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Antifungal Combinations

Roxana G. Vitale, Javier Afeltra, and Eric Dannaoui

Summary

The increase in fungal infections and the change in fungal epidemiology is caused by the
extensive use of antifungal agents to treat fungal infections that are being diagnosed in severly
immunocompromised hosts. In addition, opportunistic fungal infections resistant to antifungal
drugs have become increasingly common, and the armamentarium for treatment remains lim-
ited. A possible approach to overcoming these problems is to combine antifungal drugs, espe-
cially if the mechanisms of action are different. The in vitro test is the first step to evaluate
possible antifungal combinations. In this chapter, the three most frequently used
metholodologies are described: checkerboard, E-test, and time-kill curves. The description of
each technique and intrepretaion of the results are addressed in detail.
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1. Introduction

Antimicrobial combinations are used most frequently to provide broad-spec-
trum empiric coverage in the treatment of infections in patients who are seri-
ously ill. Advantages of antimicrobial combination therapy include the
possibility of decreasing the emergence of resistant strains, decreasing dose-
related toxicity as a result of reduced dosage and, most importantly, achieving
antimicrobial synergism. Less frequently, combination of antimicrobials are
chosen because an identified pathogen is resistant to the conventional dose of
single antimicrobial.

The mortality rate of invasive fungal infections is high despite antifungal
chemotherapy, monotherapy with amphotericin B (AMB), azoles (fluconazole,
itraconazole, or voriconazole), or caspofungin. Therefore, new approaches for
treating these infections are warranted. Promising results are coming from the
field of in vitro combination of antifungal drugs against fungi (1-4).
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In this chapter, different methodologies to evaluate the in vitro antifungal
interactions are described by the most frequent techniques, such as checker-
board, E-test, and the time-kill curves.

2. Materials

2.1.

1.
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. RPMI-1640-MOPS medium (2X) dissolve 20.8 g of RPMI-1640 powder (with
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Checkerboard Technique

RPMI-3-(N-morpholino) propanesulfonic acid (MOPS) medium: dissolve 10.4 g
of RPMI-1640 powder (with glutamine and phenol red, but without bicarbonate)
in 900 mL of distilled water. Add 34.53 g of MOPS (0.165 mol/L final) and
adjust the pH to 7.0 with NaOH. Make up to a final volume of 1 L with distilled
water. Filter sterilize and store at 4°C.

Sabouraud’s dextrose (SD) and potato dextrose agar (PDA) slants.
Spectrophotometer.

McFarland scale 0.5.

Hemocytometer.

Tween-20.

96-Well, flat-bottom microtitration plates.

25 cm? Polystyrene tissue culture flasks.

Antifungal drugs: AMB, fluconazole (FLU), itraconazole (ITZ), voriconazole
(VRZ), 5-flucytosine (5FC), caspofungin (CAS), or any other investigational
drugs. A powder of known potency should be used.

E-Test Method

glutamine and phenol red but without bicarbonate) in 900 mL of distilled water.
Add 69.06 g of MOPS and adjust the pH to 7.0 with NaOH. Make up to a final
volume of 1 L with distilled water. Sterilize by filtration.

Spectrophotometer reader.

McFarland scale 0.5.

Antifungal drugs: E-test strips provided by the manufactured.

Sterilized Petri dishes that are 15 cm in diameter.

SD agar.

PDA agar.

Time-Kill Curves

RPMI-MOPS medium: dissolve 10.4 g of RPMI-1640 powder (with glutamine
and phenol red, but without bicarbonate) in 900 mL of distilled water. Add 34.53 g
of MOPS (0.165 mol/L final) and adjust the pH to 7.0 with NaOH. Make up to a
final volume of 1 L with distilled water. Filter sterilize and store at 4°C.

SD slants.

Hemocytometer.

SD plates.
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5. Sterile spreaders (Hockey sticks).

6. Orbital shaker.

7. 25 cm?Polystyrene tissue culture flasks.

8. Antifungal drugs: an antifungal powder of known potency should be used.
3. Methods

3.1. Checkerboard Technique

1.

o

Prepare concentrated antifungal stock solutions and store in aliquots at —80°C.
Most of the antifungal drugs can be stored at —80°C for up to 6 mo without loss of
activity (see Note 1 [5,6]).

For two-dimensional microplate preparation, make a series of 2-fold dilutions of
each drug in the corresponding solvents according to the dilution scheme of
the National Committee for Clinical Laboratory Standards (NCCLS) and then
dilute 100-fold in the medium to obtain four times the final concentration. Add
50-uL aliquots of each drug concentration of the drug A to columns 1 to 11, and
then 50-pL aliquots of each concentration of drug B to rows A to H. In the wells
of column 11 and in the wells of row H, add 50 UL of the medium containing 1%
of the solvent. Thus, column 11 and row H contain the drugs A and B alone,
respectively. Column 12 are the drug-free wells that serve as the growth con-
trol (Fig. 1).

Inoculum preparation for yeasts: culture each isolate for 1-2 d on SD agar at
35°C. Take some colonies and suspend in sterile water. After, vortex vigorously,
and adjust the turbidity to 75-77% of transmittance at 530 nm or adjust the yeast
suspension to 0.5 McFarland scale. Then dilute the suspension 1/1000 in RPMI-
1640 medium, which results in a 2X inoculum. Therefore, the final inoculum will
range from 0.5 X 102 to 5 x 10° colony-forming units (CFU)/mL.

Inoculum preparation for molds: culture each isolate for 7 d on PDA medium for
5-7 d at 35°C. Collect conidia or spores with a swab and suspend in sterile saline
plus Tween-20 (0.05%). After the heavy particles are allowed to settle, measure
the turbidity of the supernatants spectrophotometrically at 530 nm and adjust
the transmittance to 80-82% for Aspergillus and Sporothrix, 68—72% for
Scedosporium and Fusarium species. In the case of Zygomycetes or other
uncommon fungi, count spore suspensions with a hematocytometer and then
dilute into RPMI-1640 to a concentration of 2 X 10* spores/mL (see Note 2).
Dilute each suspension 1:50 in RPMI-1640 to obtain two times the final inocu-
lum size, ranging from 0.5 x 10* to 5 x 10* CFU/mL. Verify the inoculum size by
plating 100 uL of serial dilutions of each inoculum onto a SD agar plate and
incubate until growth became visible.

Inoculate each microplate with 100 uL of the inoculum suspension.

Incubate the microplates at 35°C for 48—72 h (see Note 3 [5-7]).

Minimum inhibitory concentration (MIC) end point determination: can be deter-
mined visually and/or spectrophotometrically at 450 nm for yeasts and 405 nm
for molds. In general for spectrophotometric reading the optical density (OD) of
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Fig. 1. Checkerboard technique: interpretation of the results.
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3.2.
. RPMI-1640-MOPS medium: dissolve 20.8 g of RPMI-1640 powder (2X) (with

the blank, a microtitration plate that is incubated with a conidium-free inoculum,
is subtracted from the OD values. The percentage of growth for each well is
calculated by comparing the OD of the well with that of the drug-free control.
The MIC for azoles and SFC is defined as the lowest concentration showing
prominent growth inhibition (MIC-2: 50% reduction) against Candida and Cryp-
tococcus. The MIC for ITZ, voriconazole, posaconazole, and AMB against molds
are defined as the lowest concentration showing no growth (MIC-0: 100%
reduction) according to NCCLS guidelines (5,6). The MIC end point for CAS is
not yet standardized. Both on-scale and off-scale MICs should be included in the
analysis. High off-scale MICs should be converted to the next twofold dilution,
whereas low off-scale MICs are left unchanged.

. To evaluate the interaction of the drugs, the fractional inhibitory concentration

index (FICI) has to be calculated for each concentration. The FICI is calcu-
lated for each agent by dividing the inhibitory concentration of each drug when
used in combination by its MIC. FICI values are calculated as follows: (MIC
of Drug A in combination/MIC of Drug A alone) + (MIC of Drug B in combi-
nation/MIC of Drug B alone). The interpretation of the FICI is determined as
follows: =0.5, synergistic effect; >0.5 but < 4, no interaction; and = 4, antago-
nistic effect (see Note 4 [8]). Among all FICIs calculated for each data set, the
FICI is determined as the FICI,;, (the lowest FICI) when the FICI,,, (the high-
est FICI) is smaller than four; otherwise, the FICI is determined as the FICI,,,
(see Fig. 1).

E-Test Method

glutamine and 0.165 mol/L final solution) and adjust the pH to 7.0 with NaOH.
Make up to a final volume of 1 L. Dissolve by heating 30 g of agar in 1 L of
distilled water autoclave.

Heat the RPMI-1640-MOPS until 45°C and let the agar cool until 45°C. Then,
mix both preparations in order to obtained 1X final solution and dispense in Petri
dishes (25 mL for a 90-mm Petri dish; see Note 5).

Inoculum preparation for yeasts: to adjust the suspension, see Subheading 3.1.,
step 3. Dip a sterile swab into the yeast suspension and press out excess fluid.
Inoculate the plates by swabbing the entire surface of the agar in three directions
to achieve uniform distribution. Allow the moisture to be absorbed (15 min).
Inoculum preparation for molds: to adjust the suspension, see Subheading 3.1.,
step 4. Inoculate the plates in the same way as for yeasts. For a uniform distribu-
tion, after 1-2 min, aspirate the excess moisture and let the plate dry.

Place the antifungal strips onto the inoculated agar using sterile forceps.

Place the E-test strip (Drug A) onto the agar and remove it after 1 h (see Notes 6
and 7). Then place the E-test strip (Drug B) onto the agar over demarcation left
from previous strip. Apply additional E-test strips for Drug A and B alone (Fig. 2).

. Incubate the plates at 35°C for 48—72 h. The incubation time for Candida is

24-48 h; 48 h for Aspergillus and 72 h for Cryptococcus neoformans.
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Drug A+B

Drug A alone Drug B alone

Fig. 2. E-test: scheme to prepare the plate.

8. E-test susceptibility end points: MICs for azoles and SFC are read at the intersec-
tion of the scale of the strip and the first discernible growth-inhibition ellipse
according to the recommendations of the manufacturer. The E-test susceptibility
end point MIC for AMB is reading at the intersection of the scale of the strip with
the first completely clear ellipse.

9. For interpretation of the results and FICI calculation, see checkerboard methods
in Subheading 3.1., step 8.

3.3. Time-Kill Methods

1. See Note 8.

2. Prepare concentrated antifungal stock solutions and store in aliquots at —80°C.
Most of the antifungal drugs can be stored at —80°C for up to 6 mo without a loss
of activity (see Note 9).

3. Culture the strain to be tested on SD agar slant for 24 h at 35°C.

4. Pick up a few colonies and make a suspension in 20 mL of sterile RPMI-
1640-MOPS.

5. Count the yeast suspension in a hemocytometer.
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6.

7.

10.

11.
12.

13.
14.
15.

Adjust the yeast suspension to 1 X 10 CFU/mL by adding the appropriate vol-
ume of RPMI-1640-MOPS.

Fill two or more tissue culture flasks with 17.8 mL of RPMI (for testing drugs
alone) and two or more flasks with 17.6 mL of RPMI (for testing drugs in combi-
nation).

. From stock solutions, prepare antifungal solutions at 100x the final desired con-

centration in the tests (see Note 10).

Add 200 uL of the 100X antifungal solution to obtain a 1X final concentration
(see Note 11). At least four flasks must be used: two for the drugs alone, one for
the drugs in combination, and one without any drug (control).

Inoculate each tissue culture flask with 2 mL of the yeast suspension at 1 x 10°
CFU/mL to obtain a final inoculum size of 1 x 10> CFU/mL.

Incubate the flasks at 35°C with shaking for 48 h (see Note 12).

At predetermined time points (0, 1, 2, 4, 8, 24, and 48 h) aseptically remove
50-pL samples from each test solution, and dilute 1/10 and 1/100 in sterile NaCl
0.85% (see Notes 13 and 14). Plate 50 uL of each dilution (including the neat
dilution) with a hockey stick on SD agar plates in duplicate. Incubate the plates at
35°C for 48 h.

Count CFU on each plate and calculate the mean CFU/mL (see Note 15).
Transform the CFU data to log and plot the mean log;(CFU/mL vs time (see Fig. 3).
Analyze the results by comparing the activity of the drugs alone with that of the
drugs in combination as follows: an increase in killing of =2 log;,CFU/mL for
the combination compared to the most active drug alone defined synergy.
Antagonism is defined as =2 log;(CFU/mL decrease in killing with the combi-
nation, as compared with the most active single drug alone. Indifference is defined
when the killing effect with the two agents in combination is within 2 log,,CFU/
mL of either agent alone (see Fig. 3 and Note 16).

4. Notes

1.

Some antifungal agents can be dissolved in water (e.g., FLU, SFC, CAS) but
some others in dimethylsulfoxide (DMSO) (e.g., AMB, ITZ, voriconazole,
posaconazole, and ravuconazole [5,6]).

For preparation of the inocula for Aspergillus species, Zygomycetes, and
Scedosporium species, using a hemocytometer could be a better approach.
Generally, an incubation time of 24-48 h is used for Candida spp., 48 h for
Aspergillus, 24 h for Zygomycetes, and up to 72 h for C. neoformans and
Scedosporium species (5-7).

In practice, synergism or antagonism calculated as was pointed above is equiva-
lent to a reduction or increase of at least two dilution steps in the MICs of both
drugs when they are combined compared to the MICs for the drugs alone. How-
ever, there are no NCCLS guidelines for performing synergy studies and no stan-
dardization for analysis of the results. Then, criteria used to define synergism,
additivity (or indifference), and antagonism may vary from one publication to
another. According to the Loewe theory of drug interaction, in order to calculate
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10.

11.

12.

13.

14.

the FICI, the end point determination (MIC) for the drugs alone or in combina-
tion have to be the same; this is specially important when drugs with different
end points, such as FLU and AMB against Candida, are combined.

To preserve the L-glutamine activity, is not possible to sterilize by autoclave the
RPMI-1640 media. For that reason, to solve this problem, prepare the media and
the agar at twice the final concentration and mix afterward. To facilitate the
growth of the yeasts, addition of glucose, 2% final concentration onto the RPMI
media is recommended.

According to the manufacturer’s instructions, 1 h is enough to achieve an effec-
tive release of the drugs from the carrier (E-test strip) into the agar matrix .

The E-test diffusion technique also can be set up differently when assessing in
vitro antifungal combinations. For example, an E-test strip containing an antifun-
gal A is placed on the agar plate containing an antifungal B at a concentration
below the MIC against the tested strain. If the ellipse of inhibition decreases
(corresponding to an increase of the MIC) antagonism is concluded and if the
ellipse of inhibition increases (corresponding to an decrease of the MIC), syn-
ergy can be concluded.

. It has to be noted that most of the fungi for which antifungal combination is of

interest are classified as BSL (BioSafety Level)-2 organisms (e.g., C. albicans
and several other Candida spp., yeast form of C. neoformans). Therefore, it is
recommended that one manipulate the cultures and inoculated media in a safety
cabinet.

Some antifungal agents can be dissolved in water (e.g., FLU, S5FC, CAS) and
some must be dissolved in DMSO (e.g.. AMB, ITZ, voriconazole [6]).

With nonwater-soluble drugs that are dissolved in DMSO, the final concentra-
tion of solvent in the test will be 1%. This concentration of DMSO is assumed to
have no activity against most of the fungi.

The final desired concentration in the test is variable depending on the suscepti-
bility of the strains, the achievable drug level in serum in humans, and the chemi-
cal nature of the antifungal (fungistatic or fungicidal). Generally tests are carried
out with final concentrations ranging between 0.25-16X MIC.

Some antifungal drugs are light-sensitive (e.g., AMB) and the flasks must be
then incubated in the dark to avoid drug degradation during the incubation period.
Incubation time depends on the species that are tested. Generally, an incubation
time of 24-48 h is used for Candida spp. but can be extended to 72 h for C.
neoformans (7).

For the controls and for the flasks containing antifungal drugs with no activity or
tested at low concentrations a more important dilution factor must be used (e.g.,
1/10° to 1/10°) before plating.

For some antifungals used at high concentration (compared with the MIC of the
tested strain) a drug carryover effect may be observed. Preliminary experiments
should be performed to assess the presence of a carryover effect, which is defined
as more than 25% reduction in CFU/mL in presence of the drug compared with
the control value. Different techniques can be used to minimize this effect. For
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15.

16.

example it has been shown that dilution followed by filtration of the samples is
effective in eliminating the antifungal carryover (9).

The limit of quantitation of the technique also must be determined. In theory, this
limit is 20 CFU/mL when undiluted samples of 50 uL are plated. It could be
useful to determined experimentally the lower limit of accurately detectable
CFU/mL (9).

At the present time, there are no NCCLS guidelines for performing synergy stud-
ies and no standardization for analysis of the results. Then, criteria used to define
synergism, additivity (or indifference), and antagonism may vary from one pub-
lication to another.
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