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Abstract 10 

 Candida auris is a growing public health concern, capable of causing long-term 11 

contamination of healthcare settings, skin colonization, and life-threatening bloodstream 12 

infections. However, C. auris pathogenesis is not well understood, which is exacerbated by 13 

limitations and discrepancies in existing animal infection models. Further, the effects of C. auris 14 

growth phase on virulence have not been examined, despite growth phase being linked to 15 

virulence in many bacterial species. To address this question, and to develop an 16 

immunocompetent murine model of infection, we directly compared log and stationary phase C. 17 

auris systemic infection in immunocompetent C57BL/6J mice at high and low doses of infection. 18 

Systemic infection with high dose log-phase C. auris results in rapid mortality between 2 hours 19 

and 1 day post infection, whereas stationary phase C. auris results in significantly extended 20 

survival. However, at low doses of infection, there was no difference in mortality kinetics between 21 

log and stationary phase cells. We observed that C. auris initially colonizes multiple organs but is 22 

rapidly cleared from the lungs and spleen, while kidney fungal burdens remain stable. Decreased 23 

fibrinogen levels and blood clotting in the lungs of mice infected with high dose log-phase C. auris 24 

suggest that blood clotting may drive rapid mortality, potentially associated with increased β-25 

glucan exposure and mannan abundance observed in log phase C. auris. These results will inform 26 

the development of a more standardized animal model of systemic C. auris infection, which can 27 

be used to reveal key aspects of C. auris pathogenesis.  28 

 29 

Importance 30 

 Despite its growing medical importance, there is limited understanding of Candida auris 31 

pathogenesis, due in part to limitations of existing laboratory models of infection. To develop a 32 

more complete understanding of factors that contribute to C. auris pathogenesis, it will be 33 
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necessary to establish consistent parameters for animal models of infection. To address this need, 34 

we directly compared log and stationary growth phases on C. auris pathogenesis in 35 

immunocompetent C57BL/6J mice using a single Clade I isolate. At a high dose of infection, host 36 

survival was dramatically different between log or stationary phase C. auris, suggesting that 37 

growth phase can affect C. auris virulence. These differences correlated with increased exposure 38 

of pathogen-associated molecular patterns in the C. auris cell wall in log phase cells. These 39 

results will be instrumental in the future development of standardized animal models to study C. 40 

auris pathogenesis.  41 

 42 

Introduction 43 

Candida auris is an often multidrug resistant invasive species within healthcare settings 44 

that also can cause systemic infection with mortality rates higher than 30% (1, 2). C. auris 45 

pathogenesis is not well understood due to its recent emergence and the existence of 46 

comorbidities in many infected patients, as well as an incomplete understanding of host-pathogen 47 

interactions and pathology within sites of C. auris infection (3–5). While animal models have been 48 

of great utility in understanding the relative contribution of specific fungal mutants to virulence (6–49 

9), there is not a standard animal model for C. auris disseminated disease. The 50 

immunocompromised model of C. auris was initially developed as a physiologically relevant model 51 

of systemic infection, with a particular focus on its utility for testing of antifungal compounds (10) 52 

or specific types of immunocompromise (11). Immunocompetent models of C. auris infection have 53 

also been developed in ICR outbred mice (12), BALB/c (13), and C57BL/6J  (3, 4) backgrounds, 54 

with varying kinetics and rates of mortality. Additionally, C. auris-specific factors, such as strain 55 

background are likely a major source of variability between publications as evidenced by our 56 

recent work showing significant differences in virulence between two closely related clade I 57 

isolates (6). Beyond strain differences, work in bacterial pathogenesis has demonstrated that 58 
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growth phase can also influence virulence, but the effects are species specific and were 59 

determined empirically. For example, for Legionella and Brucella, entry into stationary phase is 60 

associated with increases in virulence factor expression (14, 15), but for Salmonella and 61 

Streptococci, it is the exponential growth phase that is associated with virulence (16, 17). 62 

Therefore, we sought to determine the effects of C. auris growth phase and dosage on host 63 

survival and pathology using a single strain of C. auris and a single genetically tractable and 64 

immunocompetent murine model of systemic infection. 65 

At a high dose of systemic C. auris infection, we observed that log/exponential phase fungi 66 

cause rapid mortality compared to stationary phase fungi, which cause mortality over the course 67 

of several days. These differences in mortality may stem from rapid extensive blood clotting 68 

caused by log phase C. auris, as we observed decreased serum fibrinogen levels and blood 69 

clotting in the lungs. Exponentially growing C. auris cells had increased β-glucan exposure and 70 

mannan abundance, potentially promoting detection by host cells and triggering blood clotting 71 

and rapid mortality. However, differences in mortality observed at a high dose of infection were 72 

ablated at a low dose of infection, in which mice survived over the course of multiple weeks. We 73 

recovered C. auris from the lungs, spleen, and kidneys early after infection, but over time, only 74 

the kidneys maintained a substantial fungal burden. Together, these results suggest that growth 75 

phase can have dramatic effects on survival during systemic C. auris infection. Additionally, our 76 

work provides new insight into C. auris disease progression and will be helpful in establishing 77 

more standardized approaches to modeling C. auris infection in immunocompetent mouse 78 

models. 79 

 80 

Results and Discussion 81 
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Comparing the Effect of Candida auris Growth Phase on Survival Kinetics and Fungal 82 

Burden in Organs 83 

To assess whether growth phase affects virulence during systemic Candida auris infection, 84 

we compared infection outcomes in an immunocompetent murine model using log or stationary 85 

phase C. auris cultures at a high and low dose of infection (5x107 and 1x106, respectively) using 86 

the AR0382 (B11109 clade 1) isolate (Fig. 1A). Following intravenous infection, each group was 87 

monitored for several hours for the onset of disease symptoms. Interestingly, a majority of the 88 

cohort infected with a high dose of log phase C. auris rapidly declined in health, becoming 89 

moribund and showing labored breathing within 2 hours of infection, resulting in humane sacrifice. 90 

None of the mice in this group survived beyond the first day post-infection (Fig. 1B). In contrast, 91 

mice infected with a high dose of stationary phase C. auris survived significantly longer than their 92 

log phase-infected counterparts, with onset of mortality starting at day 2 post-infection and full 93 

cohort mortality at day 6 post-infection (Fig. 1B). However, at the low dose of infection, we did not 94 

observe any significance in mortality between the log and stationary phase infection cohorts (Fig. 95 

1C). These data suggest that the growth phase of C. auris affects pathogenesis in murine infection 96 

models specifically at a high dose of infection.  97 

We measured the fungal burden in the lungs, kidneys, and spleen post-mortality in each 98 

cohort. In the high dose log-phase C. auris-infected cohort, which had very rapid mortality, we 99 

observed a significantly higher fungal burden in the lungs than in the stationary phase cohort, 100 

while there was no difference in burden in the kidneys or spleen (Fig 1E, F). However, the 101 

difference observed in lung fungal burden is likely a product of survival kinetics, rather than 102 

colonization, as the fungal burden in the lungs appeared to sharply decrease over time (Fig. 1G). 103 

In low dose cohorts, which survived significantly longer than high dose cohorts, we recovered 104 

very few fungal colonies from the lungs, indicating that C. auris is effectively cleared from the 105 

lungs over time (Fig. 1J).  106 
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Similarly, fungal burden in the spleen showed a decreasing trend at day 7 in the high dose 107 

cohort (Fig. 1H) and was generally low at the time of mortality in the low dose cohorts (Fig. 1K), 108 

consistent with clearance from these organs over time. In contrast, fungal burden in the kidneys 109 

remained consistent over time in both the high dose (Fig. 1I) and low dose cohorts (Fig. 1L). 110 

Together, these data suggest that C. auris disseminates to multiple organs after systemic infection 111 

but is cleared from the lungs and spleen, while fungal burden remains steady over time in the 112 

kidneys.  113 

High Dose Systemic Infection with Log Phase C. auris Causes Rapid Blood Clotting.  114 

We next sought to further understand the differences in mortality observed between log 115 

and stationary phase C. auris during systemic infection at a high dose. We noted animals that 116 

rapidly succumbed within the log phase high dose cohort exhibited blood clotting while performing 117 

cardiac puncture, a common feature of sepsis (18). Indeed, ELISA data showed decreased 118 

Fibrinogen levels in the plasma of this cohort (Fig. 2A), consistent with Fibrinogen being converted 119 

to insoluble Fibrin to form clots (19). Interestingly, levels of proinflammatory cytokines TNF, IL-6, 120 

and IL-1β were similar between the log and stationary phase high dose cohorts (Fig. 2B-D), 121 

suggesting blood clotting, rather than a cytokine storm, drives rapid mortality after systemic 122 

infection with log phase C. auris. Blood clots could also be observed in hematoxylin and eosin 123 

(H&E)-stained lungs from the log-phase infected cohort (Fig. 2E). Together, these data suggest 124 

that rapid blood clotting causes mortality after systemic infection with log phase C. auris at high 125 

dose.  126 

We hypothesized that C. auris growth phase may affect the composition of the cell wall, triggering 127 

differential recognition and leading to septic shock. Therefore, we measured the major cell wall 128 

components chitin, mannan, and exposed β-glucan in log or stationary phase C. auris. Flow 129 

cytometry analysis revealed that log phase C. auris showed higher β-glucan exposure than 130 

stationary phase (Fig. 2F, I) and two distinct populations of high and low mannan cells, compared 131 
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to stationary phase, which showed a single peak with intermediate intensity (Fig. 2G, J). Mannan 132 

binding lectin-associated serine proteases can trigger blood clotting (20), revealing one possible 133 

mechanism by which the high mannan log phase C. auris may trigger rapid mortality at a high 134 

dose. In contrast, chitin levels were similar between log phase and stationary phase C. auris (Fig. 135 

2H, K). These results reveal changes to the composition of the cell wall and exposure of pathogen 136 

associated molecular patterns in log phase C. auris cells, which may drive the 137 

immunopathological response and mortality observed during systemic infection at a high dose. 138 

Together this work establishes virulence differences between stationary and log phase C. auris at 139 

high doses and indicates that the development of a standardized murine infection system, 140 

including controlling for fungal growth phase, will be important for future studies examining C. 141 

auris pathogenesis. 142 

 143 

 144 

Methods 145 

Candida auris growth conditions. C. auris strain CDC-AR0382 (B11109) was grown in YPD 146 

liquid media (1% yeast extract, 2% peptone, 2% dextrose) with constant agitation. After 16 hours, 147 

stationary phase cultures were sub-cultured by diluting to OD600 of 0.2 in fresh YPD and grown 148 

at 30°C for 4 hours with constant agitation to establish log phase growth.  149 

 150 

Survival analysis post-systemic infection. C. auris from log phase or stationary phase cultures 151 

were pelleted by centrifugation (5000 rpm for 5min), washed once with sterile PBS, and 152 

resuspended in sterile PBS to desired doses for infection. Immunocompetent 8-week old female 153 

C57BL/6J mice were infected intravenously with C. auris from log phase or stationary phase 154 

growth at high dose (5x107) or low dose (1x106) via retro-orbital injection in 100 μL volume. 155 
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Immediately following infection, mice were monitored for onset of disease symptoms for several 156 

hours initially, then daily over the course of 21 days. Mice were sacrificed at a humane endpoint 157 

defined as loss of 20 percent of initial bodyweight, or when severe disease symptoms were 158 

observed, such as unresponsiveness and labored breathing, or severe neurological symptoms.  159 

 160 

Analysis of fungal burden in organs post-mortality. After sacrifice, organs samples were 161 

harvested to measure fungal burden. The right lung, right kidney, and spleen were harvested by 162 

dissection and homogenized by bead beating with sterile ⅛ inch ball bearings (Grainger 4RJL3) 163 

for 10 seconds. Serial dilutions were performed and plated on YPD agar with ampicillin (100 164 

mg/mL) and gentamicin (50 mg/mL). Fungal colonies were grown for 2 days at 30°C and counted, 165 

and fungal burdens per organ were calculated. 166 

 167 

Histological analysis in organs post-mortality. After sacrifice, organs samples were harvested 168 

to perform histological analysis. The left lung and left kidney were harvested by dissection and 169 

fixed in 10 percent formalin for 24 hours, then plunged in 70 percent ethanol prior to sectioning 170 

and staining (H&E and PAS) by the University of Michigan Orthopaedic Research Laboratories 171 

Histology Core. Slides were imaged using a BioTek Lionheart FX automated microscope.   172 

 173 

ELISA. After sacrifice, serum was collected by cardiac puncture, followed by isolation of serum 174 

using centrifugation (8000g for 5 minutes) of lithium heparin serum collection tubes (Kent 175 

Scientific KMIC-LIHEP). Serum samples were submitted to the University of Michigan Cancer 176 

Center Immunology Core for quantification of Fibrinogen, TNF, IL-6, and IL-1β by ELISA. 177 

 178 
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Analysis of cell wall content. Log and stationary phase C. auris cells were pelleted by 179 

centrifugation (3000 x g for 5 minutes), washed once in PBS, and fixed in 4% paraformaldehyde 180 

for 15 minutes. Following fixation, C. auris cells were pelleted by centrifugation (3000 x g for 5 181 

minutes), washed twice in PBS, and then stained for cell wall contents, followed by flow cytometry 182 

analysis. To quantify mannan content, cells were stained with 5 μg/mL of FITC-Concanavalin A 183 

(MilliporeSigma, C7642) for 30 minutes. To quantify exposed β-1,3-glucan, cells were blocked 184 

with 3% bovine serum albumin & 5% normal goat serum (Invitrogen, 10000C) for 30 minutes. 185 

After blocking, cells were stained with 15 μg/mL of hDectin-1a (InvivoGen, fc-hec1a-2) for 1 hour. 186 

Cells were washed twice with PBS before secondary staining with 4 mg/mL of goat raised anti-187 

human IgG antibody conjugated with Alexa Fluor 647 (Invitrogen A-21445) for 30 minutes. To 188 

quantify chitin content, cells were stained with 0.1 g/L of Calcofluor White (MilliporeSigma, 18909-189 

100ML-F) for 10 minutes. Following staining, cells were washed with 500μL PBS three times and 190 

resuspended in 500μL PBS. Samples were analyzed on a LSRFortessa Flow Cytometer (BD 191 

Bioscience, NJ, USA) using BD FACSDiva Software. 10,000 events were recorded for each 192 

sample. FlowJo software was used to determine mean fluorescence intensity. 193 

 194 
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Figure 1: Candida auris growth phase influences survival kinetics after systemic infection. 268 

(A) Experimental scheme: Immunocompetent C57BL/6J mice (n=5 per cohort) were infected with 269 

a high dose (5x107) or low dose (1x106) of B11109 C. auris in log phase or stationary phase 270 

growth, and survival was monitored. Fungal burden and histological analysis were performed in 271 

select organs post-mortality. (B-C) Survival probability plots comparing log and stationary phase 272 

high dose C. auris infection (B) or low dose C. auris infection (C). (D-F) Post-mortality fungal 273 

burden analysis from lung (D), spleen (E), or kidney samples (F) in high dose cohorts. (G-I) Post-274 

mortality fungal burden analysis from lung (G), spleen (H), or kidney samples (I) in high dose 275 

cohorts plotted as a function of time. Blue dots represent the log phase-infected cohort and red 276 

dots represent the stationary phase-infected cohort. (J-L) Post-mortality fungal burden analysis 277 

from lung (J), spleen (K), or kidney samples (L) in low dose cohorts. * p<0.05, ** p<0.01, ns not 278 

significant by Mantel-Cox test (B-C) or Student’s unpaired t test (E-F, J-L). 279 

 280 
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Figure 2: Systemic infection with log phase Candida auris at high dose triggers rapid blood 283 

clotting. (A-D) ELISA data showing levels of Fibrinogen (A), TNF (B), IL-6 (C), and IL-1β (D) from 284 

mouse plasma samples harvested post-mortality. Gray data point denotes the mouse within the 285 

log phase high dose cohort that survived until day 1 post-infection. (E) Representative 286 

hematoxylin and eosin (H&E) staining of lung sections from mice in high dose cohorts infected 287 

with log phase (left) or stationary phase (right) C. auris. Arrows denote blood clots in the lung. 288 

Boxes show a magnified inset (scale bar 100 μm). (F-H) Representative plots from flow cytometry 289 

analysis of C. auris cell wall components: β-glucan (measured by human Dectin-1 binding), 290 

mannan (measured with concanavalin A-FITC), and chitin (measured with calcofluor white). (I-K) 291 

Quantification of mean fluorescence intensity of cell wall component staining from flow cytometry 292 

analysis, as in F-H: β-glucan (I), mannan (J), and chitin (K). * p<0.05, ** p<0.01, ns not significant 293 

by Student’s unpaired t test.  294 
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