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Abstract 

Candida glabrata is a major fungal pathogen notable for causing recalcitrant infections, rapid emergence 

of drug-resistant strains, and its ability to survive and proliferate within macrophages. Resembling bacterial 

persisters, a subset of genetically drug-susceptible C. glabrata cells can survive lethal exposure to the 

fungicidal echinocandin drugs. Herein, we show that macrophage internalization induces cidal drug 

tolerance in C. glabrata, expanding the persister reservoir from which echinocandin-resistant mutants 

emerge. We show that this drug tolerance is associated with non-proliferation and is triggered by 

macrophage-induced oxidative stress, and that deletion of genes involved in reactive oxygen species 

detoxification significantly increases the emergence of echinocandin-resistant mutants. Finally, we show 

that the fungicidal drug amphotericin B can kill intracellular C. glabrata echinocandin persisters, reducing 

emergence of resistance. Our study supports the hypothesis that intra-macrophage C. glabrata is a reservoir 

of recalcitrant/drug-resistant infections, and that drug alternating strategies can be developed to eliminate 

this reservoir. 
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Introduction 

The yeast Candida glabrata is a component of the human microbiome that inhabits a wide range of mucosal 

surfaces and is a prevalent opportunistic fungal pathogen causing bloodstream infections around the world 

(1–5). A prominent increase in azole resistant Candida species, including C. glabrata, in recent years has 

promoted the use fungicidal (cidal) echinocandin drugs, such as caspofungin and micafungin, which 

interfere with cell wall biosynthesis, as prophylaxis and first line therapy against candidemia (6, 7). In turn, 

this change in practice has been accompanied by high rates of echinocandin- and multi-drug resistant C. 

glabrata isolates in numerous clinical centers (6). This worrying spike in the number of drug resistant C. 

glabrata isolates, combined with the cytotoxicity of polyenes, such as amphotericin B, has greatly limited 

therapeutic options to treat candidemia (8). 

Numerous studies have documented that echinocandin-resistant (ECR) C. glabrata isolates emerge from 

genetically related susceptible cells during the course of infection (9–14). It has been hypothesized that a 

subpopulation of echinocandin-susceptible C. glabrata cells survives fungicidal concentrations of 

echinocandins in the host and this leads to the emergence of ECR isolates. In bacteriology, such cells, 

termed “persisters”, have been well-studied (16, 17). In planktonic cultures, bacterial persisters are defined 

by their biphasic killing dynamic, where a growth-restricted subpopulation can tolerate and survive high 

concentrations of cidal antibiotics lethal to their clonal susceptible kin. Persisters can be induced by 

environmental stresses, such as starvation, low pH, and reactive oxygen species (ROS) (16–24). Thus, 

intracellular bacteria, such as Mycobacetrium tuberculosis, Listeria monocytogenes and Staphylococcus 

aureus, have significantly increased antibiotic tolerance compared to counterparts grown in culture due to 

stresses imposed by host cells (16–24). Unlike antibiotic-resistant cells, persisters do not carry heritable 

mutations, and their progeny retain antibiotic susceptibility. After the cessation of antibiotic treatment, such 

persisters can reinitiate growth, causing a relapse of infection. Importantly, persisters can acquire the 

genetic mutations leading to mechanism-specific antibiotic resistance (16, 17). 
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In mycology, it is assumed that persisters are formed predominantly in biofilms following exposure to 

fungicidal drugs, but rarely under planktonic conditions (25). Interestingly, it has also been suggested that 

C. glabrata isolates poorly produce persister cells even in the context of biofilms (25–27). Our group, 

however, has characterized a small subpopulation of C. glabrata persisters in vitro (which we referred to 

as “drug-tolerant cells”) surviving supra-high MIC concentration of echinocandins (15, 28). Such 

subpopulations growing or surviving supra-high MIC concentrations of static or cidal antifungal drugs, 

respectively, have been observed in multiple fungal species and proposed to be involved in therapeutic 

failure, emergence of resistance, and poor clinical outcomes (29–32).  

A unique feature of C. glabrata is that it can survive and replicate inside macrophages (4). Yet, it has not 

been determined how intracellular C. glabrata (ICG) responds to antifungal drugs, particularly the cidal 

echinocandins, and whether macrophages may represent a persister reservoir in the context of infection. 

Here, we show that internalization by macrophages significantly increases the abundance of multidrug-

tolerant C. glabrata persister cells resulting in a significantly higher rate of ECR colonies. Interestingly, 

isolates lacking genes involved in ROS detoxification had greatly increased formation of ECR mutants, 

pointing to ROS as a potential inducer of mutagenesis. Finally, amphotericin B, a fungicidal drug with a 

different mode of action, was able to kill C. glabrata persisters induced by micafungin and significantly 

reduce ECR colony formation. Altogether, this study demonstrates that C. glabrata harbored within host 

macrophages during infection constitutes a persister reservoir and a source of ECR isolates, and points 

towards strategies to eliminate persisters and reduce emergence of drug-resistant strains. 

Results 

ICG shows a persister phenotype  

To assess the impact of antifungal drugs on ICG, we selected two isolates with similar MIC values: 

reference strain CBS138 (sequence type 15, ST15) and strain Q36, a clinical isolate belonging to ST3. 

THP1 macrophages exposed to C. glabrata cells for 3 hours were extensively washed to remove non-
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adherent yeast cells and treated with RPMI containing 2X MIC of the fungistatic azoles fluconazole and 

voriconazole, and fungicidal echinocandins micafungin, and polyene amphotericin B. The two strains were 

also incubated in RPMI medium alone containing the same drug concentrations. The survival/proliferation 

of both ICG and planktonic cells were measured by colony forming unit (CFU) counts and normalized 

against respective untreated controls at 3, 6, and 24 hours post treatment (pst). Interestingly, drug-treated 

ICG showed significantly higher survival compared to drug-treated planktonic cells (Figure 1a). Next, we 

treated ICG and planktonic cells with a wide range of micafungin concentrations (2X-256X MIC) and 

observed that the survival of ICG was 100-1000-fold higher than that of planktonic cells, especially at 24 

hours pst (Figure 1b). This high survival rate of ICG was reminiscent of intracellular bacterial persister 

cells  (16, 17). To ask whether ICG fulfill other criteria for being considered persisters, we selected a single 

micafungin concentration (0.125µg/ml, 8X MIC) and investigated multiple parameters used to specify 

bacterial persisters. 

First, to ask whether ICG show the hallmark persister biphasic killing, THP1 macrophages were infected 

with C. glabrata and incubated for 3 hours. Subsequently, nonadherent yeast cells were removed by 

extensive washing and survival was assessed at 1-, 3-, 6-, and 24-hours pst. Indeed, the ICG showed the 

typical biphasic killing to both micafungin and amphotericin B (Figure 1c). 

To test whether ICG cells are nonproliferating, prior to infecting macrophages we stained the initial 

inoculum with isothiocyanate (FITC), which does not transfer to daughter cells. At designated timepoints, 

the ICG was counterstained with Alexa Flour-647 (AF647), which stains all cells (mothers and daughters), 

and the micafungin-treated ICG and untreated controls were released from macrophages and subjected to 

flow cytometry. C. glabrata cells single positive for AF647 represented daughter cells and therefore 

indicated proliferation within macrophages, whereas cells doubly stained with both FITC and AF647 

represented the mother cells. Interestingly, while untreated ICG showed a dramatic expansion of daughter 

cells, upon micafungin treatment the proportion of mother and daughter cells did not vary at 3, 6, 24, or 48 

hours of micafungin exposure (Figure 1d), indicating low or no proliferation.  
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Next, we tested whether after a 24-hour exposure to micafungin ICG had acquired genetic determinants of 

echinocandin resistance (mutations in the hot-spot (HS) regions of FKS1 and FKS2). Treated ICG was 

plated on YPD containing 0.125µg/ml micafungin to capture the ECR colonies. We selected this 

concentration because our pilot studies had shown that it could detect various FKS HS mutations after 

plating a range of cell numbers (10-106 cells). We found that ICG did not produce any ECR colonies, 

consistent with a lack of fks mutations in ICG, and that colonies obtained from them showed killing 

dynamics similar to the parental strain.  

Finally, we asked whether C. glabrata released from micafungin-treated macrophages are culturable and 

whether they are capable of initiating another cycle of infection and proliferation inside macrophages. After 

a 24-hour micafungin treatment, C. glabrata cells were released from macrophages and stained with 

propidium iodide (PI). PI-negative (PI-) cells were selected and either plated on YPD plates or used to 

infect macrophages, and proliferation within macrophages was assessed after 72 hours. We found that C. 

glabrata released from micafungin-treated macrophages were capable of forming colonies (Figure 1e) and 

reinfecting and proliferating within macrophages (Figure 1f), but at significantly lower rates than planktonic 

cells, which is similar to results obtained with bacterial persisters (33).  

Micafungin efficiently penetrates into macrophages and rapidly reaches supra-MIC concentrations 

We sought to determine the dynamics of micafungin penetration into the macrophages to assess if the high 

survival of ICG cells was simply due to poor micafungin penetration. We directly measured the 

concentration of micafungin inside THP1 macrophages cultured in 4 µg/ml (3.15 µM) of the drug using 

liquid chromatography with tandem mass spectrometry (LC/MS/MS), which can accurately predict drug 

penetration at the site of infection in vivo (34, 35). We measured the intracellular (IC) and extracellular 

(EC) concentrations of micafungin at 30 minutes and 3 and 24 hours pst. We included three control drugs 

with well-established macrophage penetration capacities, each set at 5 µM: rifampicin (poorly penetrating), 

moxifloxacin (moderately penetrating), and clofazimine (highly penetrating). As expected and consistent 

with previous studies (35–37), rifampicin showed the poorest penetration, whereas moxifloxacin and 
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clofazimine moderately and highly penetrated the macrophages, respectively (Figure 1g). Micafungin 

showed comparable penetration into the macrophages to clofazimine despite being used at a lower 

concentration. This result was consistent with previously reported strong penetration and accumulation of 

echinocandins in macrophages in clinical settings (38–40) and indicated that ICG retain high viability even 

though the intracellular micafungin concentration reaches >100 µM, or 256X of the MIC, by 0.5 hour pst 

(Figure 1g). 

Internalization of C. glabrata cells by THP1 macrophages significantly increases their tolerance to 

cidal antifungals  

Various environmental stresses are well known to induce cross-stress tolerance, including tolerance to 

antibiotics and antifungals (16–24). In particular, macrophage internalization increases the number of 

antibiotic persisters by exposing bacteria to an array of stresses (16–24). Accordingly, we tested whether 

internalization of C. glabrata by macrophages increased their cidal drug tolerance. C. glabrata cells were 

used to infect macrophages, cultured for 3, 6, 24, and 48 hours, then released from macrophages, exposed 

to micafungin (0.06 µg/ml) for one hour and plated on drug-free YPD for CFU counts. Control planktonic 

cells were cultured in RPMI but otherwise treated identically. Interestingly, ICG showed a significantly 

higher survival after treatment, especially at 3 hours, compared to planktonic cells (Figure 2a). Also, 

consistent with the observation that stationary phase bacteria are significantly enriched for persisters (41), 

we found that planktonic C. glabrata cells at 24 and especially 48 hours showed the highest survival rates 

upon micafungin exposure (Figure 2a).  

To assess whether internalization by macrophages renders ICG more tolerant to other cidal antifungals, C. 

glabrata cells were used to infect macrophages or inoculate RPMI and 3 hours later exposed to 4X MIC of 

caspofungin or amphotericin B for one hour. Interestingly, ICG again showed a significantly higher survival 

in both caspofungin and amphotericin B relative to their planktonic counterparts (Figure 2b).  
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Finally, to understand how long the higher drug tolerance of ICG cells lasts, exponentially growing C. 

glabrata cells (CBS138) were either incubated in RPMI or internalized by macrophages for 3 hours, 

released, and then exposed to either micafungin (0.125µg/ml) or amphotericin B (4µg/ml) for 1, 3, 6, or 24 

hours. Strikingly, the high tolerance level of ICG cells was detected up until 24 hours and was the highest 

at 24-hour time-point, especially for micafungin (Figure 2c). Altogether, these experiments showed that 

ICG cells display a long-lasting multidrug tolerant phenotype. 

C. glabrata cells harbored in the spleen have higher caspofungin tolerance than those harbored in the 

kidney 

Because ICG showed significantly higher survival after release from macrophages, we asked whether 

during systemic infection C. glabrata harbored in the spleen, which contains one of the largest macrophage 

populations in the body (42), may have higher echinocandin tolerance than C. glabrata cells harbored in 

another organ. Mice were systemically infected with BYP40, a clinical C. glabrata strain, and either treated 

with a humanized dose of caspofungin (5mg/kg) every day following infection or received PBS alone 

(control). Spleen and kidney were harvested on days 1, 4, and 7, homogenized, and plated on YPD for CFU 

counts. In line with our hypothesis, we found that whereas kidney C. glabrata burdens significantly 

decreased in caspofungin-treated mice, spleen fungal burdens were unaltered by treatment (Figure 2d), 

indicating that macrophage-rich anatomical niches likely contain drug-tolerant persister C. glabrata cells. 

ROS produced by THP1 macrophages renders C. glabrata more tolerant to micafungin 

To understand which stress applied by macrophages renders C. glabrata tolerant to cidal antifungal drugs, 

we carried out an in vitro experiment, in which C. glabrata cells were incubated in RPMI containing 10 

mM H2O2 (representing ROS), pH5 RPMI (representing vacuolar acidity), spent RPMI (representing 

nutrient-poor vacuolar environment), spent RPMI+10 mM H2O2, or regular control RPMI. Next, at 

designated time-points the C. glabrata cells were exposed to micafungin (0.06 µg/ml) for one hour. 

Interestingly, C. glabrata cells incubated in either spent RPMI+H2O2 or H2O2 alone (and, to a lesser extent, 
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those in spent RPMI) showed significantly increased tolerance to micafungin, whereas those incubated in 

acidic medium showed similar killing rates as controls (Figure 3a). 

To determine how soon the combination of nutrient deprivation and ROS induces drug tolerance in C. 

glabrata, we incubated C. glabrata cells in spent RPMI+H2O2 for 5, 15, 30, 60, and 120 minutes, exposed 

the cells to 0.06 µg/ml micafungin for one hour, and assessed survival by CFU counts. Consistent with 

studies of bacterial persisters (20, 22, 24), we found that a high level of tolerance can be induced as early 

as after 15 minutes of incubation in spent RPMI+H2O2 (Figure 3b and Supplementary Figure 1). 

To test directly whether macrophage-produced ROS enhances ICG drug tolerance, THP1 macrophages 

were pretreated with an antioxidant (butylated hydroxanisole, BHA) or a NAPH oxidase inhibitor 

(VAS2870) prior to C. glabrata infection (22). We also pretreated macrophages with bafilomycin A (Baf 

A), a vacuolar ATPase inhibitor that prevents phagosome acidification (43). Untreated macrophages served 

as controls. We found that ICG released from macrophages pretreated with BHA or VAS2870 showed 

significantly lower survival than ICG released from untreated macrophages (Figure 3c), indicating that 

macrophage ROS are a key inducer of ICG drug tolerance. Of note, ICG released from BafA-treated 

macrophages also had a lower survival rate than controls, which may indicate vacuole acidification may 

also partly contribute to the higher tolerance of ICG to micafungin.  

It has been shown that C. albicans and C. glabrata cells internalized by macrophages for 3 hours suppress 

their transcription and translation machineries (44, 45). Thus, we tested whether inhibiting transcription or 

translation using sublethal concentrations of thiolutin and cycloheximide (4), respectively, could enhance 

the tolerance of C. glabrata cells to micafungin. Indeed, inhibition of either transcription or translation 

significantly increased C. glabrata micafungin tolerance (Figure 3d). We hypothesized that the observed 

macrophage-induced down-regulation of transcription and translation could be due to a reduction in ICG 

ATP stores, as it has been shown that macrophage-produced ROS impairs the TCA cycle, which leads to a 

sharp decrease in endogenous ATP levels (22, 23, 46). Indeed, we found that the ATP level of ICG cells 

was significantly lower than that of planktonic cells (Figure 3e). Together, these data indicate that 
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macrophage engulfment exposes C. glabrata to environmental stresses (ROS, nutrient deprivation, and low 

pH), lowering its ATP levels and prompting it to downregulate transcription and translation and rapidly 

acquire a drug-tolerant state, leading to persistence.  

Internalization by macrophages significantly increases the emergence of ECR colonies 

It has been shown that bacterial persisters constitute a reservoir from which drug resistant colonies can 

emerge (47), and the same has been hypothesized for fungal cells(15, 28). Therefore, we asked whether 

ICG is a source of ECR mutations. We infected macrophages with 5 clinical strains belonging to different 

STs as well as the reference strain CBS138 and monitored the emergence of ECR mutations in ICG in the 

presence of micafungin (0.125µg/ml). To detect ECR cells, C. glabrata were released from macrophages 

at 24-hour intervals and plated on micafungin-containing YPD plates (0.125 µg/ml). The initial inoculum 

of each isolate was also plated on YPD+micafungin to verify that it did not contain ECR cells. Of note, the 

majority of clinical ECR isolates associated with therapeutic failure harbor mutations in HS1 of FKS2, 

followed by HS1 of FKS1 (48, 49). Thus, the ECR colonies growing on YPD+micafungin plates were 

subjected to sequencing of the four FKS HSs (FKS1 HS1 and 2, FKS2 HS1 and 2) (50). As in previous 

experiments (Figure 1a, Figure 3c), both ICG and planktonic C. glabrata showed declining survival over 

time up to 48 hours of micafungin treatment, with ICG being significantly more tolerant to micafungin than 

planktonic cells (Figure 4). After 48 hours, however, micafungin-treated planktonic cells displayed a CFU 

rebound (Figure 4), which is reminiscent of phenotypic resistance (17). Nevertheless, ICG produced a 

significantly higher frequency of ECR colonies compared to planktonic cells, and all these ECR colonies 

harbored well-known and clinically relevant mutations in HS1 of FKS2 (Figure 4, Supplementary Table 1). 

This result indicates that macrophage-engulfed C. glabrata may constitute a reservoir from which ECR C. 

glabrata cells can emerge. 

Deletion of ROS detoxifying genes markedly increases the frequency of ECR emergence 
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ROS are generally thought to be detrimental to cells because of their capacity to damage cellular 

macromolecules. However, both bacterial and fungal cells also use endogenously generated ROS to induce 

programmed genetic instability under specific circumstances (51, 52). Our group previously showed that 

although echinocandins induce endogenous ROS in C. glabrata, the use of ROS scavengers did not enhance 

the survival of C. glabrata in echinocandin presence and that, surprisingly, C. glabrata downregulated ROS 

detoxifying genes upon echinocandin exposure (28). To ask whether ROS are involved in persistence and 

emergence of ECR mutants, we deleted genes with well-known functions in ROS detoxification: catalase 

(CAT1, CAGL0K10868g), glutathione oxidoreductase (GRX2, CAGL0K05813g), manganese superoxide 

dismutase (SOD2, CAGL0E04356g), and three transcription regulators of oxidative stress responses, 

namely SKN7 (CAGL0F09097g), MSN4 (CAGL0M13189g), and YAP1 (CAGL0H04631g) (28, 53). 

Additionally, because it has been shown that in Mycobacetrium tuberculosis isocitrate lyase mutants have 

elevated antibiotic-induced ROS levels (54), we also deleted C. glabrata isocitrate lyase gene ICL1 

(CAGL0L09273g). 

All deletion mutants grew normally in YPD broth (Figure 5a). Consistent with their compromised ROS 

detoxification activities, most of the mutants showed increased ROS levels in the presence of micafungin 

(0.125µg/ml) (Figure 5b). To measure their sensitivity to exogenous ROS, we measured their survival in 

RPMI containing 10 mM of H2O2. Consistent with a previous study (53), we found that deleting CTA1 and 

the two main transcription factors regulating its expression, YAP1 and SKN7, significantly impaired strain 

survival in the presence of H2O2, whereas the other mutants were unaffected (Figure 5c). We also measured 

the mutants’ survival and proliferation within macrophages and found that skn7∆, sod2∆, and yap1∆ 

mutants showed significantly reduced survival 24 hours after infection, whereas only the sod2∆ mutant 

showed significantly reduced survival 48 hours after infection (cta1∆ and icl1∆ mutants did not reach the 

statistical significance threshold with p=0.06 for both) (Figure 5d). These results suggested that either the 

C. glabrata ROS detoxification pathways are redundant (55) or the ROS levels inside macrophages were 

not high enough to strongly impair the mutants.  
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Next, we assessed the mutants’ survival in the presence of micafungin and the emergence of ECR mutations 

either when cultured in RPMI or harbored within macrophages. Interestingly, although none of the mutants 

were significantly impaired for survival in the presence of micafungin, both ICG and planktonic ROS 

detoxification mutants (except icl1Δ) showed greatly increased ECR colony emergence relative to the WT 

strain (Figures 5e and Supplementary Table 2). ECR frequencies were even higher in planktonic cells than 

in ICG, suggesting that it is not macrophage-produced exogenous ROS but C. glabrata-produced 

endogenous ROS may promote this mutagenesis. Interestingly, we did not recover any ECR colonies from 

the icl1Δ strain, although it had no obvious survival defect, despite repeating the experiment 3 times with a 

120 hrs follow-up. This observation may point to the potential importance of ICL1 for cellular processes 

linked to mutagenesis. Given the absence of this gene in human genome and that this gene is evolutionarily 

conserved across a wide range of pathogens (56), it may be a promising target to reduce emergence of ECR 

mutants in C. glabrata. 

Micafungin-tolerant ICG are effectively killed by amphotericin B 

We have shown that the nutritional and ROS stresses imposed by macrophages on ICG drive the fungus 

into a non-proliferative, low ATP state that is highly tolerant to echinocandins. In principle, this persister 

population may be susceptible to a different class of drug whose cidal activity is not strongly affected by 

the metabolic or proliferative state of the pathogen. Indeed, in the bacterial field cidal antibiotics have been 

classified as either strongly dependent on metabolism (SDM) or weakly dependent on metabolism (WDM) 

(57–59). For Candida species, the metabolic dependency of cidal antifungal drugs has not been fully 

examined. Thus, we compared the metabolism dependencies of micafungin (0.125 µg/ml), caspofungin 

(0.25 µg/ml), and amphotericin B (2 µg/ml) against C. glabrata cells incubated in 100%, 20%, and 2% 

RPMI. Not surprisingly, micafungin and caspofungin were significantly affected by RPMI concentration, 

classifying them as SDM drugs, whereas the lethality of amphotericin B was much less dependent on RPMI 

concentration, classifying it as a WDM drug (Figure 6a). The strong dependency of echinocandins on the 

presence of nutrients is consistent with their killing activity being dependent on proliferating cells, whereas 
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the weak metabolic dependency of amphotericin B, a pore former, is consistent with its ability to kill both 

proliferating and non-proliferating cells. 

Next, we asked whether amphotericin B could effectively kill ICG that had survived micafungin treatment. 

We treated ICG with micafungin (0.125 µg/ml) for 24 hours, followed by either replacing the medium with 

RPMI containing amphotericin B (2 µg/ml) or fresh RPMI containing micafungin (0.125 µg/ml), and 

survival was measured at 24- and 48-hour timepoints. Interestingly, our results showed that ICG treated 

with amphotericin B had a significantly lower survival rate compared to ICG treated with micafungin alone 

(Figure 6b). 

Finally, we asked whether the amphotericin B-mediated increase in ICG killing was accompanied by 

reduced emergence of ECR colonies. We selected three ROS detoxification mutants showing a high ECR 

frequency following micafungin exposure (cta1Δ, skn7Δ, and yap1Δ), treated them with micafungin (0.125 

µg/ml) for 24 hours to deplete drug-sensitive non-persisters, and then either replaced the medium with fresh 

RPMI containing amphotericin B (2 µg/ml) or fresh RPMI containing micafungin (0.125 µg/ml). ECR 

frequency was measured at 48- and 72-hour timepoints. Like the WT strain, the mutants had significantly 

higher survival when treated only with micafungin than when treated with micafungin followed by 

amphotericin B, and as expected, the higher survival was accompanied by higher ECR frequencies (Figure 

6c), which could partly be explained by the fact that amphotericin B can indistinguishably kill both ECR 

and susceptible colonies. Collectively, these results indicate that alternating treatments with echinocandins 

and amphotericin B may be an effective strategy to eliminate intracellular C. glabrata persister reservoirs 

and decrease the frequency of emergence of ECR isolates.  

Discussion 

C. glabrata is notable for its ability to proliferate inside macrophages (4, 55). Yet, the properties of ICG, 

particularly with respect to antifungal drug susceptibility, have not been examined. Our results identify 

macrophages as an important host reservoir of C. glabrata persistence and help explain how this fungal 
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pathogen is able to rapidly generate antifungal drug-resistant mutations during treatment (9–14). We show 

that ICG cells exhibited hallmarks of bacterial persisters, such as increased survival in the presence of cidal 

drugs, a biphasic killing curve, lack of proliferation, lack of genetic mutations associated with mechanism 

specific resistance, reduced culturability, and the ability to reinfect macrophages. We also identify 

macrophage-generated ROS as an important inducer of C. glabrata drug tolerance and demonstrate that 

deleting of ROS detoxification genes greatly induces the emergence of ECR mutations. Finally, we show 

that intra-macrophage persister cells formed during echinocandin treatment can be eliminated by 

amphotericin B. Together, these results provide insights into how fungal pathogens persist in the host 

despite treatment with cidal antifungal drugs. These insights could be leveraged to develop more effective 

antifungal regimens, e.g., by alternating treatments with echinocandins with short treatments with 

amphotericin B, which would decrease the amphotericin B-associated toxicity while helping eliminate 

fungal persister cells and reducing the emergence of drug-resistant strains. 

 Our observation that ROS generated both in-cellulo and in-vitro increased the survival of C. glabrata upon 

exposure to a lethal concentration of micafungin is consistent with observations made using intracellular 

Staphylococcus aureus cells, where ROS likewise induced antibiotic tolerance  (22, 23). How ROS induces 

drug tolerance and persistence is not well understood, but it has been shown that ROS can corrupt iron-

sulfur containing enzymes involved in tricarboxylic acid (TCA) cycle (22, 23), which can result in lower 

respiration and ATP depletion (46, 60). Indeed, our observations indicate that ICG cells had significantly 

lower ATP levels than planktonic cells, which in turn may dampen the anabolic cellular processes requiring 

ATP, such as cell wall and membrane biosynthesis, and thus decrease the activities of antifungal drugs that 

target those cellular processes. Echinocandins’ killing activity may be more dependent on the 

metabolic/proliferative state of fungal cells because their target – the beta-glucan synthase enzyme – is 

specifically required by growing cells building and remodeling their cell walls. In contrast, amphotericin B 

can form pores in the membranes of both growing and non-growing cells, helping explain its weak 

dependence on the fungal metabolic status. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Interestingly, our previous RNAseq analysis of C. glabrata treated with echinocandins in vitro showed a 

strong increase in ROS levels but a concomitant downregulation of genes involved in ROS detoxification 

(28), suggesting that this ROS increase is a programmed change enacted by C. glabrata cells. Indeed, we 

previously found no evidence of ROS-based oxidative damage to DNA or lipids, suggesting that the ROS 

produced by C. glabrata during echinocandin treatment are not harmful to the cells. Consistent with this 

conclusion, here we show that deletion of genes involved in ROS detoxification did not reduce C. glabrata 

susceptibility to echinocandins in vitro or inside macrophages and that furthermore, deletion of these genes 

resulted in a significant increase in the number of ECR colonies. This result suggests that in echinocandin-

treated cells ROS in addition to its many effector functions may act as a signal or a stimulant for generating 

mutations promoting drug resistance. The one intriguing exception to this pattern was the icl1Δ mutant that, 

despite containing increased ROS levels, did not produce any ECR colonies, which may indicate its 

involvement in multiple aspects of fks mutagenesis.  

In bacterial literature, the term “tolerance” has emerged to indicate that the entire population is less affected 

by an antibiotic (e.g., by showing delayed killing dynamics), whereas “persistence” generally refers to a 

small subset of the population that can survive long-term antibiotic exposure (17). Both persistence and 

tolerance lack drug target alterations, and both reproducibly give rise to progenies that exhibit 

survival/growth phenotypes similar to the parental strains. In general, in medical mycology the terms 

“tolerance” and “persistence” have been used somewhat interchangeably (28, 61, 62), and this has been 

further complicated by the usage of the term “tolerance” for both cidal and static drugs. For the former, 

tolerance refers to survival in the presence of supra-MIC drug concentrations, whereas for the latter, 

tolerance refers to incomplete growth inhibition. In this study we focused on cidal drugs and characterized 

a sub-population of cells able to withstand their killing activity, which we term “persisters” according to 

bacterial nomenclature. Given that both tolerance and persistence are potentially of clinical importance and 

that mechanisms underpinning them could be different, appreciation of their differences can inspire detailed 

molecular studies to better comprehend the biology of drug-refractory fungal infections.  
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Altogether our results indicated that macrophages constitute a permissive reservoir for development of drug 

persister C. glabrata cells, which facilitate the emergence of stable drug resistance. Finally, amphotericin 

B was featured as a promising therapeutic potential to significantly reduce the repertoire of micafungin 

persister and resistant C. glabrata cells. 

 

Methods  

C. glabrata strains and growth conditions 

We used 8 C. glabrata isolates, including 7 clinical isolates and a type-strain CBS138 (ATCC2001), which 

all had the same MIC values, but belonged to different sequence types and various geographical locations 

(Table S1). The deletant mutants were all derived from the reference strain CBS138. C. glabrata cells were 

grown on yeast-peptone-dextrose (YPD) agar plates overnight at 37°C and the initial inoculum used for the 

macrophage infection or evaluation of in-vitro stresses were incubated in YPD broth overnight at 37°C. 

THP1 macrophages and growth conditions 

Human acute monocyte leukemia cell line-derived macrophages (THP1; ATCC; Manassas, VA) was used 

to assess the phagocytosis survival of our C. glabrata isolates. RPMI 1640 (Gibco, Fisher Scientific, USA) 

supplemented with 1% penicillin-streptomycin (Gibco, Fisher Scientific, USA) and 10% heat-inactivated 

HFBS (Gibco, Fisher Scientific, USA) was used to grow the THP1 cells. One million THP1 cells treated 

with 100 nM phorbol 12-myrisate 13-acetate (PMA, Sigma) were seeded into 24-well plates and incubated 

at 37°C in 5% CO2 for 48 hrs to induce attachment and differentiation into active macrophages. At the day 

of infection macrophages were washed with PBS, fresh RPMI was added, and C. glabrata cells were 

exposed to macrophages. Subsequently, the plates were centrifuged (200g, 1 minute), and incubated at 37°C 

in 5% CO2 for 3 hrs. In the next step, the supernatant RMPI was removed, and the pellets were five times 

washed with phosphate buffered saline (PBS) solution. Macrophage lysis was performed by adding 1 ml 
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cold water (kept at 4°C) and 100 µl of the lysed macrophages were serially diluted, plated on YPD agar, 

and incubated at 37°C for up to 72 hrs.  

Sequencing of HS1 and HS2 of FKS1 and FKS2 

HS regions of ECR colonies emerging on YPD plates containing micafungin were amplified and sequenced 

using primers and conditions described elsewhere. The WT sequences of FKS1 and FKS2 from ATCC2001 

were used as our control (50). 

Measuring killing dynamic and recovery of ECR colonies following exposure to micafungin 

PMA treated THP1 macrophages were infected with C. glabrata isolates belonging to different STs with 

the MOI of 10/1 (10 C. glabrata cells/1 macrophage), which served as our treated groups. Since C. glabrata 

can dramatically replicate inside the macrophages if not treated with micafungin and if incubated for a long 

time, the THP1 macrophages of the untreated groups were infected with the MOI of 1/10. Three hrs post-

exposure, macrophages were extensively washed with PBS and the RPMI containing 0.125µg/ml of 

micafungin was used for the treated group, while only fresh RPMI was added to the control group. 

Simultaneously, respective C. glabrata isolates were incubated in RPMI containing micafungin and 

untreated groups were grown in drug-free RPMI. At each time-point 100 µl of the lysate was plated on 

YPD agar and the rest were centrifuged, the supernatant was decanted, 200µl of PBS was added, and 

resuspended cells were transferred to YPD plates containing 0.125µg/ml of micafungin (from 24-hrs 

onward). We chose 0.125µg/ml of micafungin, since it could detect all the ECR C. glabrata isolates 

harboring various clinically relevant mutations and since the incubation times for the detection of ECR 

colonies varied depending on mutation type and ECR cell number (we used serial dilution), we extended 

the incubation time (37°C) to 7 days to ensure that we could capture all ECR colonies regardless of mutation 

type and cell number. All treated and untreated groups from both macrophages and RPMI arms were plated 

on YPD agar containing micafungin to monitor if any ECR colonies could emerge from the untreated 

groups. The dynamic of killing was measured up to 120 hrs and survival rate of the treated groups were 
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normalized against untreated group of respective time-points. Of note, since the number of C. glabrata cells 

of treated groups were 100 times higher than the untreated counterparts, this dilution factor was considered 

in our normalization. 

Measuring intracellular concentration of micafungin 

THP-1 monocytes grown in supplemented RPMI 1640, were seeded into 96-well tissue culture-treated 

plates at 5x104 cells / well. THP-1 monocytes were differentiated overnight to macrophages with 100 nM 

phorbol 12-myristate 13-acetate. Culture medium was replaced with fresh medium containing micafungin, 

rifampicin, moxifloxacin or clofazimine. Micafungin was assayed at 3.14 µM and drug controls were 

assayed at 5 µM. Each drug was tested in triplicate wells. After 0.5, 3 and 24 h incubation at 37°C, the cells 

were washed twice with cold PBS to remove extracellular drug. Cells were extracted with 60% DMSO for 

1 h at 37°C. Micafungin concentration in each sample was analyzed by LC-MS/MS, and normalized by the 

number of cells per well and the average THP-1 cellular volume to calculate intracellular concentrations 

(63, 64). Intracellular drug accumulation is expressed as the ratio between the intracellular concentration 

and extracellular concentration (IC/EC). 

LC-MS/MS 

Neat 500µM micafungin solution was serially diluted in 50/50 acetonitrile (ACN)/water to create neat 

standard curves and quality control spiking solutions. 10 µL of neat spiking solutions were added to 90 µL 

of drug-free macrophage lysate to create standard and QC samples. 10 µL of control, standard, or study 

sample lysate were added to 100 µL of a 50:50 acetonitrile: methanol protein precipitation solvent mix 

containing 10 ng/mL of the internal standard verapamil to extract micafungin.  Extracts were vortexed for 

5 minutes and centrifuged at 4000 RPM for 5 minutes. 75 µL of supernatant was transferred for LC-MS/MS 

analysis and diluted with 75 µL of Milli-Q deionized water. LC-MS/MS analysis was performed on a Sciex 

Applied Biosystems Qtrap 6500+ triple-quadrupole mass spectrometer coupled to a Shimadzu Nexera X2 

UHPLC system to quantify each drug concentrations in each sample.  Chromatography was performed on 
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an Agilent SB-C8 (2.1x30 mm; particle size, 3.5 µm) using a reverse phase gradient.  Milli-Q deionized 

water with 0.1% formic acid was used for the aqueous mobile phase and 0.1% formic acid in acetonitrile 

for the organic mobile phase. Multiple-reaction monitoring of parent/daughter transitions in electrospray 

positive-ionization mode was used to quantify all analytes.  The MRM transitions of 455.40/165.20, 

1270.40/1190.40, 823.5/791.6, 402.2/358.0, 473.2/431.2 were used for verapamil, micafungin, rifampicin, 

moxifloxacin and clofazimine, respectively. Data processing was performed using Analyst software 

(version 1.6.3; Applied Biosystems Sciex). 

Measuring the survival of planktonic and ICG cells after exposure to cidal antifungal drugs 

THP1 macrophages were infected with MOI of 10/1 and after 3 hrs they were washed extensively to remove 

non-adherent cells. Macrophages were lysed using ice-cold water followed by vigorous pipetting and C. 

glabrata cells were collected using centrifugation. One ml of RPMI 1640 containing micafungin 

(0.06µg/ml), caspofungin (0.125 µg/ml), and amphotericin B (2µg/ml) were added to collected cells and 

cell suspensions were incubated at 37°C for 1 hour. Prior and 1 hour after incubation suspensions were 

plated on YPD plates, which were incubated at 37°C for 1 day. The CFU of treated cells were normalized 

against those prior to exposure and the values were presented as percentage. 

FITC and AF-647 ConA staining 

PBS washed initial inoculum of C. glabrata cells were stained with 200µg/ml of FITC (Millipore Sigma) 

in carbonate buffer (0.1M Na2CO3, 0.15M NaCl, pH= 9.3) and incubated at 37°C, followed by 3 times PBS 

washing. The THP1 macrophages were infected with MOI of 10/1 and after 3-, 6-, 24-, and 48-hrs pst with 

micafungin (0.125µg/ml), the C. glabrata cells were released from macrophages and counterstained with 

50µg/ml AF-647-ConA (Millipore Sigma) in PBS buffer+2% BSA. The pellets were washed 3 times with 

PBS and subjected to flow cytometry (BD Biosciences). Double-stained yeasts were mother cells, while 

yeast cells only stained with AF-647 ConA represented replicated cells. 

PI staining  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


C. glabrata cells released from macrophages were treated PBS containing 10µg/ml of propidium iodide 

(PI, Millipore Sigma) and analyzed by FACS (Melody instrument, BD Biosciences). PI- cells were 

collected and used for ATP determination. 

ATP measurements 

The yeast cells were released from macrophages by adding 0.2% Tritron 100X and they were 

collected by centrifugation.  The pellets were rewashed with ice-cold water, followed by vigorous 

vortexing and recollecting by centrifugation. C. glabrata cells were treated with 500µl of Y1 buffer 

(1M of sorbitol and 0.1M EDTA) containing 100 units of lyticase and the pellets were incubated 

at 37°C for 30 minutes. Subsequently, the spheroplasts were collected by centrifugation, the 

supernatant was decanted, and 200µl of lysis buffer (10mM Tris, 1mM EDTA, 0.01% triton, and 

100mM NaCl) was added to each tube, followed by incubation at 80°C for 10 minutes and then 

subjected to bead beating for 2 minutes at the highest speed. 20µl of this lysate was subjected to 

180µl of luciferase reaction (ThermoFisher Scientific) and luminescence rate was measured using 

a plate reader. 

Mouse systemic infections 

Six-week-old CD-1 female mice were used for in-vivo systemic infections. Four days prior to infection, 

mice were immunosuppressed using 150mg/kg of cyclophosphamide and immunosuppression with 

100mg/kg of cyclophosphamide was continued every 3 days afterward. At the day of infection (day 0), 

50µl of cell suspension containing 5x107 cell was administered intravenously. Mice were grouped into two 

arms (n=24), treated with 5mg/kg of caspofungin starting 4 hrs after infection and continued until the end 

of experiment (12 mice), and the second arm served as control, which included mice treated with PBS only 

(12 mice). Four mice per each group were euthanized and sacrificed at day 1, 4, and 7, spleen and kidneys 

were harvested and homogenized, and 100µl of each homogenate was plated on YPD plate and incubated 
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for 24-48 hrs at 37°C. The number of colonies from each organ of treated mice were normalized against the 

respective organ of untreated group and data presented as percentage. 

Generation of C. glabrata knock-out mutants 

The following genes were subjected to deletion, catalase 1 (CAT1, CAGL0K10868g), glutathione 

oxidoreductase (GRX2, CAGL0K05813g), manganese superoxide dismutase (SOD2, CAGL0E04356g), 

and three transcription factors playing role in oxidative stress responses, namely SKN7 (CAGL0F09097g), 

MSN4 (CAGL0M13189g), and YAP1 (CAGL0H04631g), and ICL1 (CAGL0L09273g). Knock-out mutants 

were created in house using a previously described protocol (65), in which the open reading frame of the 

gene of interest was replaced by nourseothricin (NAT) resistance cassette. The knock-out construct was 

generated by using Ultramer primers (∼80-100 bps) containing homology regions with NAT and with 

regions flanking GOIs. Competent cells were created by log-phase grown C. glabrata cells using Frozen-

EZ Yeast Transformation Kit (Zymo Research) and transformation followed an electroporation-based 

protocol described previously (65). The colonies growing on YPD plates containing NAT were subjected 

to PCR and sequencing using diagnostic primers listed in Supplementary Table 3 (the primers used in the 

current study were manufactured by Integrated DNA Technologies and Sanger Sequencing carried out by 

Genewiz). Two independent knock-out mutants were used for each experiment. 

Measuring metabolic dependency of antifungal drugs 

Overnight grown C. glabrata cells (CBS138) were PBS washed thrice, enumerated, and 100µl of 108 cells 

were added to 1 ml of various RPMI concentrations containing micafungin or caspofungin or amphotericin 

B. Desired concentrations of RPMI were simply made by addition of sterilized demi water to 100% RPMI. 

The survival of C. glabrata cells incubated in various 100%-, 20%-, and 2%-RPMI containing micafungin 

(0.125µg/ml) or caspofungin (0.25µg/ml) or amphotericin B (2µg/ml) was assessed at 3-, 6-, and 24-hrs pst 

(totaling 9 conditions for each time-point). C. glabrata cells incubated in respective RPMI concentrations 

lacking any antifungal drugs were considered as control. The survival rate of drug exposed C. glabrata cells 
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were normalized against drug-free controls, which was presented by percentage. A higher metabolic 

dependency was defined when the lethality of a given antifungal drug significantly decreased at lower 

concentrations of RPMI. 

Measuring the impact of amphotericin B or micafungin treatment on ICG survival rate  

ICG cells (CBS138) treated with micafungin (0.125µg/ml) for 24 hrs were exposed to 1ml of fresh RPMI 

containing either amphotericin B (2µg/ml) or micafungin (0.125µg/ml) and the survival rate was assessed 

24 and 48 hrs later. The survival rates of treated ICG were normalized against the counterparts treated with 

drug-free RPMI and the data were presented by percentage. 

Measuring the impact of amphotericin B or micafungin treatment on ECR rate 

Overnight grown knockout mutants, cta1Δ, yap1Δ, and skn7Δ, were PBS washed twice, enumerated, and 

100µl of 108 cells were added to 1 ml of 100% RPMI containing micafungin (0.125µg/ml) and incubated 

for 24 hrs. After 24 hrs the C. glabrata cells were collected, washed with PBS, and either treated with fresh 

RPMI containing micafungin (0.125µg/ml) or amphotericin B (2µg/ml) and survival rate and mutation 

frequency were assessed 24 and 48 hrs later. The respective C. glabrata mutants grown in drug-free RPMI 

were used as control. 

ROS measurement 

ROS was measured using dihydroethidium (DHE) (6.5 μg/ml; ThermoFisher), which detects superoxide 

levels (28, 66, 67). C. glabrata isolates lacking CTA1, GRX2, ICL1, MSN4, SKN7, SOD2, and YAP1 and 

the parental WT strain of CBS138 were incubated in RPMI (Gibco™ RPMI 1640 Medium) containing 

0.125µg/ml of micafungin for 2 hrs. CBS138 incubated in drug-free served as our negative control. Since 

our previous study using the same dyes showed the lack of ROS detection from ECR isolates, we did not 

include ECR isolates in this experiment (28). After each time-point, C. glabrata cells, at least in three 

biological replicates, were collected, washed with prewarmed PBS, and stained with DHE in PBS for 30-

40 minutes at 37°C. Subsequently, the stained cells were collected, 1 ml of prewarmed PBS was added and 
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subjected to flow cytometry and the data obtained were analyzed by FlowJo software v10.6.1 (BD 

Biosciences).  

Antifungal susceptibility testing (AFST) 

The broth microdilution protocol of the CLSI M27-A3 was followed. AFST included the following 

antifungal drugs, fluconazole (Pfizer), amphotericin B (Sigma-Aldrich), micafungin (Astellas Pharma), and 

anidulafungin (Pfizer). Plates were incubated at 37°C for 24 hrs, and the MIC50 data (50% growth reduction 

compared to controls without drug) were determined visually. Each experiment included at least three 

biological replicates. 

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


References 

 1.  Arastehfar A, Lass-flörl C, Garcia-rubio R, Daneshnia F. 2020. The Quiet and Underappreciated 

Rise of Drug-Resistant Invasive Fungal Pathogens. J Fungi. 

2.  Gabaldón T, Martin T, Marcet-Houben M, Durrens P, Bolotin-Fukuhara M, Lespinet O, Arnaise S, 

Boisnard S, Aguileta G, Atanasova R, Bouchier C, Couloux A, Creno S, Almeida Cruz J, Devillers H, 

Enache-Angoulvant A, Guitard J, Jaouen L, Ma L, Marck C, Neuvéglise C, Pelletier E, Pinard A, 

Poulain J, Recoquillay J, Westhof E, Wincker P, Dujon B, Hennequin C, Fairhead C. 2013. 

Comparative genomics of emerging pathogens in the Candida glabrata clade. BMC Genomics 

14:623. 

3.  Roetzer A, Gabaldón T, Schüller C. 2011. From Saccharomyces cerevisiae to Candida glabratain a 

few easy steps: important  adaptations for an opportunistic pathogen. FEMS Microbiol Lett 

314:1–9. 

4.  Seider K, Brunke S, Schild L, Jablonowski N, Wilson D, Majer O, Barz D, Haas A, Kuchler K, Schaller 

M, Hube B. 2011. The facultative intracellular pathogen Candida glabrata subverts macrophage 

cytokine  production and phagolysosome maturation. J Immunol 187:3072–3086. 

5.  Pfaller MA, Diekema DJ, Turnidge JD, Castanheira M, Jones RN. 2019. Twenty Years of the 

SENTRY Antifungal Surveillance Program: Results for Candida  Species From 1997-2016. Open 

forum Infect Dis 6:S79–S94. 

6.  Lamoth F, Lockhart SR, Berkow EL, Calandra T. 2018. Changes in the epidemiological landscape of 

invasive candidiasis. J Antimicrob Chemother 73:i4–i13. 

7.  Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA, Ostrosky-zeichner L, Reboli AC, Schuster 

MG, Vazquez JA, Walsh TJ, Zaoutis TE, Sobel JD. 2016. Clinical Practice Guideline for the 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Management of Candidiasis : 2016 Update by the Infectious Diseases Society of America. Clin 

Infect Dis 62:1–50. 

8.  Arastehfar A, Gabaldón T, Garcia-Rubio R, Jenks JD, Hoenigl M, Salzer HJF, Ilkit M, Lass-Flörl C, 

Perlin DS. 2020. Drug-Resistant Fungi: An Emerging Challenge Threatening Our Limited Antifungal  

Armamentarium. Antibiot (Basel, Switzerland) 9. 

9.  Posteraro B, Torelli R, Vella A, Leone PM, De Angelis G, De Carolis E, Ventura G, Sanguinetti M, 

Fantoni M. 2020. Pan-Echinocandin-Resistant Candida glabrata Bloodstream Infection 

Complicating  COVID-19: A Fatal Case Report. J fungi (Basel, Switzerland). 

10.  Pfeiffer CD, Garcia-Effron G, Zaas AK, Perfect JR, Perlin DS, Alexander BD. 2010. Breakthrough 

invasive candidiasis in patients on micafungin. J Clin Microbiol 48:2373–2380. 

11.  Carreté L, Ksiezopolska E, Gómez-Molero E, Angoulvant A, Bader O, Fairhead C, Gabaldón T. 

2019. Genome Comparisons of Candida glabrata Serial Clinical Isolates Reveal Patterns of  

Genetic Variation in Infecting Clonal Populations. Front Microbiol 10:112. 

12.  Rivero-Menendez O, Navarro-Rodriguez P, Bernal-Martinez L, Martin-Cano G, Lopez-Perez L, 

Sanchez-Romero I, Perez-Ayala A, Capilla J, Zaragoza O, Alastruey-Izquierdo A. 2019. Clinical and 

laboratory development of echinocandin resistance in candida glabrata: Molecular 

characterization. Front Microbiol 10:1–12. 

13.  Thompson GR, Wiederhold NP, Vallor AC, Villareal NC, Lewis JS, Patterson TF. 2008. Development 

of caspofungin resistance following prolonged therapy for invasive candidiasis secondary to 

Candida glabrata infection. Antimicrob Agents Chemother 52:3783–3785. 

14.  Lewis JS, Wiederhold NP, Wickes BL, Patterson TF, Jorgensen JH. 2013. Rapid emergence of 

echinocandin resistance in Candida glabrata resulting in clinical and microbiologic failure. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Antimicrob Agents Chemother 57:4559–4561. 

15.  Healey KR, Perlin DS. 2018. Fungal Resistance to Echinocandins and the MDR Phenomenon in 

Candida glabrata. J fungi (Basel, Switzerland) 4. 

16.  Moldoveanu AL, Rycroft JA, Helaine S. 2021. Impact of bacterial persisters on their host. Curr 

Opin Microbiol 59:65–71. 

17.  Gollan B, Grabe G, Michaux C, Helaine S. 2019. Bacterial Persisters and Infection: Past, Present, 

and Progressing. Annu Rev Microbiol 73:359–385. 

18.  Kaiser P, Regoes RR, Dolowschiak T, Wotzka SY, Lengefeld J, Slack E, Grant AJ, Ackermann M, 

Hardt W-D. 2014. Cecum lymph node dendritic cells harbor slow-growing bacteria phenotypically  

tolerant to antibiotic treatment. PLoS Biol 12:e1001793. 

19.  Bartell JA, Cameron DR, Mojsoska B, Haagensen JAJ, Pressler T, Sommer LM, Lewis K, Molin S, 

Johansen HK. 2020. Bacterial persisters in long-term infection: Emergence and fitness in a 

complex  host environment. PLoS Pathog 16:e1009112. 

20.  Peyrusson F, Varet H, Nguyen TK, Legendre R, Sismeiro O, Coppée J-Y, Wolz C, Tenson T, Van 

Bambeke F. 2020. Intracellular Staphylococcus aureus persisters upon antibiotic exposure. Nat 

Commun 11:2200. 

21.  Manina G, Dhar N, McKinney JD. 2015. Stress and host immunity amplify Mycobacterium 

tuberculosis phenotypic  heterogeneity and induce nongrowing metabolically active forms. Cell 

Host Microbe 17:32–46. 

22.  Rowe SE, Wagner NJ, Li L, Beam JE, Wilkinson AD, Radlinski LC, Zhang Q, Miao EA, Conlon BP. 

2020. Reactive oxygen species induce antibiotic tolerance during systemic  Staphylococcus 

aureus infection. Nat Microbiol 5:282–290. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


23.  Beam JE, Wagner NJ, Shook JC, Bahnson ESM, Fowler VGJ, Rowe SE, Conlon BP. 2021. 

Macrophage-Produced Peroxynitrite Induces Antibiotic Tolerance and Supersedes  Intrinsic 

Mechanisms of Persister Formation. Infect Immun 89:e0028621. 

24.  Helaine S, Cheverton AM, Watson KG, Faure LM, Matthews SA, Holden DW. 2014. Internalization 

of Salmonella by macrophages induces formation of nonreplicating  persisters. Science 343:204–

208. 

25.  Wuyts J, Van Dijck P, Holtappels M. 2018. Fungal persister cells: The basis for recalcitrant 

infections? PLoS Pathog 14:e1007301. 

26.  Al-Dhaheri RS, Douglas LJ. 2008. Absence of amphotericin B-tolerant persister cells in biofilms of 

some Candida  species. Antimicrob Agents Chemother 52:1884–1887. 

27.  Li P, Seneviratne CJ, Alpi E, Vizcaino JA, Jin L. 2015. Delicate Metabolic Control and Coordinated 

Stress Response Critically Determine  Antifungal Tolerance of Candida albicans Biofilm Persisters. 

Antimicrob Agents Chemother 59:6101–6112. 

28.  Garcia-Rubio R, Jimenez-Ortigosa C, DeGregorio L, Quinteros C, Shor E, Perlin DS. 2021. 

Multifactorial Role of Mitochondria in Echinocandin Tolerance Revealed by  Transcriptome 

Analysis of Drug-Tolerant Cells. MBio 12:e0195921. 

29.  Zhai AB, Liao C, Jaggavarapu S, Rolling T. 2022. Echinocandin heteroresistance causes prophylaxis 

failure and facilitates breakthrough Candida parapsilosis infection. BioRxive. 

30.  Berman J, Krysan DJ. 2020. Drug resistance and tolerance in fungi. Nat Rev Microbiol 18:319–331. 

31.  Rosenberg A, Ene I V, Bibi M, Zakin S, Segal ES, Ziv N, Dahan AM, Colombo AL, Bennett RJ, 

Berman J. 2018. Antifungal tolerance is a subpopulation effect distinct from resistance and is 

associated with persistent candidemia. Nat Commun 9:2470. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


32.  Scott J, Valero C, Mato-lópez Á, Donaldson IJ, Roldán A, Van-rhijn N, Gago S, Furukawa T, 

Mogorovsky A, Ami R Ben, Bowyer P, Osherov N, Fontaine T, Goldman GH, Mellado E. 2022. 

Aspergillus fumigatus can exhibit persistence to the fungicidal drug voriconazole. BioRxive. 

33.  Stapels DAC, Hill PWS, Westermann AJ, Fisher RA, Thurston TL, Saliba A-E, Blommestein I, Vogel J, 

Helaine S. 2018. Salmonella persisters undermine host immune defenses during antibiotic 

treatment. Science 362:1156–1160. 

34.  Swanson R V, Adamson J, Moodley C, Ngcobo B, Ammerman NC, Dorasamy A, Moodley S, Mgaga 

Z, Tapley A, Bester LA, Singh S, Grosset JH, Almeida D V. 2015. Pharmacokinetics and 

pharmacodynamics of clofazimine in a mouse model of  tuberculosis. Antimicrob Agents 

Chemother 59:3042–3051. 

35.  Baik J, Rosania GR. 2012. Macrophages sequester clofazimine in an intracellular liquid crystal-like  

supramolecular organization. PLoS One 7:e47494. 

36.  Mor N, Simon B, Mezo N, Heifets L. 1995. Comparison of activities of rifapentine and rifampin 

against Mycobacterium  tuberculosis residing in human macrophages. Antimicrob Agents 

Chemother 39:2073–2077. 

37.  Pascual A, García I, Ballesta S, Perea EJ. 1999. Uptake and intracellular activity of moxifloxacin in 

human neutrophils and  tissue-cultured epithelial cells. Antimicrob Agents Chemother 43:12–15. 

38.  Burkhardt O, Ellis S, Burhenne H, Kaever V, Hadem J, Kielstein JT, Welte T. 2009. High caspofungin 

levels in alveolar cells of a lung transplant patient with  suspected pulmonary aspergillosis. Int J 

Antimicrob Agents. Netherlands. 

39.  Marx J, Welte R, Gasperetti T, Moser P, Joannidis M, Bellmann R. 2021. Human Tissue 

Distribution of Anidulafungin and Micafungin. Antimicrob Agents Chemother 65:e0016921. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


40.  Felton T, Troke PF, Hope WW. 2014. Tissue penetration of antifungal agents. Clin Microbiol Rev 

27:68–88. 

41.  Jõers A, Kaldalu N, Tenson T. 2010. The frequency of persisters in Escherichia coli reflects the 

kinetics of  awakening from dormancy. J Bacteriol 192:3379–3384. 

42.  Steven M. Lewisa, Adam Williams  and SCE. 2019. Structure-function of the immune system in 

the spleen. Sci Immunol 176:139–148. 

43.  Yu S, Green J, Wellens R, Lopez-Castejon G, Brough D. 2021. Bafilomycin A1 enhances NLRP3 

inflammasome activation in human monocytes independent of lysosomal acidification. FEBS J 

288:3186–3196. 

44.  Rai MN, Balusu S, Gorityala N, Dandu L, Kaur R. 2012. Functional genomic analysis of Candida 

glabrata-macrophage interaction: role of  chromatin remodeling in virulence. PLoS Pathog 

8:e1002863. 

45.  Muñoz JF, Delorey T, Ford CB, Li BY, Thompson DA, Rao RP, Cuomo CA. 2019. Coordinated host-

pathogen transcriptional dynamics revealed using sorted  subpopulations and single 

macrophages infected with Candida albicans. Nat Commun 10:1607. 

46.  Peyrusson F, Nguyen TK, Najdovski T, Van Bambeke F. 2022. Host Cell Oxidative Stress Induces 

Dormant Staphylococcus aureus Persisters. Microbiol Spectr 10:e0231321. 

47.  Windels EM, Michiels JE, Fauvart M, Wenseleers T, Van den Bergh B, Michiels J. 2019. Bacterial 

persistence promotes the evolution of antibiotic resistance by  increasing survival and mutation 

rates. ISME J 13:1239–1251. 

48.  Alexander BD, Johnson MD, Pfeiffer CD, Jiménez-Ortigosa C, Catania J, Booker R, Castanheira M, 

Messer SA, Perlin DS, Pfaller MA. 2013. Increasing echinocandin resistance in candida glabrata: 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Clinical failure correlates with presence of FKS mutations and elevated minimum inhibitory 

concentrations. Clin Infect Dis 56:1724–1732. 

49.  Shields RK, Nguyen MH, Press EG, Kwa AL, Cheng S, Du C, Clancy CJ. 2012. The presence of an FKS 

mutation rather than MIC is an independent risk factor for failure of echinocandin therapy 

among patients with invasive candidiasis due to Candida glabrata. Antimicrob Agents Chemother 

56:4862–4869. 

50.  Vatanshenassan M, Arastehfar A, Boekhout T, Berman J, Lass-Flörl C, Sparbier K, Kostrzewa M. 

2019. Anidulafungin Susceptibility Testing of Candida glabrata Isolates from Blood  Cultures by 

the MALDI Biotyper Antibiotic (Antifungal) Susceptibility Test Rapid Assay. Antimicrob Agents 

Chemother 63. 

51.  Pribis JP, García-Villada L, Zhai Y, Lewin-Epstein O, Wang AZ, Liu J, Xia J, Mei Q, Fitzgerald DM, Bos 

J, Austin RH, Herman C, Bates D, Hadany L, Hastings PJ, Rosenberg SM. 2019. Gamblers: An 

Antibiotic-Induced Evolvable Cell Subpopulation Differentiated by  Reactive-Oxygen-Induced 

General Stress Response. Mol Cell 74:785-800.e7. 

52.  Thomson GJ, Hernon C, Austriaco N, Shapiro RS, Belenky P, Bennett RJ. 2019. Metabolism-

induced oxidative stress and DNA damage selectively trigger genome  instability in polyploid 

fungal cells. EMBO J 38:e101597. 

53.  Cuéllar-Cruz M, Briones-Martin-del-Campo M, Cañas-Villamar I, Montalvo-Arredondo J, Riego-

Ruiz L, Castaño I, De Las Peñas A. 2008. High resistance to oxidative stress in the fungal pathogen 

Candida glabrata is  mediated by a single catalase, Cta1p, and is controlled by the transcription 

factors Yap1p, Skn7p, Msn2p, and Msn4p. Eukaryot Cell 7:814–825. 

54.  Nandakumar M, Nathan C, Rhee KY. 2014. Isocitrate lyase mediates broad antibiotic tolerance in 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Mycobacterium  tuberculosis. Nat Commun 5:4306. 

55.  Kasper L, Seider K, Hube B. 2015. Intracellular survival of Candida glabrata in macrophages: 

immune evasion and  persistence. FEMS Yeast Res 15:fov042. 

56.  Luan HH, Medzhitov R. 2016. Food Fight: Role of Itaconate and Other Metabolites in 

Antimicrobial Defense. Cell Metab 24:379–387. 

57.  Kwan BW, Chowdhury N, Wood TK. 2015. Combatting bacterial infections by killing persister cells 

with mitomycin C. Environ Microbiol 17:4406–4414. 

58.  Zheng EJ, Andrews IW, Grote AT, Manson AL, Alcantar MA, Earl AM, Collins JJ. 2022. Modulating 

the evolutionary trajectory of tolerance using antibiotics with  different metabolic dependencies. 

Nat Commun 13:2525. 

59.  Zheng EJ, Stokes JM, Collins JJ. 2020. Eradicating Bacterial Persisters with Combinations of 

Strongly and Weakly  Metabolism-Dependent Antibiotics. Cell Chem Biol 27:1544-1552.e3. 

60.  Conlon BP, Rowe SE, Gandt AB, Nuxoll AS, Donegan NP, Zalis EA, Clair G, Adkins JN, Cheung AL, 

Lewis K. 2016. Persister formation in Staphylococcus aureus is associated with ATP depletion. Nat 

Microbiol 1. 

61.  Garcia-Rubio R, Hernandez RY, Clear A, Healey KR, Shor E, Perlin DS. 2021. Critical Assessment of 

Cell Wall Integrity Factors Contributing to in vivo  Echinocandin Tolerance and Resistance in 

Candida glabrata. Front Microbiol 12:702779. 

62.  Caplan T, Polvi EJ, Xie JL, Buckhalter S, Leach MD, Robbins N, Cowen LE. 2018. Functional 

Genomic Screening Reveals Core Modulators of Echinocandin Stress  Responses in Candida 

albicans. Cell Rep 23:2292–2298. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


63.  Blanc L, Daudelin IB, Podell BK, Chen P-Y, Zimmerman M, Martinot AJ, Savic RM, Prideaux B, 

Dartois V. 2018. High-resolution mapping of fluoroquinolones in TB rabbit lesions reveals specific  

distribution in immune cell types. Elife 7. 

64.  Chen C, Gardete S, Jansen RS, Shetty A, Dick T, Rhee KY, Dartois V. 2018. Verapamil Targets 

Membrane Energetics in Mycobacterium tuberculosis. Antimicrob Agents Chemother 62. 

65.  Shor E, Schuyler J, Perlin DS. 2019. A Novel, Drug Resistance-Independent, Fluorescence-Based 

Approach To Measure  Mutation Rates in Microbial Pathogens. MBio 10. 

66.  Gomes A, Fernandes E, Lima JLFC. 2005. Fluorescence probes used for detection of reactive 

oxygen species. J Biochem Biophys Methods 65:45–80. 

67.  Dikalov SI, Harrison DG. 2014. Methods for detection of mitochondrial and cellular reactive 

oxygen species. Antioxid Redox Signal 20:372–382. 

 

 

 

  

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1. 

 

 

 

 

 

  

  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Figure 2. 

 

 

 

  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Figure 3. 

 

  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Figure 4. 

 

 

  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Figure 5. 

 

 

  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Figure 6. 

 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2022. ; https://doi.org/10.1101/2022.10.21.513290doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513290
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1. Intracellular C. glabrata (ICG) cells show multiple characteristics of persisters. a. 

Survival rates of ICG exposed to micafungin (0.03µg/ml), AMB (1µg/ml), fluconazole (8µg/ml), 

and voriconazole (0.06µg/ml) were significantly higher than those of their planktonic counterparts. 

b. ICG survival was higher than that of planktonic cells over a range of micafungin concentrations 

c. ICG exposed to 8X MIC of micafungin (0.125µg/ml) or AMB (4µg/ml) show a biphasic killing 

pattern. d. Proportions of daughter (AF647 ConA-positive) and mother cells (FITC- and AF-647 

ConA-positive) in micafungin-treated ICG remain stable over the course of treatment, indicating 

a lack of proliferation, whereas untreated ICG show a marked increase in the proportion of 

daughter cells. e. Propidium iodide (PI)-negative C. glabrata cells released from micafungin-

treated macrophages have lower culturability, as assessed by colony forming units (CFU), than PI-

negative C. glabrata released from untreated macrophages. f. PI-negative C. glabrata released 

from micafungin-treated macrophages are capable of reinfecting new macrophages, albeit at a 

lower rate relative to untreated counterparts. g. Micafungin penetrated macrophages and 

accumulated there at a high concentration, similar to clofazimine and higher than moxifloxacin 

and rifampicin. PI: propidium iodide, AF-647 ConA: Alexa Flour 647-conjugated concanavalin 

A, FITC: fluorescein isothiocyanate, ICG: intracellular C. glabrata, MCF: micafungin AMB: 

amphotericin B, MIC: minimum inhibitory concentration, CFU: colony forming units, LC-

MS/MS: liquid chromatography-tandem mass spectrometry.  

Figure 2. Internalization of C. glabrata cells by macrophages enhances their tolerance to cidal 

antifungal drugs. a. C. glabrata cells either incubated in RPMI or macrophages for 3 hours and 

their survival were assessed before and after one hour exposure to micafungin (0.06µg/ml). b. C. 

glabrata released from macrophages at different times post-infection showed significantly higher 

survival upon treatment with 0.125 µg/ml micafungin for 1 hour compared to similarly treated 
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planktonic cells (* = p<0.03, ** = p<0.003, *** = p<0.0003, paired t-test). c. C. glabrata released 

from macrophages 3 hours post-infection and treated for 1 hour with either caspofungin 

(0.125µg/ml) or amphotericin B (2µg/ml) showed higher survival than similarly treated planktonic 

cells (** = p<0.003, *** = p<0.0003, paired t-test). d. C. glabrata cells released from macrophages 

3 hours post-infection and treated with 0.125 µg/ml micafungin or 2 µg/ml amphotericin B showed 

significantly higher survival than similarly treated planktonic cells over a wide range of time-

points (* = p<0.03, paired t-test). e. C. glabrata burden in the spleen (a macrophage-rich organ) 

was not significantly reduced by treatment with a humanized dose of capsofungin (5 mg/kg), in 

contrast to the kidney. MCF: micafungin, AMB: amphotericin B, CSF: caspofungin, CFU: colony 

forming units.  

Figure 3. Oxidative stress and starvation drive C. glabrata into a drug-tolerant, persister-like 

state. a. Oxidative stress (RPMI+10mM H2O2), starvation (spent RPMI), and especially oxidative 

stress in combination with starvation (spent RPMI+10mM H2O2) increased the survival of C. 

glabrata after exposure to 0.125µg/ml micafungin, whereas low pH (RPMI pH5) had no effect. b. 

The effect of oxidative and starvation stresses on survival was evident as early as after 15 minutes 

of stress (* = p<0.03, ** = p<0.003, modified t-test). c. Inhibiting macrophage ROS production by 

using a NOX inhibitor (VAS2870) or an antioxidant (BHA) resulted in decreased survival of 

macrophage-released C. glabrata after 1 hour in 0.06 µg/ml micafungin, whereas treating 

macrophages with a vacuolar ATPase inhibitor (Bafilomycin A) had a weaker effect. d. C. 

glabrata cells incubated in RPMI containing sublethal concentrations of a transcription inhibitor 

(thiolutin 5µg/ml) or a translation inhibitor (cycloheximide 1µg/ml) had a significantly higher 

tolerance to micafungin (0.06 µg/ml) compared to C. glabrata treated with an endoplasmic 

reticulum stressor (tunicamycin 5µg/ml) or untreated cells. e. ATP levels of ICG as measured by 
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a luciferase-based assay were significantly lower than in planktonic cells. ICG: intracellular C. 

glabrata, NOX: NADPH oxidase, BHA: Butylated droxyanisole, ROS: Reactive oxygen species, 

RPMI: Roswell Park Memorial Institute.  

Figure 4. ICG develops echinocandin-resistant mutations. a. Echinocandin resistance and 

survival rates of C. glabrata cells incubated in macrophages and RPMI containing micafungin 

(0.125µg/ml) were evaluated. At each time-point, C. glabrata cells were collected, a portion was 

spread on YPD to assess survival and the other portion was plated on YPD plates containing 

micafungin (0.125µg/ml) to determine the ECR rate. b. The dynamics of killing (top panel) and 

the numbers of ECR colonies (bottom panel) detected at different time-points are shown for both 

ICG and planktonic cells cultured in the presence of 0.125 µg/ml micafungin. ICG: intracellular 

C. glabrata, ECR: echinocandin resistant. 

Figure 5. Deletion of C. glabrata ROS detoxification genes promotes the emergence of ECR 

mutants in both ICG and planktonic cells. a. ROS mutants had normal growth rates in YPD 

broth. b. With the exception of msn4Δ and skn7Δ, the ROS detoxification mutants had significantly 

higher superoxide levels compared to the WT strain when exposed to micafungin (0.125µg/ml), 

as measured by DHE straining intensity (* = p<0.03, ** = p<0.003, paired t-test). c. In the presence 

of 10mM H2O2 cta1Δ, skn7Δ, and yap1Δ mutants had significantly reduced survival compared to 

the WT strain. d. Several ROS mutants had mild survival/replication defects inside THP1 

macrophages at 24-hour and 48-hour time-points (* = p<0.03, ** = p<0.003, modified t-test). e. 

The mutants were exposed to 0.125 µg/ml micafungin and survival and ECR colony formation 

were monitored. Although the mutants showed comparable survival in micafungin to the WT strain 

(top panel), they produced a significantly higher number of ECR colonies under either planktonic 
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or intra-macrophage conditions (bottom panel). WT: wild type, YPD: yeast extract-peptone-

dextrose, ICG: intracellular C. glabrata, DHE: dihydroethidium.  

Figure 6. Amphotericin B efficiently kills echinocandin persisters. a. The metabolic 

dependencies of micafungin, caspofungin, and amphotericin B were assessed by incubating C. 

glabrata (CBS138) at various dilutions of RPMI (100%, 20%, and 2%). a. Micafungin and 

caspofungin killing efficiencies were much more affected by RPMI concentration than that of 

amphotericin B. b. ICG were treated with micafungin (0.125 µg/ml) for 24 hours, then treated with 

fresh RPMI containing either amphotericin B (2 µg/ml) or micafungin (0.125µg/ml), and survival 

rates were monitored for the next 48 hours. c. Following micafungin with amphotericin B 

significantly reduced the numbers of persister cells (* = p<0.03, ** = p<0.003, modified t-test). d. 

The same experiment was repeated with planktonically growing cta1Δ, skn7Δ, and yap1Δ mutants, 

and both survival and ECR colony frequency were assessed. Both survival and ECR frequencies 

were significantly reduced by following micafungin treatment with amphotericin B. ICG: 

intracellular C. glabrata, ECR: echinocandin-resistant, MCF: micafungin, AMB: amphotericin B.  
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