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Disseminated candidiasis is the leading cause of life-
threatening fungal infections in humans. This is especially the 
case in immunocompromised individuals, and in hospitalized 
patients including intensive care unit patients. Despite the 
availability of modern antifungal therapy, unacceptably high 
mortality remained same in the last decade [1-4]. The infection 
is caused by multiple species of the fungal genus Candida with 
C. albicans being the most common, together with C. tropicalis, 
C. glabrata and C. parapsilosis, causing >95% disseminated 
candidiasis in humans. Of particular concern, the so called 
“superbug” C. auris is a multidrug resistant (MDR), health care-
associated super spreading fungal pathogen, and has recently 
emerged as the first fungal pathogen to cause a global public 
health threat [5]. 

A/J mice are naturally deficient in complement protein 
C5 and its cleaved product C5a, anaphylatoxin and a pro‐

inflammatory chemoattractant important for anti‐Candida 
protection [6-8]. This renders A/J mice highly susceptible 
to C. auris disseminated infection without the need for 
immunosuppressive drugs [9]. Using this invasive candidiasis 
model, we recently reported three mAbs that provided 
significant protection against C. auris systemic infection as 
evidenced by prolonged survival and significantly reduced 
fungal burdens in the targeted organs as compared to 
control mice [10]. Overall, our prior studies demonstrate the 
efficacy of passive transfer with protective mAbs as a novel 
therapeutics against MDR C. auris. Singh et al. also reported 
that NDV-3A vaccination protected immunosuppressed ICR 
mice, rendered neutropenic by a combined treatment of 
cyclophosphamide and cortisone acetate, from lethal C. auris 
disseminated infection [11]. To fight C. auris invasive infections, 
there is an urgent demand to test new therapy methods, 
drugs, and tools. Recently, therapies focused on the synergism 
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of echinocandins with other antifungal drugs was widely 
explored, representing a novel and promising approach for 
the treatment of C. auris infections [12]. Others reported 
one of the promising approaches seems to be synergistic 
interactions of compounds with antifungals. Published data 
have also focused on the combination therapy as alternative 
approaches with antifungal drugs open new insights in the 
management of a global threat of this multidrug-resistant C. 
auris, as described by Srivastava et al. [13]. 

Although C. albicans is still the most commonly isolated 
Candida species in clinical setting, the prevalence of 
bloodstream infection with non-albicans Candida species 
increased markedly in recent years due to increasing use of 
prophylactic antifungal agents. C. auris, with its propensity 
to spread rapidly in critically ill patients and is difficult to 
treat, has the potential to globally emerge as a dominant 
opportunistic pathogen in these vulnerable populations. 
It is believed that the majority of patients with invasive C. 
auris infections have received broad-spectrum antimicrobial 
agents and, in some cases, antifungal agents prior to the 
development of invasive candidiasis [14,15]. Unlike C. albicans, 
which colonizes the gastrointestinal (GI) and genitourinary 
tracts of most healthy individuals, C. auris is hypothesized to 
predominantly colonize the skin; however, in rare instances, 
it has been isolated from the gut, oral, and esophageal 
mucosa of infected individuals [14]. Miyazaki et al. showed 
the capability of the colonization and dissemination of C. 
auris strains by use of an endogenous dissemination mouse 
model under treatment with cortisone acetate. They also 
reported important findings that the invasive C. auris strains, 
especially the South Asian clade, were more effective at 
colonization and dissemination from the gastrointestinal tract 
as compared to the non-invasive strains [16]. More interesting 
and clinically related they demonstrated the biofilm-forming 
capabilities of the invasive C. auris strains were also higher 
than those of the non-invasive strains, although the detailed 
factors leading to these differences are unknown. Regardless, 
even though it is commonly accepted that gastrointestinal 
colonization of C. auris is relatively rare compared with skin 
and nostril colonization due to the poor growth under 
anaerobic conditions, other groups have reported the similar 
finding and results of C. auris gastrointestinal colonization 
and dissemination under corticosteroid immunosuppression 
[17,18]. These mouse models are not considered to be directly 
relevant to human clinical situations, however, the fact that 
C. auris could colonize and invade from gastrointestinal 
tracts under immunosuppressant treatment is regarded as 
being significant. Clinicians should be aware of the capability 
of C. auris colonization and dissemination, especially in 
immunocompromised patients. Further investigation of 
innate host immunity in fighting invasive C. auris infection 
and identifying virulence factors necessary for fungal GI 
colonization and dissemination will be urgently needed. We 
have established GI colonization and disseminated mouse 

models for C. albicans but not as yet for other NAC [19].

C. auris infections can actually occur as community acquired 
infections as well as infections in the hospital setting where 
isolates show multi-drug resistance and high mortality [18]. 
The drug resistance of C. auris to the majority of antifungal 
classes is particularly critical for the therapeutic strategy in 
high-risk immunocompromised people, for antifungal agents 
are not effective and generally are not able to clear Candida 
in the immunocompromised people. Given the high mortality 
rate (40-75%) and significant burden ($4.7 billion/year in 
U.S.) on the healthcare system associated with disseminated 
candidiasis [5], novel approaches are needed to supplement 
or replace current antifungal therapy. During the SARS-CoV-2 
pandemic, major outbreaks of invasive C. auris infection in 
hospitalized COVID-19 patients have been reported in the 
United States. The rapid spread of C. auris in hospitalized 
patients results in high mortality [20-23]; therefore, effective 
therapeutic strategies must be implemented to avoid the 
lethal combination of these emerging infectious threats. 
Recently, cases of C. auris candidemia have been reported in 
pediatric patients with COVID-19 [24]. In comparison to adults, 
the incidence of invasive candidiasis is even higher in children, 
with the highest risk in neonates. Miguel’s group recently 
developed a neonatal mouse model of C. auris disseminated 
infection, in which C. auris dissemination was evaluated by 
fungal burden and histopathological analysis of spleen, kidney 
liver and brains at different time frames [25]. Their data showed 
that among all targeted organs neonatal liver and brain suffer 
the worst damage and being the most susceptible tissues to C. 
auris dissemination. This mouse model will be very helpful to 
deepen the understanding of pathogenesis mechanisms and 
facilitate strategies for prevention and management of C. auris 
infections in newborns.

Recent epidemiological studies suggest but are not 
limited to the following risk factors for invasive Candidiasis: 
Prior administration of broad-spectrum antibiotics and/
or antifungal agents, diabetes, surgery (abdominal or 
vascular), kidney disease, intravenous nutrition, and 
immunosuppression such as neutropenia, chemotherapy, or 
transplant related immunosuppression [26-28]. In particular, 
invasive fungal infections are a major cause of death in organ 
transplant patients, and the primary pathogens responsible 
are Candida spp., A. fumigatus and Cryptococcus neoformans. 
Especially, Candida spp. remain the most common invasive 
fungal infection in solid organ transplant recipients, and 
mortality is high, ranging from 22 to 44% at 90 days [28]. 
Emergence of newer species, notably MDR C. auris, raises 
concerns for worsening morbidity and mortality, as it is often 
resistant to first-line antifungals and capable of efficient 
nosocomial spread. Recently, a new and clinically relevant 
transplant immunosuppression model of tacrolimus (FK506) 
and hydrocortisone-associated pulmonary aspergillosis was 
developed [29]. A similar mouse model using calcineurin 
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inhibitor as an immunosuppressant is urgently needed for 
investigating both anti-Candida auris immunity and antifungal 
therapy in organ transplant candidiasis. 

Experimental mouse models of candidiasis are critical for 
understanding fungal pathogenesis and developing host 
defense strategies against the infection. Such models enable 
the evaluation of potential antifungal vaccines and assessing 
efficacy of chemotherapies. The fungus Candida albicans and 
other related Candida species are commensal organisms 
in healthy humans but become opportunistic pathogens 
in immunocompromised patients. To investigate systemic 
Candida infection, mouse models have been developed with 
the aim of mimicking the clinical setting of human diseases 
and the most common being the intravenous infection model. 
The murine intravenous model of disseminated C. albicans 
infection has been well studied and characterized, while 
reproducible and reliable mouse models for NAC are lacking 
because most NAC species are generally nonpathogenic 
in mice. Therefore, developing faithful mouse models to 
understand host immunity to NAC species is critical for disease 
control and prevention. We have successfully established 
murine models of intravenous disseminated infection by C. 
tropicalis, C. glabrata, C. parapsilosis and C. auris, in addition to 
C. albicans. With the aim of mimicking the clinical situations in 
humans as closely as possible, experimental Candida infections 
were usually induced in immunocompromised mice by 
pretreatment with cytotoxic agents, such as cyclophosphamide 
(CY) [28-31] or cortisone acetate treatments [30-33]. We have 
developed and established different intravenous models 
of disseminated infection by all above medically important 
NAC species in immunosuppressed C57BL/6, BALB/c and A/J 
strains (Table 1). Briefly, for disseminated C. tropicalis and C. 
parapsilosis infection, a combination of a large inoculum and 
immunosuppression [200 mg/kg dose of cyclophosphamide 
(CY) by intraperitoneal (i.p.) administration given weekly] was 
enough to establish severe acute infection in C57BL/6 and 

BALB/c mice. However, this strategy was not a prerequisite 
for C. glabrata disseminated candidiasis, for CY-treated mice 
were still resistant against systemic infection by C. glabrata 
and even survived with high fungal burdens in the kidney. We 
then further immunosuppressed mice via a combination of CY 
treatment with cortisone acetate given daily subcutaneously 
(s.c.) followed by high inoculum of C. glabrata (1×108 challenge, 
and eventually achieved 70% mortality within 20 days post-
infection in mice [33]. We also established an A/J mouse model 
of systemic C. auris infection without immunosuppression [9], 
and a C57BL/6 model with immunosuppressant (Table 1). The 
established immunocompromised mouse models closely 
mimic the immunocompromised patient situations and 
are valuable tools for evaluating in vivo efficacy of mAb and 
antifungal immunotherapies.

These murine models of intravenous disseminated infection 
by NAC listed above used a combination of cyclophosphamide 
and cortisone acetate, suppressing both innate and adaptive 
immunity. Terres et al. recently reported an alternative 
approach, and compared C. auris infection in two neutrophil-
depleted BALB/c models in which innate immunity is targeted 
using mAb 1A8 and RB6-8C5. 1A8 is an anti-Ly6G antibody 
that depletes neutrophils, and RB6-8C5 is an anti-Ly6G/Ly6C 
antibody that depletes Ly6G+ and Ly6C+ neutrophils, dendritic 
cells, and subpopulations of lymphocytes and monocytes. The 
different inoculums of 107and 108 as well as the intravenous 
and gavage routes of infection were also investigated. The 
results reveal that neutrophil depletion in BALB/c mice is 
sustained long-term with the 1A8 antibody and short-term 
with RB6-8C5, however, the kidney, heart, and brain were the 
organs with the greatest fungal burdens, regardless of which 
neutrophil-depleting antibody was used [34]. 

Other reported discrepancies in the pathogenesis and progress 
of C. auris in host reported by different research groups are 
mostly due to differences in the genetic background of mouse 

Table 1: Intravenous C57BL/6, BALB/c and A/J mouse models of disseminated candidiasis.

Candida strain Challenge dose1 Mouse strain

C. albicans SC5314 (ATCC MYA-2876) 2x106/5x105 C57BL/6 / BALB/c

C. tropicalis (ATCC200956)2 1x108 C57BL/6; A/J; BALB/c (CY i.p. treatment) 

C. glabrata (ATCC 200918)3 1 x108 C57BL/6 & BALB/c (CY2 by i.p. weekly + cortisone by s.c. daily)

C. glabrata (ATCC 200918) 1x108 A/J (CY i.p. treatment)

C. auris (AR-CDC 0386) 2x108 A/J; C57BL/6 & BALB/c (CY i.p. treatment),

C. parapsilosis ATCC22019 1X107 C57BL/6 & BALB/c (CY i.p. treatment)

1 The optimal doses of each Candida strain for producing an acute infection with 60-100% of animals dying within 10-20 days in C57BL/6, 
BALB/c and A/J mouse strains

2C. tropicalis (ATCC200956); amphotericin B-resistant

3C. glabrata (ATCC 200918); fluconazole-resistant 
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strains used, variances in the route of dissemination, and the 
various treatments of immunosuppressant. As susceptibility 
to systemic C. auris infection varies among mouse strains, we 
must be aware that the strains used in our and others’ studies 
(C57BL/6, BALB/c, ICR and C57BL/6J) have shown to be much 
more resistant to C. auris infection than A/J mice, a C5-deficient 
inbred strain. In addition, genetic mouse models of human 
immunodeficiencies can be good candidates for investigating 
the protective mechanism of immunotherapy to control 
disseminated candidiasis. The association of C5 with greater 
susceptibility in A/J mice to NAC invasive infection provides 
strong evidence that C5 may play a critical role for enhanced 
host resistance and innate immunity to Candida systemic 
infections. Therefore, to establish a reliable and simple mouse 
model of acute disseminated candidiasis, the C5 status of the 
mouse strains should be considered as an important predictor 
of their resistance to the disease. Invasive C. auris infection is 
associated with high mortality rates, and often resistant to 
multiple classes of antifungals. The biggest challenge we are 
facing is inefficient antifungal drugs in immunocompromised 
patients. Clinical experience tells us that novel approaches are 
needed to supplement or replace current antifungal therapy. 
Indeed, a better understanding of the host–fungi interaction 
is invaluable for the development of new prophylactics or 
therapies. Animal models provide a useful tool to study the 
response to systemic candidiasis and evaluate antifungal 
therapy. Studies in mice have indicated the importance of the 
innate immune system, particularly the complement pathway, 
in controlling invasive fungal infection [9,34,35]. Meanwhile, 
long-lasting resistance to fungal infection due to acquired 
immunity is also very important, and is induced by specific 
antigens initiating inflammatory immune response, humoral 
responses, and phagocytic cell activation. However, 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 commensal 
fungal gut flora. Furthermore, known discrepancies exist in 
both innate and adaptive immunity between human and mice, 
including: balance of leukocyte subsets, Toll-like receptors, 
cytokine receptors, Th1/Th2 differentiation, and much more 
[36]. Such differences should be taken into account, as the 
conclusions drawn from mouse studies depend on a critical 
understanding of the inherent limitations and parallels of 
mice as preclinical models for human disease.

Acknowledgment

The author thanks Louisiana State University Health Sciences 
Center (LSUHSC) for the support of our research. 

Funding

The work was supported by the National Institutes of Health 
grant R414AI124900-01 and the Department of Defense 
CDMRP Award PR171482.

References

1. Dimopoulos G, Ntziora F, Rachiotis G, Armaganidis A, Falagas ME. 
Candida albicans versus non-albicans intensive care unit-acquired 
bloodstream infections: differences in risk factors and outcome. 
Anesthesia & Analgesia. 2008 Feb 1;106(2):523-9.

2. Pappas PG, Rex JH, Lee J, Hamill RJ, Larsen RA, Powderly W, et 
al. A prospective observational study of candidemia: epidemiology, 
therapy, and influences on mortality in hospitalized adult and 
pediatric patients. Clinical Infectious Diseases. 2003 Sep 1;37(5):634-
43.

3. Viudes A, Peman J, Canton E, Ubeda P, Lopez-Ribot J, Gobernado 
M. Candidemia at a tertiary-care hospital: epidemiology, treatment, 
clinical outcome and risk factors for death. European Journal of 
Clinical Microbiology and Infectious Diseases. 2002 Nov;21(11):767-
74.

4. Krcmery V, Barnes AJ. Non-albicans Candida spp. causing 
fungaemia: pathogenicity and antifungal resistance. Journal of 
Hospital Infection. 2002 Apr 1;50(4):243-60.

5. Johnson CJ, Davis JM, Huttenlocher A, Kernien JF, Nett JE. 
Emerging fungal pathogen Candida auris evades neutrophil attack. 
MBio. 2018 Aug 21;9(4):e01403-18. 

6. Tuite A, Mullick A, Gros P. Genetic analysis of innate immunity in 
resistance to Candida albicans. Genes & Immunity. 2004 Nov;5(7):576-
87.

7. Mullick A, Elias M, Picard S, Bourget L, Jovcevski O, Gauthier S, 
et al. Dysregulated inflammatory response to Candida albicans 
in a C5-deficient mouse strain. Infection and Immunity. 2004 
Oct;72(10):5868-76.

8. Mullick A, Leon Z, Min-Oo G, Berghout J, Lo R, Daniels E, et al. 
Cardiac failure in C5-deficient A/J mice after Candida albicans 
infection. Infection and Immunity. 2006 Aug;74(8):4439-51.

9. Xin H, Mohiuddin F, Tran J, Adams A, Eberle K. Experimental mouse 
models of disseminated Candida auris infection. Msphere. 2019 Sep 
4;4(5):e00339-19.

10. Rosario-Colon J, Eberle K, Adams A, Courville E, Xin H. Candida 
cell-surface-specific monoclonal antibodies protect mice against 
candida auris invasive infection. International Journal of Molecular 
Sciences. 2021 Jan;22(11):6162.

11. Singh S, Uppuluri P, Mamouei Z, Alqarihi A, Elhassan H, French 
S, et al. The NDV-3A vaccine protects mice from multidrug resistant 
Candida auris infection. PLoS Pathogens. 2019 Aug 5;15(8):e1007460.

12. Cândido ED, Affonseca F, Cardoso MH, Franco OL. Echinocandins 
as biotechnological tools for treating candida auris infections. Journal 
of Fungi. 2020 Sep;6(3):185..

13. Černáková L, Roudbary M, Brás S, Tafaj S, Rodrigues CF. 
Candida auris: a quick review on identification, current treatments, 
and challenges. International Journal of Molecular Sciences. 2021 
Jan;22(9):4470.



                                                                                                                                                      
 Xin H. Commentary: Experimental Mouse Models of Invasive Candidiasis Caused by Candida auris and Other Medically 
Important Candida Species.  J Cell Immunol. 2022;4(1):29-33.

J Cell Immunol. 2022
Volume 4, Issue 1 33

14. Lockhart SR, Etienne KA, Vallabhaneni S, Farooqi J, Chowdhary 
A, Govender NP, et al. Simultaneous emergence of multidrug-
resistant Candida auris on 3 continents confirmed by whole-genome 
sequencing and epidemiological analyses. Clinical Infectious 
Diseases. 2017 Jan 15;64(2):134-40.

15. Rudramurthy SM, Chakrabarti A, Paul RA, Sood P, Kaur H, 
Capoor MR, et al. Candida auris candidaemia in Indian ICUs: analysis 
of risk factors. Journal of Antimicrobial Chemotherapy. 2017 Jun 
1;72(6):1794-801.

16. Abe M, Katano H, Nagi M, Higashi Y, Sato Y, Kikuchi K, et al. 
Potency of gastrointestinal colonization and virulence of Candida 
auris in a murine endogenous candidiasis. Plos one. 2020 Dec 
2;15(12):e0243223.

17. Tian S, Rong C, Nian H, Li F, Chu Y, Cheng S, et al. First cases and 
risk factors of super yeast Candida auris infection or colonization 
from Shenyang, China. Emerging Microbes & Infections. 2018 Dec 
1;7(1):1-9.

18. Welsh RM, Bentz ML, Shams A, Houston H, Lyons A, Rose LJ, et 
al. Survival, persistence, and isolation of the emerging multidrug-
resistant pathogenic yeast Candida auris on a plastic health care 
surface. Journal of Clinical Microbiology. 2017 Oct;55(10):2996-3005.

19. Cutler JE, Corti M, Lambert P, Ferris M, Xin H. Horizontal 
transmission of Candida albicans and evidence of a vaccine response 
in mice colonized with the fungus. PLoS One. 2011 Jul 19;6(7):e22030.

20. Mulet Bayona JV, Tormo Palop N, Salvador García C, Fuster 
Escrivá B, Chanzá Aviñó M, Ortega García P, et al. Impact of the 
SARS-CoV-2 pandemic in candidaemia, invasive aspergillosis and 
antifungal consumption in a tertiary hospital. Journal of Fungi. 2021 
Jun;7(6):440.

21. Prestel C, Anderson E, Forsberg K, Lyman M, de Perio MA, Kuhar D, 
Edwards K, Rivera M, Shugart A, Walters M, Dotson NQ. Candida auris 
outbreak in a COVID-19 specialty care unit—Florida, July–August 
2020. Morbidity and Mortality Weekly Report. 2021 Jan 15;70(2):56.

22. Koehler P, Bassetti M, Chakrabarti A, Chen SC, Colombo AL, 
Hoenigl M, et al. Defining and managing COVID-19-associated 
pulmonary aspergillosis: the 2020 ECMM/ISHAM consensus criteria 
for research and clinical guidance. The Lancet Infectious Diseases. 
2021 Jun 1;21(6):e149-62.

23. Chowdhary A, Sharma A. The lurking scourge of multidrug 
resistant Candida auris in times of COVID-19 pandemic. Journal of 
Global Antimicrobial Resistance. 2020 Sep;22:175.

24. Moin S, Farooqi J, Rattani S, Nasir N, Zaka S, Jabeen K. C. auris and 
non-C. auris candidemia in hospitalized adult and pediatric COVID-19 
patients; single center data from Pakistan. Medical Mycology. 2021 
Dec;59(12):1238-42.

25. Flores-Maldonado O, González GM, Andrade A, Montoya A, 
Treviño-Rangel R, Silva-Sánchez A, et al. Dissemination of Candida 
auris to deep organs in neonatal murine invasive candidiasis. 
Microbial Pathogenesis. 2021 Dec 1;161:105285.

26. Gavaldà J, Meije Y, Fortún J, Roilides E, Saliba F, Lortholary O, et al. 

Invasive fungal infections in solid organ transplant recipients. Clinical 
Microbiology and infection. 2014 Sep;20:27-48.

27. Cortegiani A, Misseri G, Fasciana T, Giammanco A, Giarratano A, 
Chowdhary A. Epidemiology, clinical characteristics, resistance, and 
treatment of infections by Candida auris. Journal of Intensive Care. 
2018 Dec;6(1):1-3.

28. Shoham S, Marr KA. Invasive fungal infections in solid organ 
transplant recipients. Future Microbiology. 2012 May;7(5):639-55.

29. Herbst S, Shah A, Carby M, Chusney G, Kikkeri N, Dorling A, Bignell 
E, Shaunak S, Armstrong-James D. A new and clinically relevant 
murine model of solid-organ transplant aspergillosis. Disease Models 
& Mechanisms. 2013 May;6(3):643-51.

30. Segal E, Frenkel M. Experimental in vivo models of candidiasis. 
Journal of fungi. 2018 Mar;4(1):21.

31. Semis R, Mendlovic S, Polacheck I, Segal E. Activity of an Intralipid 
formulation of nystatin in murine systemic candidiasis. International 
Journal of Antimicrobial Agents. 2011 Oct 1;38(4):336-40. 

32. Frenkel M, Mandelblat M, Alastruey-Izquierdo A, Mendlovic S, 
Semis R, Segal E. Pathogenicity of Candida albicans isolates from 
bloodstream and mucosal candidiasis assessed in mice and Galleria 
mellonella. Journal de Mycologie Médicale. 2016 Mar 1;26(1):1-8.

33. Xin H. Effects of immune suppression in murine models of 
disseminated Candida glabrata and Candida tropicalis infection and 
utility of a synthetic peptide vaccine. Medical Mycology. 2019 Aug 
1;57(6):745-56..

34. Harpf V, Rambach G, Würzner R, Lass-Flörl C, Speth C. Candida and 
complement: New aspects in an old battle. Frontiers in Immunology. 
2020 Jul 14;11:1471.

35. Hamilton SE, Badovinac VP, Beura LK, Pierson M, Jameson SC, 
Masopust D, Griffith TS. New insights into the immune system using 
dirty mice. The Journal of Immunology. 2020 Jul 1;205(1):3-11.

36. Mestas J, Hughes CC. Of mice and not men: differences between 
mouse and human immunology. The Journal of Immunology. 2004 
Mar 1;172(5):2731-8.


