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Caspofungin had diminished activity in vitro against Candida albicans at concentrations of 8 to 32 �g/ml.
This phenomenon was markedly attenuated in a �mkc1/�mkc1 deletion mutant and by the addition of
cyclosporine to the wild type. Short exposure to these caspofungin concentrations resulted in MKC1 up-
regulation, suggesting roles of cell wall integrity and calcineurin pathways.

The safety profile and clinical efficacy of caspofungin (CAS)
has raised questions as to whether its effectiveness could be
further improved by administering higher dosages. However,
in vitro studies as well as some dosage escalation studies in
animals have reported a paradoxical attenuation of CAS ac-
tivity at higher drug concentrations (5, 17, 21, 23). These con-
centrations are comparable to plasma CAS levels achieved in
humans at recommended doses (22). The mechanism of the
attenuated CAS activity at higher concentrations and its clin-
ical relevance are unknown. Studies of the genetically amena-
ble yeast Saccharomyces cerevisiae have suggested links with
both the intracellular protein kinase C (PKC) cell wall integrity
and calcineurin pathways (1, 4, 7, 13, 18, 20). In view of the
evolutionary conservation of several key cellular processes,
including homeostatic responses toward drug-induced damage
of the fungal cell wall (2, 19), we hypothesized that the cell wall
integrity and calcineurin pathways may play an important role
in the paradoxical attenuation of CAS activity at supra-MIC
exposures. To this end, we examined expression levels of
MKC1, a central kinase of the PKC pathway in Candida albi-
cans, and the effects of MKC1 gene deletion on the paradoxical
activity observed with CAS. We also explored the importance
of the calcineurin pathway in the attenuation of CAS activity at
high doses by testing isolates in the presence of the calcineurin
inhibitor cyclosporine.

(This research was presented in part at the 44th Interscience
Conference on Antimicrobial Agents and Chemotherapy,
Washington, D.C., 30 October to 2 November 2004 [abstract
M-1682].)

We tested Candida albicans strain ATCC 90028, a C. albi-
cans �mkc1/�mkc1 homozygous mutant (�mkc1::hisG-URA3-

hisG/�mkc1::hisG-�ura3::imm434/�ura3::imm434) (15), and the
corresponding isogenic wild-type strain CAI4 (�ura3::imm434/
�ura3::imm434) (3). Fresh stock solutions were prepared by dis-
solving caspofungin acetate powder (Merck & Co., Inc., White-
house Station, NJ) in 0.85% saline. Fresh stocks of cyclosporine
(Sigma, St. Louis, MO) were prepared in 100% ethanol and
further diluted in RPMI 1640 buffered with 0.165 M morpho-
linepropanesulfonic acid (MOPS; pH 7.0). 2,3-Bis(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)-
based in vitro viability studies were conducted at CAS concentra-
tions from 0 to 1,024 �g/ml using a modification of the method
reported by Meletiadis et al. (12). All isolates were also tested in
the presence of CAS plus cyclosporine (0.625 �g/ml). Absorbance
was read at 492 nm, and readings were converted to percent
absorbance, with the growth control set at 100% and the medium
control at 0%.

For gene expression analysis, C. albicans strain ATCC 90028
was adjusted to an inoculum of �5 � 105 CFU/ml and incu-
bated at 37°C with shaking to the midlogarithmic growth
phase. Yeast cells were then exposed to CAS (0, 0.03, 1.0, 16.0,
and 64.0 �g/ml) for 10 min. This brief exposure time was
chosen in view of the fact that the transcription of SLT2
mRNA in S. cerevisiae (the homologue of MKC1 in C. albicans)
in response to CAS is rapid and transient (18). Cells were
harvested, and total RNA was extracted using QIAGEN
RNeasy Protect mini kits (QIAGEN, Valencia, CA). Reverse
transcription was performed (GeneAmp RNA PCR kit; Ap-
plied Biosystems, Inc., Foster City, CA), and relative gene
expression was determined using real-time PCR (ABI PRISM
7000 sequence detection system) with primers and probes spe-
cific for DNA encoding MKC1 (GenBank accession no.
X76708) (14). Relative gene expression levels were calculated
by the 2���CT method using 18S rRNA as the housekeeping
gene (9). One-way analysis of variance with Bonferroni’s cor-
rection for multiple comparisons was used to assess differences
in CAS activity. Changes in gene expression were compared by
analysis of variance with Tukey’s posttest. All experiments
were performed in at least triplicate on separate days.

CAS demonstrated marked concentration-dependent activ-
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ity against both wild-type C. albicans strains (ATCC 90028 and
CAI4), with a 95 to 100% reduction in absorbance at 1 to 2
�g/ml and a significant paradoxical increase in viability at CAS
concentrations ranging from 8 to 32 �g/ml (16 to 64� MIC)
(Fig. 1A). In contrast, the paradoxical effect of CAS against the
�mkc1/�mkc1 isolate was significantly decreased. In addition,
short exposure (10 min) of the C. albicans ATCC 90028 strain
to higher CAS concentrations (16 and 64 �g/ml) increased
MKC1 transcription compared to what occurred with lower
concentrations (Fig. 1B). Our data and those of others (1, 18)
show that a rapid and transient induction of genes encoding
components of the cell wall integrity pathway occurs in re-
sponse to CAS. Furthermore, in a large-scale genome-wide
screen of S. cerevisiae deletion mutants, four genes of the PKC
cell wall integrity pathway (SLG1, BCK1, FKS1, and SMI1/
KNR4) were identified as affecting the sensitivity of S. cerevi-
siae specifically to CAS (10). In contrast, Liu et al., in a recent
genome-wide expression profiling study of C. albicans includ-
ing subinhibitory concentrations of CAS for 180 min found
that the induction of PKC genes was not prominent (8). Future
genome-wide approaches that compare exposures of C. albi-
cans at different time intervals to either subinhibitory or inhib-
itory concentrations of CAS associated with the paradoxical
effect and the use of other antifungal agents as controls (e.g.,

azoles, amphotericin B) would be informative to further ad-
dress the specificity of up-regulation of PKC-encoding genes in
the attenuation of cidality following exposure to high concen-
trations of cell wall-active agents. Assessment of the active
phosphorylated Mkc1p protein on the downstream targets of
the cell wall integrity pathway upon exposure to CAS may be
further informative.

In view of the fact that a functional link might exist between
the calcineurin pathway of fungi and the tolerance to antifun-
gal agents (2, 6), we examined whether the addition of cyclo-
sporine, a known inhibitor of the calcineurin pathway, modu-
lates the paradoxical CAS effect. Indeed, the paradoxical effect
was completely absent in both wild-type strains at a cyclospor-
ine concentration of 0.625 �g/ml (Fig. 2), while the other
portions of the CAS dose-response curve remained un-
changed. Future studies examining the use of other calcineurin
inhibitors and utilizing genome-wide expression profiling will
be of interest.

Our data indicate that, following exposure of C. albicans to
high CAS concentrations, calcineurin-mediated and PKC-me-
diated signaling pathways act to regulate the functionally re-
dundant cellular events important in resisting the toxic effects
of CAS. In fact, cell wall integrity and calcineurin pathways
have been shown to perform independent but related functions
in S. cerevisiae (13). Alternatively, other indirect mechanisms
might be operative in the phenomenon of the attenuated ci-
dality of high concentrations of CAS. Up-regulation of 1,3-�-
glucan synthesis, increases in the chitin content of the cell wall,
and increased export of cell wall components for cell wall
repair (10, 11, 16, 20, 24) need further investigation.

These preliminary data should invite further studies of the
role of the PKC and calcineurin pathways in the orchestrated
regulation of cell wall-sensing pathways, the stress response,
and the activities of the echinocandins.
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FIG. 2. In vitro viability assay for XTT. Percentages of viability
(means � standard errors of the means as measured at 492 nm)
relative to the viability of the control are plotted on the y axis, and
increasing concentrations of caspofungin (0 to 1,024 �g/ml) in the
presence of cyclosporine (0.625 �g/ml) are plotted on the x axis. ■ , C.
albicans strain ATCC 90028; F, CAI4; E, �mkc1/�mkc1 strain.

FIG. 1. (A) In vitro viability assay for XTT. Percentages of viability (means � standard errors of the means [SEM] as measured at 492 nm)
relative to the viability of the control are plotted on the y axis, and increasing concentrations of caspofungin (0 to 1,024 �g/ml) are plotted on the
x axis. A decrease in the paradoxical attenuation of caspofungin activity was observed in the �mkc1/�mkc1 homozygous-knockout mutant
compared to that of C. albicans strain ATCC 90028 and the parent strain CAI4 (*, P 	 0.001 for �mkc1/�mkc1 at concentrations of 8 to 32 �g/ml).
■ , C. albicans strain ATCC 90028; F, CAI4; E, �mkc1/�mkc1 strain. (B) Relative MKC1 gene expression in Candida albicans strain ATCC 90028
(mean � SEM). Changes in gene expression compared to that of cells not exposed to caspofungin are plotted on the y axis and capsofungin
concentrations on the x axis. Expression levels were normalized to 18S rRNA.
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