BALB/c and A/] mice were infected i.v. with a lethal
dose of C. tropicalis yeast cells (1-107 in 100 ul DPBS). Protec-
tion was evaluated by monitoring animal survival for 30 days.
The challenged mice were monitored for the development of a
moribund state, defined as being listless, disinterested in food or
water, and nonreactive to finger probing. At that time the mouse
was euthanized, kidneys and brains were homogenized in DPBS,
and plated onto nutrient agar to determine colony-forming units

(cfu).

Analysis of organ clearance

Groups of 20 mice for each strain were studied: a normal
group and three groups immunosuppressed by either cyclophos-
phamide (CY) or cortisone acetate or both as previously de-
scribed. Mice were inoculated intravenously with spores of C.
glabrata or C. tropicalis at day 0, on days 2, 4, 6, and 8 postinfec-
tion. Five mice per experimental group were selected at random
and euthanized. The kidneys, livers, brains, and spleen of each of
these animals were removed aseptically and homogenized in 5 ml
of sterile DPBS. Samples were removed from each homogenate,
serially diluted in DPBS, plated onto GYEP agar plates (with
50 wpg/ml chloramphenicol), and incubated at 37°C for 48 h.
The colonies were then enumerated, and cfu calculated per gram
of each organ. All experiments were performed in duplicate.

Statistical analysis

Survival times were statistically evaluated by Kaplan—Meier
(GraphPad Prism, version 6), and statistical significance was
subsequently calculated for each preset time point of analysis.
All fungal burden data were analyzed by a multivariate analy-
sis of variance (MANOVA). This multivariate analysis allowed
for the correlation among CFUs obtained from organs within
the same animal. All statistical tests were performed at the 5%
significance level.

Results

Comparison of virulence of C. albicans, C. glabrata
and C. tropicalis in immunocompetent BALB/c mice

To compare the virulence of two NAC species with C. albicans in
immunocompetent BALB/c mice, initial experiments were con-
ducted to challenge naive BALB/c mice with high doses of both C.
tropicalis and C. glabrata intravenously. A lethal dose of C. albi-
cans SC 5314 (5 x 10°) was used in naive BALB/c to induce acute
invasive candidiasis as a positive control. BALB/c Mice were in-
oculated i.v. with C. glabrata (10 organisms/mouse) or with C.
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Figure 2. Comparison of virulence of C. albicans, C. tropicalis and C. glabrata
in immunocompetent BALB/c mice. Naive immunocompetent BALB/c mice (5
weeks) were infected IV with either 5 x 10° C. albicans SC5314 (ATCC MYA-
2876) yeast cells, or 1 x 107 cfu C. tropicalis (ATCC MYA-3404) yeast cells,
or 1 x 108 cfu C. glabrata ATCC 2001 yeast cells, respectively. Results are
representative of five mice per inoculum. Experiments were repeated three
times. This Figure is reproduced in color in the online version of Medical
Mycology.

tropicalis (107 organisms/mouse) and observed once daily for 30
days for morbidity and mortality. As shown in Figure 2, all mice
inoculated with C. glabrata (108 organisms/mouse) survived and
appeared clinically normal. In contrast, systemic infection with
C. albicans (5 x 10’ organisms/mouse) resulted in 100% mortal-
ity by 12 days postinfection, which was associated with clinical
signs of disease including weight loss, lethargy, and a ruffled ap-
pearance. With an infective dose 1 x 107 of C. tropicalis, only
20% mortality was observed in BALB/c mice within 30 days
after challenge.

Induction of leukocytopenia in mice

BALB/c and A/] mice were rendered severely neutropenic (poly-
morphonuclear leukocyte count, <500/mm?) 3 days prior to
the beginning of the challenge study (Day 0) with 200 mg/kg
of body weight intraperitoneal (IP) cyclophosphamide (CY) or
daily SC injection (125 mg/kg) of cortisone acetate. Significant
decreases in total leucocytes and neutrophils were observed in the
CY-treated or cortisone treated mice compared with those in the
control mice. The effects of immunosuppression were monitored
every 2-3 days during the entire experimental procedure. The to-
tal neutrophil counts were reduced (<500 cellsymm?) within 3
days of the first CY or cortisone injection, and severe neutrope-
nia was maintained until the termination of the experiments at
day 30 postinfection. Monocyte counts did not change signifi-
cantly in cyclophosphamide-treated or cortisone-treated mice as
compared to the normal control group (data not shown).

Comparison of virulence of C. glabrata and C.
tropicalis in immunosuppressed BALB/c and A/J mice

Even though C. glabrata is not usually pathogenic in mouse
models of candidiasis, C. glabrata infections often result in high
morbidity and mortality in immunocompromised hospitalized
patients.>*?5 With the aim of mimicking the clinical situations
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Figure 3. Comparison of virulence of C. glabrata and C. tropicalis in immunosuppressed BALB/c mice. Prolonged immunosuppression was maintained for 30 days
by giving each animal a 150 mg/kg dose of CY by IP every 7 days after infection. (A) Survival data show immunosuppressed BABL/c mice are more susceptible
to the intravenous inoculum of 107 C. tropicalis, 100% mortality was achieved within 15 days postinfection. However, CY-treated BALB/c mice were still resistant
against systemic infection by C. glabrata, only 20% mortality was observed within 30 days post-infection. (B) BALB/c mice were further immunosuppressed with
either cortisone or combination of CY and cortisone, then challenged with the same inoculum of C. glabrata (1 x 108). Survival data show 60% mortality was
achieved in immunocompromised BALB/c mice treated with CY/cortisone. This Figure is reproduced in color in the online version of Medical Mycology.

in humans as closely as possible, experimental Candida infec-
tions were induced in mice rendered immunocompromised by

26-28 4 cortisone ac-

pretreatment with cyclophosphamide (CY)
etate treatments. In order to establish a reliable mouse model
of disseminated candidiasis by C. tropicalis and C. glabrata, we
treated BALB/c mice with cyclophosphamide and then infected
immunosuppressed BALB/c mice with the same dose of C. tropi-
calis and C. glabrata as we used in naive untreated mice. Survival
data show that immunosuppressed BABL/c mice are more sus-
ceptible than A/J to intravenous inoculation of 107 C. tropicalis,
where 100% mortality was achieved within 15 days postinfec-
tion (Fig. 3). Conversely, CY-treated BALB/c mice were still re-
sistant against systemic infection by C. glabrata, where only 20%
mortality was observed by 30 days post-infection (Fig. 3A). Due
to the inability of CY to decrease the resistance of BALB/c mice
to C. glabrata, we further immunosuppressed BALB/c mice with
either cortisone or a combination of CY and cortisone. We then
challenged these mice with the same inoculum of C. glabrata
(1 x 108 cfu) and eventually achieved 60% mortality under

these conditions (Fig. 3B). The need for combination immuno-
suppressive therapy to achieve greater than 50% mortality in
BALB/c mice underlines the low pathogenicity of C. glabrata in
this animal model.

Analyses of the pathophysiology and host responses to acute
C. albicans infection has demonstrated that A/] mice are ex-
tremely sensitive to infection. The greater susceptibility of A/J
mice to systemic challenge with C. albicans prompted us to in-
vestigate whether A/] mice are more susceptible to both C. trop-
icalis and C. glabrata disseminated infection. To do this, we first
tested the virulence of both NAC species in naive and CY-treated
A/J mice. Compared to BALB/c, both naive and immunosup-
pressed A/] mice are much more susceptible to C. glabrata; with
the same inoculum of organism (108), 20% mortality was ob-
served in naive A/] mice within 30 days and 100% mortality in
CY-treated A/J by 12 days post-challenge. In our intravenous
mouse model of C. tropicalis systemic infection, A/] mice are
more susceptible compared to BALB/c mice (20% mortality in
Fig. 1), since 40% mortality was observed in immunocompetent
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Figure 4. A/J mice are more susceptible to disseminated candidiasis by both C. glabrata and C. tropicalis as compared to BALB/c. A/J mice were immunosup-
pressed with CY by IP and prolonged immunosuppression was maintained by the same CY regimen described as before. On day 0, both immunocompetent
and immunosuppressed mice were intravenously infected with 1 x 108 C. glabrata ATCC 2001 cells or 1 x 107 of C. tropicalis ATCC MYA-3404. As controls,
immunocompetent A/J mice were challenged with the same dose of Candida cells as for immunosuppressed A/J mice. This Figure is reproduced in color in the

online version of Medical Mycology.
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Figure 5. Immunosuppressed A/J intravenous mouse model of C. glabrata disseminated infection. A/J mice were immunosuppressed with either cyclophos-
phamide (CY) by IP or SC injection of cortisone acetate. Prolonged neutropenia were maintained for 30 days. On day 0, mice were intravenously infected with
viable 1 x 108 C. glabrata ATCC 2001 cells. As controls, immunocompetent A/J mice were challenged with the same dose of C. glabrata yeast cells. The C albicans
disseminated A/J mouse model was used as positive control for Candida acute systemic infection. This Figure is reproduced in color in the online version of

Medical Mycology.

A/] mice and 100% mortality was achieved in CY-treated im-
munosuppressed A/] mice (Fig. 4).

The A/] mouse model was further evaluated and showed
outcomes of a typical systemic infection of C. glabrata. Sur-
vival results in A/] mice treated with either CY or cortisone
before IV challenge with C. glabrata, indicated 100% mortal-
ity within 10 days or 60% mortality within 30 days, respec-
tively (Fig. 5). Therefore, the immunosuppressed CY-treated A/J
mouse model can be considered an appropriate model of hu-
man disseminated C. glabrata infection. Importantly, this study
represents the first demonstration of this relationship with two
NAC species, C. glabrata and C. tropicalis, in both BALB/c and
A/] mice.

Influence of immunosuppression on fungal burden
and pathological alterations during the course of
infection

Unlike C. albicans, C. glabrata does not induce a lethal phe-
notype in immunocompetent mice, even with infections of high
inocula.?’ In this study, we compared the effect of immunosup-
pression on the outcome of C. glabrata systemic infection in both
A/] and BALB/c mice. We infected mice treated with either cy-
clophosphamide or cortisone acetate, or both, or left untreated
(immunocompetent). Five mice per group were analyzed on days
2, 4, 6, 8 postinfection. Two days after infection, high fungal
burdens of 10° to 107 of cfu/g were detected in all organs ana-
lyzed. Subsequently, the fungal burden in the spleen, brain and
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Figure 6. Influence of immunosuppression on fungal burden in brain, liver and spleen during the course of systemic C. glabrata infection. To compare the effect
of immunosuppression on the outcome of C. glabrata systemic infection in both A/J and BALB/c mice, we treated 20 mice of each strain with CY regimen or left
untreated (immunocompetent) on day 3. Both immunosuppressed and untreated mice were inoculated IV with C. glabrata ATCC 2001 (108) on day 0. At each
specific time point postinfection (day 2, 4, 6, and 8), five mice were euthanized, and net growth of C. glabrata quantified and compared in spleen, liver, and brain
in BALB/c mice (A) and A/J mice (B). Results represent the mean SEM of CFU /tissue of five mice per time point. The CY- treated mice had significantly higher
mean cfu in the organs examined than the normal group, and CY-treatment delayed fungus clearance in all tested organs of both mouse strains. This Figure is

reproduced in color in the online version of Medical Mycology.

liver decreased over time in all groups (Fig. 6). However, cfu
counts in the organs of cyclophosphamide-treated mice of both
BALB/c (Fig. 6A) and A/] (Fig. 6B) strains were significantly
higher (10- to 100-fold) through days 2 to days 8 than those
from immunocompetent animals. During this period, the fungal
burden declined about 1000-fold in brains and 100-1000-fold
in spleen and livers of immunocompetent mice as compared to
10- to 100-fold decrease in organs of cyclophosphamide treated
animals. In contrast to fungal clearance in the liver and spleen,
the fungal burden in the brain of immunosuppressed A/] mice
did not decrease until day 4 postinfection (Fig. 6B). In all exam-
ined organs, higher fungal burdens were always observed in im-
munosuppressed mice than those in immunocompetent animals
(P < .001).

The kidney is known to be the major target organ for systemic
candidiasis in mice. In contrast to other organs analyzed (brain,
liver, spleen), the fungal burden in the kidneys of immunosup-
pressed mice of both strains did not decrease. Instead, it increased
from day 2 to day 8 postinfection (Fig. 7). BALB/c mice treated
with a combination of CY and cortisone had the most cfu in
the kidney from day 2 to day 8 (Fig. 7A); A/] mice treated with

CY had the most cfu through day 2 to 8 (Fig. 7B), as compared
to a slow clearance trend observed in immunocompetent mice.
Consistent with fungal burdens in other organs, A/] mice always
had higher cfu than BALB/c mice at each time point examined.
This was independent of host immunosuppression. In addition,
our cfu data demonstrated that C. glabrata could persist for at
least 3-4 weeks in the kidneys of immunocompetent mice and
much longer in immunosuppressed mice (data not shown).

The effect of immunosuppression on cfu for multiple organs
of C. tropicalis systemic infection in BALB/c mice was also eval-
uated. Quantitative cultures taken from organs of normal and
CY-treated BALB/c mice infected with 107 of live C. tropicalis
showed that during the first 8 days of infection, the organisms
had disseminated to various organs. The fungal burden in the
spleen, liver and brain decreased over time in all groups. How-
ever, on day 8 postinfection, cfu in brain and liver of CY-treated
BALB/c mice were 1000-fold higher than for immunocompetent
controls, while only 10- to 100-fold higher cfu were observed in
the spleens of CY-treated mice compared to controls (Fig. 8A).
Compared to the rapidly decreasing cfu observed for spleen,
brain, and liver of immunocompetent mice, the fungal burden



752

Medical Mycology, 2019, Vol. 57, No. 6

(A) C.glabrata challenge 1x10e8 in BALB/c

10°
10°
107
10°
10°
10"
10°
107

10"

-@- Control
=B~ CY-treated
—*— Cortisone-treated

=¥- CY and Cortisone-treated

C.glabrata CFU/g Kidney pair

Days post challenge

(B)

10° T T T

C.glabrata challenge 1x10e8 in CY treated and normal A/J

=@+ immunocompetent A/J mice
=B~ cY-Treated A/J mice

—4— Cortisone-treated A/J mice

C.glabrata CFU/g per kidney pair
>

Days postchallenge

Figure 7. Dissemination and growth of C. glabratain kidneys of immunocompetent and immunosuppressed BALB/c mice (A) and A/J mice (B). Immunosuppressed
mice and untreated controls (n = 20 in each group) were inoculated IV with C. glabrata ATCC 2001 (108) on day 0. At each specific time point postinfection (day
2, 4, 6 and 8), five mice were euthanized, and net growth of C. glabrata was quantified and compared in kidney of BALB/c mice (A) and A/J mice (B). Results
represent the mean SEM of cfu /tissue of five mice per time point. This Figure is reproduced in color in the online version of Medical Mycology.

in those organs of CY-treated mice decreased more slowly at all
tested time points. Most cfu observed in kidneys of immuno-
suppressed BALB/c mice, were10*-fold higher compared to im-
munocompetent controls on day 8 after challenge (Fig. 8B). No-
tably, fungal burden was persistently increased in kidneys of CY
treated mice, in contrast to immunocompetent controls, where
the fungus was gradually cleared from the kidney (Fig. 8B).

Vaccination with Met6 peptide vaccine significantly
improved survival and decreased fungal burden in
immunocompromised mice challenged intravenously
with C. tropicalis

It is known that a significant fraction of immunocompromised
patients respond to a variety of vaccines.'?'3:30 In previous
studies, we have demonstrated that active immunization with
Met6 peptide-DC vaccine significantly improved the survival
and reduced the fungal burden of disseminated candidiasis in
immunocompromised mice. These mice were immunocompro-
mised experimentally by multiple intraperitoneal injections of
a 200 mg/kg dose of cyclophosphamide.??>23-3! In this study,
we evaluated the potential for the Met6 peptide vaccine, which
has 100% homology in C. tropicalis, to increase resistance in
immunosuppressed mice against disseminated candidiasis by C.

tropicalis. To establish severe acute infection of C. tropicalis in
immunosuppressed animals, 1 x 107 of C. tropicalis (ATCC
MYA-3404) yeast cells is required for both BALB/c and A/J
strains. We used the same antigen-pulsed DC-based immuniza-
tion strategy and schedules as described before??-?!; age- and
sex-matched control mice of both strains received untreated
DCs only. Survival data show that the Met6 peptide vaccine
was able to induce substantial protection in immunosuppressed
mice of both strains as evidenced by significantly improved sur-
vival. Vaccinated mice of both strains showed 80% survival, as
compared to 0% survival in A/J controls and 20% survival in
BALB/c controls (Fig. 9A). Vaccination prior to rendering the
mice immunocompromised provided significant protection, evi-
denced by prolonged survival and greatly reduced CFUs in the
kidneys (Fig. 9B) and brains (Fig. 9C) of vaccinated immunosup-
pressed mice, compared to normal controls. We demonstrated
that immunity induced by active immunization with the Met6
peptide vaccine was protective against C. tropicalis disseminated

infection in immunocompromised mice.

Discussion

The virulence of two major NAC species, C. tropicalis and C.
glabrata, were compared with C. albicans in both naive wild
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Figure 8. Dissemination and growth of C. tropicalis in tissues of immunocompetent and CY-treated immunosuppressed BALB/c mice. In sum, 20 naive BALB/c
mice were immunosuppressed by CY regimen as described before. Immunosuppressed BALB/c mice and untreated control mice (n = 20 in each group) were
inoculated IV with C. tropicalis (107) on day 0. At each specific time point post-infection (day 2, 4, 6, and 8), five mice were euthanized, and net growth of C.
tropicalis was quantified in spleen, livers and brains (A) and kidneys (B) by culture of tissue homogenates. Results represent the mean SEM of CFU /tissue of
five mice per time point. The results of CFU determinations of infected kidneys were consistent with those of mortality, and number of cfu/g kidney tissue was
significantly higher in CY treated mice as compared with those immunocompetent mice with same inoculum. This Figure is reproduced in color in the online

version of Medical Mycology.

type and immunosuppressed BALB/c mice. A combination of a
large inoculum and immunosuppression was needed to establish
severe acute infection of C. tropicalis in BALB/c mice; however,
this strategy was not a prerequisite for C. glabrata disseminated
candidiasis in the BALB/c intravenous mouse model. Eventually,
60% mortality was achieved in BALB/c mice treated with both
CY and cortisone regimens. The need for combination immuno-
suppressive therapy to achieve greater than 50% mortality in
BALB/c mice underlines the low pathogenicity of C. glabrata in
this strain. To establish a simple and more reliable intravenous
mouse model for acute infection of NAC, the C5-deficient A/J
strain was used to evaluate C. glabrata and C. tropicalis viru-
lence. Both immunocompetent and CY-treated A/J mice are more
susceptible to NAC systemic infection compared to correspond-
ing BALB/c controls. These findings indicate the importance of
immunosuppression and C5 deficiency in the pathogenesis of
C. glabrata infection. It is much more likely that C5 deficiency
has its effect at the level of CSa, a chemotactic agent and ana-
phylatoxin. The most well-defined role for C5a during invasive
candidiasis is as a chemotactic agent for neutrophils and other

effector cells. The G-protein coupled C5a receptor (C5aR/CD88)
is expressed on neutrophils, monocytes, macrophages, dendritic
cells, basophils, eosinophils, and mast cells, among other cell
types. In the absence of C5a, mice show reduced recruitment
of effector cells to the site of infection. Similarly, an immuno-
compromised situation is one of the major risk factors for de-
veloping systemic candidiasis in humans, and the lack of func-
tional C5 may mirror this process in mice. Therefore, we consider
the CY-treated immunosuppressed A/J intravenous model to be
an appropriate model for human disseminated C. glabrata in-
fection, mimicking patients who develop deficiencies, including
neutropenia. C. albicans has been shown to activate the comple-
ment system through the alternative pathway, with chemotactic
and inflammatory activities of complement apparently crucial
components for effective host defense. In particular, a relation-
ship between a naturally occurring deficiency in complement
component 5 (C5) and enhanced susceptibility to systemic C. al-
bicans candidiasis is also evident.3>:33 Even C. glabrata has been
increasingly associated with opportunistic infections in immuno-
compromised individuals, yet relatively little is known about the
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Figure 9. Vaccination with Met6 peptide vaccine significantly improved survival in immunosuppressed mice challenged intravenously with lethal dose of C.
tropicalis. We used the same antigen-pulsed DC-based immunization strategy favoring production of antibodies as described before. Vaccinated BALB/c and A/J
Mice were rendered severely neutropenic by CY 3 days prior to challenge. Control mice received DC only. Immunized and control mice were infected IV with
a lethal dose of live C. tropicalis yeast cells (1 x 107). (A) Met6 peptide vaccine was able to induced good protection in immunosuppressed mice as evidenced
by significantly improved survival (P < .01). Kaplan-Meier survival curves were compared for statistical significance with the log rank test between the control
group (DC) and each of the Met6-DC groups. (B) In the vaccinated groups, fungal burdens were significantly reduced in kidney (P < 0.001), a major target organ
in mouse model of disseminated candidiasis. (C) Fungal burdens were also significantly reduced in brains of the vaccinated groups (P < .01), another target
organ in mouse intravenous models of disseminated candidiasis. The Mann-Whitney rank sum test was used to compare the vaccinated mice to the control
mice. Data are reported as means + standard errors of the means. This Figure is reproduced in color in the online version of Medical Mycology.

host factors that mediate immunity to this organism. A/] mice,
deficient in C5, have been reported by others to be highly suscep-
tible to C. albicans disseminated infections. To our knowledge,
this is the first study to report that C5-deficient A/] mice are
more susceptible to C. glabrata systemic infection, suggesting
the essential role of complement in immunity to this organism.
Although this organism can induce the alternative pathway of
complement activation,** the role of complement in the control
of C. glabrata has not yet been examined.

In this study, we show that the onset and outcome of sys-
temic infection with two NAC species varies greatly between
two inbred mouse strains, both in immunocompetent and im-
munosuppressed settings. The pathogenesis insusceptible strains
resemble human candidiasis, in terms of the organs targeted

for colonization and active replication, as well as the ensuing
pathology. As compared to cfu obtained from spleens and livers
of immunocompetent mice that decreased rapidly, the fungal
burden in these organs under immunosuppressed conditions did
not decrease efficiently at all tested time points.

Although both these inbred strains are considered to be re-
sistant to C. albicans infection, immunocompetent A/J] mice are
more susceptible to disseminated candidiasis by two most com-
mon NAC species examined as compared to immunocompetent
BALB/c mice. Interestingly, trends of fungal replication in the
liver, spleen, and brain of A/] and BALB/c mice were similar.
In particular, immunosuppressed A/J mice cleared infection less
efficiently than immunosuppressed BALB/c mice. Furthermore,
there was a significant difference in fungal burdens between the
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two strains. Fungal burdens in all the tested organs of CY-treated
A/] mice were always 10- to 100-fold higher than that of CY-
treated BALB/c at any time point tested. Particularly, in contrast
to fungal clearance in the liver and spleen, the fungal burden in
the brain of immunosuppressed A/] mice did not decrease until
day 4 postinfection. The kidney is known to be the main target
organ for systemic candidiasis in mice and humans. In contrast
to a declining trend in other organs, kidney fungal burden in
immunosuppressed mice of both strains remained comparatively
high and even increased from day 4 postinfection throughout the
experiment until death or euthanization. Common to NAC in-
vasive infection in both strains was that the highest fungal loads
were detected in the kidneys, with those of A/] mice containing an
approximately 100-fold greater fungal burden at all-time points
than BALB/c mice. The levels of several cytokines (IL-12, IFN-y,
and IL-6) that had previously been reported to be elevated during

35,36 were measured in A/] and

systemic C. albicans infection
BALB/c mice. Cytokine levels in mouse serum isolated 48 h after
infection were measured by ELISA. No detectable differences in
these cytokines were observed post-infection between the two
strains. However, A/] was found to have an elevated, although
not significant (P = .25) level of IL-6 at the 48 h time point
compared to BALB/c mice (data not shown). A/J is extremely
sensitive to infection, with overwhelming fungal replication oc-
curring primarily in the kidney, and to a lesser extent, the brain.
Elevated levels of the pro-inflammatory cytokines TNF-« and IL-
6 early in infection has been reported by other groups, suggesting
that these mice undergo a heightened, and possibly unregulated,
inflammatory response after challenge with Candida.’® Never-
theless, to improve prevention, management, and treatment of
invasive NAC infection in immunocompromised patients, it is
essential to study host pathogen interactions in murine models
of candidiasis that mimic immunocompromised patients.

We have shown that active immunization with the Met6 pep-
tide vaccine protects immunocompromised mice against C. trop-
icalis disseminated candidiasis. These findings indicate that neu-
trophils may not play a critical role in protection and this peptide
vaccine-induced immunity may not modulate or be modulated
by neutrophils. Neutropenic patients, who have a high risk of
developing disseminated candidiasis, would be an obvious tar-
get population for instituting preventive measures through active
immunization to induce protective immunity. This paradigm of
vaccine-based immunity may potentially serve as a framework
for new preventive strategies against infectious diseases in the
immunocompromised host. Development of an effective Can-
dida vaccine is dependent on defining immune effector mecha-
nisms that display natural protective abilities iz vivo. Antibody
and CD4" T-cell responses have evolved as independent mecha-
nisms of fungal control, yet their precise mechanisms of protec-
tive immunity have not been thoroughly defined.?”3® We have
previously shown that the Met6 peptide specific mAbs are pro-
tective in a mouse model of C. albicans systemic infection.?? It
is important, however, to better understand protective mecha-

nisms of vaccine-induced antibodies against invasive candidiasis
by NAC in immunosuppressed mouse models. The identifica-
tion of any protective mechanism is complex because antibodies
against Candida may exert their effects through a variety of
different effector mechanisms. Such mechanisms may include
enhancement of phagocytosis by opsonization/complement fixa-
tion, antibody-dependent cellular cytotoxicity,?® and inhibition

40-42 growth, and germination.*:*3:** It is also

of adherence,
important to investigate the Th1/Th17- mediated adaptive im-
munity induced by the Met6 peptide vaccine.

Although experimental infections of mice are considered valu-
able models for human disease, important differences between
mice and humans must be taken into account when interpreting
experimental data. For example, mice and humans differ with
respect to their indigenous fungal gut flora. Indeed, mice are
not naturally colonized by human pathogenic Candida species.
Further, differences in biochemical pathways in laboratory mice
and in humans must be considered when extrapolating experi-
mental murine data into human treatment strategies. Therefore,
conclusions drawn from animal studies depend on a critical un-
derstanding of the inherent limitations and parallels of mouse
models to human disease states.

The association of C5 with high susceptibility in A/] mice
provides strong evidence that a deficiency in C5 may be respon-
sible for enhanced susceptibility to both C. #ropicalis and C.
glabrata systemic infection. In the future, to establish a reliable
and simple mouse model of disseminated candidiasis by other
NAC spices, the C5 status of the strains may be a useful predic-
tor of their response to Candida. With a C5 deficiency associated
with increased susceptibility, this A/] model emulates the most
common host risk factor leading to susceptibility to disseminated
candidiasis in humans.

A better understanding of the host—pathogen interaction is in-
valuable for the development of new prophylactics or therapies.
Animal models provide a useful tool to study the response to sys-
temic candidiasis and studies in mice have indicated the impor-
tance of the innate immune system, particularly the complement
pathway, in controlling invasive fungal infection. As resistance
to antifungal agents becomes a growing concern, especially for
NAC, the animal model established in this study provides a use-
ful tool to study the response to systemic candidiasis by the two
most common forms of NAC.
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