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Cytokine antibody arrays were used to establish the profiles of cytokine release from THP-1 monocytes
exposed to different amphotericin B (AMB) drug delivery systems. Fungizone (FZ) and Amphotec (ABCD)
caused the release of significantly more inflammatory molecules and the release of inflammatory molecules at
higher levels than either AmBisome (L-AMB) or Abelcet (ABLC) after 6 h of treatment. Specifically, tumor
necrosis factor alpha (TNF-a), interleukin-8 (IL-8), GRO-(af3y), monocyte chemoattractant protein-1 (MCP-
1), RANTES, IL-10, and IL-6 were detected and semiquantified with a chemiluminscence imaging system.
TNF-a, IL-8, and MCP-1 were the most predominant; however, little if any TNF-« was present in ABLC- or
L-AMB-treated cultures. The TNF- o and IL-8 levels determined by quantitative enzyme-linked immunosor-
bent assay correlated with the relative cytokine levels measured by using the antibody arrays. Although the
viabilities of THP-1 monocytes in all AMB-treated cultures were similar by trypan blue exclusion, the amount
of lactic dehydrogenase released was significantly larger in FZ- and ABCD-treated cultures than in L-AMB-
and ABLC-treated cultures, indicating more membrane perturbations with those formulations. Membrane
cation channel formation was also measured in model cholesterol-containing large unilamellar vesicles to
directly assess the ion channel formation ability of the system. Only FZ and ABCD induced significant ion
currents at concentrations less than 1.5 X 105 M. These results may help provide rationales for the immediate
cytokine-mediated side effects observed with FZ and ABCD and the reduced side effects observed with L-AMB

and ABLC.

Amphotericin B (AMB) is a polyene antifungal antibiotic
and for a number of years has been the “gold standard” for the
treatment of systemic fungal infections. Three new lipid-based
formulations, Abelcet (ABLC), Ambisome (L-AMB), and
Amphotec (ABCD), have been developed in an attempt to
obtain improved efficacies, therapeutic indices, and tolerabili-
ties compared to those of the traditional AMB formulation,
Fungizone (FZ). In clinical trials, improvements in renal tol-
erability were shown for all three lipid formulations; however,
the levels of acute toxicity, including fever, chills, hypotension,
and nausea, vary with each formulation (8, 23). L-AMB has
been shown to promote the least adverse effects, while imme-
diate reactions to ABCD are often as frequent and severe as
those to FZ (23). Clinical toxicity has been associated with
increases in plasma tumor necrosis factor alpha (TNF-«) and
interleukin-6 (IL-6) levels during infusion of the drug (1),
while in vitro studies with the human THP-1 monocytic cell
line have further identified and characterized a number of
proinflammatory cytokines that are induced and released fol-
lowing exposure to FZ (5, 19, 20). Because the clinical effects
of the four AMB formulations are different, we hypothesized
that each AMB formulation would produce a different cyto-
kine profile. Using recently developed antibody arrays (13, 27)
and the THP-1 monocytic cell model, we show that the four
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commercially available AMB delivery systems fall into two
groups, with FZ and ABCD in one group and L-AMB and
ABLC in the other group, with respect to cytokine release
profiles.

MATERIALS AND METHODS

Cell culture. The THP-1 (monocytic leukemic) cell line was grown in a 5%
CO, incubator at 37°C to a saturation density of 1 X 10° cells/ml in RPMI
medium containing 10% endotoxin-free fetal bovine serum, glutamine, 100 U of
penicillin per ml, 100 pg of streptomycin per ml, 1 ug of gentamicin per ml, and
2 X 107> M B-mercaptoethanol, as described previously (24). The cells were then
split and placed into 96-well plates or 35-mm dishes for treatment with the AMB
formulations.

AMB formulations. L-AMB (Gilead Sciences, Inc.), ABLC (The Liposome
Company, Inc.), and ABCD (InterMune Inc.) were compared with traditional
FZ (Pharmacia & Upjohn Co.). Each pyrogen-free sterile powder formulation
was weighed under aseptic conditions in a hood. One milliliter of sterile filtered
nanopure water was added to obtain an approximate concentration of 5 mg of
AMB equivalent per ml, according to the formulations of the manufacturers and
the storage conditions. The actual molar concentration of AMB was then deter-
mined by dissolving an aliquot of each preparation in methanol and using an
extinction coefficient (g40¢) of 150,000 liters/mol cm.

Incubation of THP-1 monocytes with AMB formulations. For AMB treatment,
the cells were seeded either into the wells of 96-well round-bottom plates at a
density of 100,000 cells/200 pl or in 35-mm dishes at a density of 2.9 X 10° cells
in 5.8 ml of medium. Each AMB formulation was added to THP-1 cell cultures
at a final concentration per well (96 well plate) or dish (35 mm) of 2 or 5 g of
AMB equivalent per ml. Escherichia coli O55:B5 lipopolysaccharide (LPS) was
added to the other wells as a positive control, and untreated cells (cultured in
complete medium only) were used as negative controls. THP-1 cells were ex-
posed for 6 h. Supernatants were removed (150 wl from each well of the 96-well
plates and 3 ml from each 35-mm dish) and stored at —20°C until use.

Measurement of cytokine and chemokine release using antibody arrays. Hu-
man Cytokine Array I (Ray Biotech Inc., Norcross, Ga.) consisted of 23 different
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cytokine and chemokine antibodies spotted in duplicate onto a membrane (27).
The membranes were blocked with 10% bovine serum albumin in Tris-buffered
saline according to the instructions of the manufacturer. One and a half millili-
ters of conditioned medium was added to each membrane in separate wells of a
six-well plate. The membranes were shaken at 110 rpm at room temperature for
an hour and a half. All washes were done in new six-well plates, according to the
instructions of the manufacturer. Two milliliters of a 1:500 dilution of biotin-
conjugated antibodies was added to each membrane, and the mixture was incu-
bated on a shaker for an hour and a half at room temperature. Following the
wash, the membranes were incubated with a 1:40,000 dilution of strepavidin-
conjugated peroxidase for 1 h at room temperature, according to the instructions
of the manufacturer. Following a thorough wash, the membranes were exposed
to a peroxidase substrate (ChemGlow West; Alphalnnotech Corp., San Leandro,
Calif.) for 5 min in the dark before imaging. Two or six individual membranes
were placed side by side in a plastic protective folder and sealed. Imaging was
done with a UVP AutoChemi imaging system within 30 min of exposure to the
substrate. Exposure times ranged from 1 to 10 min. Chemiluminescence was
quantified with LabWorks imaging and analysis software. Horseradish peroxi-
dase (HRP)-conjugated antibody served as a positive substrate control at six
spots and was also used to identify membrane orientation. For each spot the net
density gray level was determined by subtracting the background gray levels from
the total raw density gray levels. The relative fold difference in cytokine amount
was determined in reference to the amount present on the control culture
membrane on the basis of the following: average treated culture cytokine spot
gray levels/average control culture cytokine spot gray levels.

ELISA. IL-8 was quantified by using the Flexia antibody pair system (Bio-
Source Intl., Camarillo, Calif.). Basically, the enzyme-linked immunosorbent
assays (ELISAs) were optimized by using 96-well plates (MaxiSorp; Nalge Nunc
International Corp., Naperville, IL) coated with 100 wl of strepavidin (Sigma, St.
Louis, Mo.) at 5 pg/ml in water overnight at 37°C or until all water was evapo-
rated. All plates were stored desiccated at 4°C until use. Biotinylated F(ab'),
coating antibody (5 pg/ml) was added to each well, and the plate was incubated
at 37°C for 2 h. All wells were blocked and washed according to the instructions
of the manufacturer. Standards or samples (100 pl) were added to the wells, and
the plates were incubated at 37°C for 1 h. HRP-conjugated antibody (10 pg/ml)
was added for an additional hour at 37°C. The plates were then washed thor-
oughly according to the instructions of the manufacturer. One hundred micro-
liters of tetramethlybenzidine substrate (Roche, Indianapolis, Ind.) was added to
each well, and the plates were held for 30 min in the dark. The reaction was
stopped by the addition of 100 pl of 2 N H,SO, to each well. The absorbance was
read on an automated plate reader (Tecan U.S. Inc.) at 450 nm (reference
wavelength, 650 nm). Values (in picograms per milliliter) were calculated from
a standard curve. Samples were diluted up to 1:20, depending on the concentra-
tion.

SearchLight proteome arrays. Some samples from the 96-well plates were sent
directly to Pierce Boston Technology Center (Woburn, Mass.) for quantification
of TNF-a. Each sample (120 nl) was frozen in dry ice and shipped overnight
(Federal Express). The ELISA for quantification of TNF-a generates a chemi-
luminescent signal that is imaged with a camera with a charge-coupled device
(CCD). The values for the test samples were compared to those on standard
curves, and exact values were determined.

Measurement of proliferation and cell viability. THP-1 monocyte prolifera-
tion and viability were assayed by both trypan blue exclusion and a lactic dehy-
drogenase (LDH) assay (Roche). In the LDH assay, THP-1 monocytes were
plated at a concentration of 100,000 cells per 200 .l in round-bottom 96-well
plates. The cells were exposed to 2 or 5 pg of each AMB formulation per ml or
25 pg of LPS per ml for 6 h or to 1% Triton X-100 for 1 h. The cells were spun
down in the plate, and 100 pl was removed from each well and placed in a
flat-bottom plate. A total of 100 wl of the LDH reagent was added to each well,
and the plates were incubated in the dark at room temperature for 10 min. The
reaction was stopped with 50 pl of 1 N HCL. The absorbance at 490 nm was read
in a plate reader. The reference wavelength was 650 nm.

Membrane ion current detection by fluorescence. Experiments for determina-
tion of ion channel activity were carried out as described previously (11, 22).
Briefly, large unilamellar egg phosphatidylcholine vesicles containing 2 mM
pyranine, 3 mM FCCP [carbonyl cyanide p-(trifluoromethoxy)phenyl hydra-
zone], and 10 mol% cholesterol were prepared by manual extrusion. The lipids
were dispersed in a 15 mM K,HPO,-2 mM pyranine buffer with 200 mM KCl at
pH 7.20. The lipid dispersions were then frozen-thawed and extruded 10 times
through 100-nm-pore-size Nuclepore filters with a manual extruder (Avanti
Polar Lipids, Alabaster, Ala.) to make large unilamellar vesicles (LUVs) of ca.
100 nm in diameter. The external pyranine solution was removed and replaced
by a 15 mM K,HPO, osmotically balanced (with sucrose) external buffer by gel
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filtration through a Sephadex G-25 column, thus forming a [K*] gradient of K;,
* JK,.t across the membrane of ~6.7. FCCP (3 X 10~ M; Sigma-Aldrich) was
added to pyranine-containing vesicles to allow the free equilibration of H" ions.
The pyranine molecules entrapped in the target LUVs can then be used in a
sensitive fluorescence assay for detection of the resulting interior vesicular pH
change. The fluorescence intensity of the pyranine is linear between about pH 7.6
and pH 6.8, and so the fluorescence intensity may be converted directly to the
internal pH. Hence, these AMB-induced ion currents can be observed as a
dynamic change in pH, and the activity of AMB on the membrane can be
reported as the change in pH (ApH) per second. The lipid-complex drug delivery
systems, particularly ABCD, often exhibited a lag period as a result of the
kinetics of vehicle transfer and ion channel assembly before ion channel currents
resulted. As such, after our standard 200-s runs we chose to report the activities
of these systems as final pH rather than ApH per second. Valinomycin, an ideal
K™ -selective ionophore, was used as a control. In these experiments, the AMB in
the various delivery forms (prepared according to the instructions of the manu-
facturers) was introduced from an external buffer solution at two times the final
AMB concentration at 37°C. The experiment was initiated by use of a stopped-
flow pulse by mixing pyranine-containing vesicles (~3 mg of total lipid per ml)
and drug containing buffer at 1:1 by using a microvolume stopped-flow reaction
analyzer (SX.18MV; Applied Photophysics Ltd., Leatherhead, United King-
dom). The data typically reflect the averages of three separate traces.

Statistical analysis. Analysis was performed by two-tailed Student’s ¢ test for
comparison between two groups. A P value <0.05 was considered statistically
significant. The correlation between two groups was quantified by use of the
linear correlation coefficient.

RESULTS

Cytokine antibody array analysis. Seven cytokines were de-
tected and semiquantified on membrane arrays containing 23
different cytokine antibodies (Fig. 1A to C; Fig. 2A to C). The
supernatants of nontreated THP-1 control cultures contained
detectable levels of IL-8, monocyte chemoattractant protein-1
(MCP-1), RANTES, and GRO-(afy) (GRO) after 6 h of
incubation. IL-8 and MCP-1 were the most predominant, with
RANTES and GRO being present at relatively lower levels.
The presence of these cytokines was not due to the fetal bovine
serum in the RPMI medium, since incubation with the medium
alone did not result in reactivity with any of the antibody spots
(data not shown). These four cytokines were induced to higher
levels by some but not all of the AMB formulations (2 pg/ml)
or LPS (Table 1). Three other cytokines (TNF-«, IL-6, IL-10)
not detected in control cultures were induced in THP-1 mono-
cytes exposed to 25 pg of E. coli LPS per ml and some of the
AMB formulations. The cytokines released in relatively large
amounts were IL-8 MCP-1, and TNF-«. IL-6, IL-10, GRO,
and RANTES were present at relatively smaller amounts.
Overall, exposure of THP-1 monocytes to 2 pg of each of the
four AMB formulations per ml for 6 h resulted in unique
cytokine profiles (Fig. 1). The relative amount (based on gray
levels or brightness values) of each cytokine spot present was
converted into the fold difference between the negative control
culture and the treated culture (Table 1). Values were ob-
tained by using the area density tool in LabWorks software, as
described in Materials and Methods. Although cultures ex-
posed to both FZ and ABCD had the highest total cumulative
levels of cytokines and the highest levels of each cytokine at 6 h
of incubation, the levels were lower than those for the positive
control (LPS). ABCD in fact caused the release of slightly
more inflammatory cytokines than FZ. On the other hand,
ABLC and L-AMB treatment caused little if any increase in
the levels of any of the seven cytokines, and for the most part
the cytokine profiles for these cultures were similar to those for
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FIG. 1. Detection of cytokines on membrane antibody arrays by chemiluminscence. THP-1 monocytes were exposed to 2 g of the AMB
formulations (FZ, ABCD, L-AMB, ABLC) per ml for 6 h or to 25 pg of LPS per ml (control). (A) Image obtained with a camera with a CCD
after an exposure of 90 s using a UVP AutoChemi imaging system. Each cytokine is represented by duplicate spots in the following locations: Al
and A2, HRP-conjugated antibody (positive control); A3 and A4, IL-1a; A5 and A6, IL-13; A7 and A8, TGF- 1; B1 and B2, HRP-conjugated
antibody (positive control); B3 and B4, IL-2; BS and B6, IL-15; B7 and B8, TNF-«; C1 and C2, bovine serum albumin (negative control); C3 and
C4, IL-3; CS and C6, IFN-y; C7 and C8, TNF-a; D1 and D2, Tris-buffered saline (negative control); D3 and D4, IL-5; D5 and D6, MCP-1; D7
and DS, blank; E1 and E2, granulocyte colony-stimulating factor; E2 and E3, IL-6; ES and E6, MCP-2; E7 and ES8, blank; F1 and F2,
granulocyte-macrophage colony-stimulating factor; F3 and F4, IL-7; FS and F6, MCP-3; F7 and F8§, blank; G1 and G2, GRO; G3 and G4, IL-8;
G5 and G6, gamma interferon-induced monokine; G7 and G8, blank; H1 and H2, GRO-«; H3 and H4, IL-10; H5 and H6, RANTES; H7 and HS,
HRP-conjugated antibody (positive control). (B and C) Average net light intensity for each pair of cytokine spots detected on the basis of gray-scale
levels using LabWorks software.

control cultures (Table 1). After 24 h of exposure the grouping of L-AMB per ml were the same as those of untreated control
of the four AMB formulations in terms of cytokine release by cultures, we increased the level of L-AMB to 5 pg/ml for 6 h to
array analysis was similar to that after 6 h (data not shown). see if the higher dose of L-AMB would change the levels of

Comparison of effects of FZ and L-AMB at higher dosages. expression of any of these cytokines. We also increased the FZ
Since the cytokine expression profiles of cells treated with 2 pg concentration to 5 wg/ml and compared the differences in
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FIG. 2. Cytokines from L-AMB- and FZ-treated cultures detected on antibody arrays. THP-1 monocytes were exposed to 5 pg of either L-AMB
or FZ per ml for 6 h. (A) Image obtained with a camera with a CCD after an exposure of 8 min with a UVP AutoChemi imaging system. The spots
are as described in the legend to Fig. 1. (B and C) Average net light intensity of each pair of cytokine spots detected on the basis of gray-scale

levels using LabWorks software.

cytokine profiles between the two cultures (Fig. 2). The relative
levels of cytokines in the FZ-treated cultures compared to
those in the L-AMB-treated cultures at 6 h are shown in Table
2. In contrast to the lower L-AMB dose of 2 pg/ml, the higher
L-AMB dose of 5 pg/ml induced a small amount of TNF-a. In
the FZ-treated cultures all seven cytokines except RANTES
were present at larger amounts compared to the amounts
present in the L-AMB-treated cultures. For example, FZ-
treated cultures had 110- and 14-fold more TNF-a and IL-8,
respectively, than the L-AMB-treated cultures (Table 2).
Confirmation of cytokine levels. In order to check the reli-
ability of the relative differences observed among AMB-
treated cultures, we quantified TNF-a and IL-8, two cytokines
that showed large fold differences in levels among cultures.
The results for these two cytokines were independently con-
firmed by two similar quantitative procedures, as shown in
Table 3. First, the actual IL-8 levels in the cell supernatants
used in the antibody arrays were determined by a conventional
ELISA, as described in Material and Methods. The actual IL-8
levels (in picograms per milliliter) showed the same pattern
seen in the arrays with LPS-treated cultures containing larger
IL-8 amounts than in FZ- and ABCD-treated cultures. ABLC-
and L-AMB-treated cultures contained amounts of IL-8 equiv-
alent to those found in the control cultures (data not shown).
Second, we generated samples from drug-treated THP-1

monocyte cultures set up in microtiter plates instead of 35-mm
culture dishes (see Materials and Methods). Table 3 shows that
the levels of IL-8 and TNF-a (in picograms per milliliter)
correlated well with the relative fold difference seen in the
antibody array experiments. The linear correlation coefficients
(r values) were 0.97 and 0.99 for IL-8 and TNF-«, respectively.

Cell viability and proliferation. The viabilities of the treated
THP-1 monocytes did not differ from those of the control
monocytes under any experimental condition when viabilities
were assayed by trypan blue exclusion. Greater than 95% of
the cells in all cultures were viable (data not shown). However,
by use of the more sensitive LDH assay, which measures the
amount of LDH enzyme released into the supernatant, we
found that significantly (P < 0.05) more LDH was released as
a result of membrane perturbation in FZ- and ABCD-treated
cultures than in ABLC- and L-AMB-treated cultures when
AMB was used at both 2 and 5 pg/ml (Table 4). There was no
apparent difference in cell numbers (by counting by trypan
blue exclusion) at 6 h, suggesting that none of the drugs had a
proliferative effect on the cells.

FZ and ABCD cause ion channel activity. Figure 3 shows the
intrinsic activities of the AMB pharmaceutical preparations at
a therapeutically reasonable concentration of 5 uM AMB.
Only FZ- and ABCD-treated cultures showed significantly
more K™ selective ion channel activity in this time frame
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TABLE 1. Cytokine release profiles in THP-1 monocyte cultures
treated with different AMB formulations”

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 3. Comparison of cytokine levels obtained by antibody
array analysis and ELISA

Relative Fold increase from levels in Relative
. Array levels in ntrol culture at 6 h® levels
Cytokine” locatioyn” control control culiure at 0 after
culture? LPS FZ ABCD ABLC L-AMB induction

IL-1a A3-4 - - - - - - -
1L-2 B3-4 - - - - - - -
IL-3 C3-4 - - - - - - -
1L-5 D3-4 - - - - - - -
IL-6 E3-4 - ~112~15 ~21 NC NC L
1L-7 F3-4 - - - - - - -
1L-8 G3-4 H 7 4 41 NC NC H
1L-10 H3-4 - ~3 NC ~3 NC NC L
1L-13 A5-6 - - - - - - -
IL-15 B5-6 - - - - - - -
GCSF E1-2 - - - - - - -
GM-CSF F1-2 - - - - - - -
GRO-(apy) G1-2 L 15 2 5 NC NC

GRO-a H1-2 - - - - - - -
IFN-y C5-6 - - - - - - -
MCP-1 D5-6 H 36 23 25 NC NC H
MCP-2 E5-6 - - - - - - -
MCP-3 F5-6 - - - - - - -
MIG G5-6 - - - - - - -
RANTES H5-6 L ~35~2 ~23 NC NC L
TGF-B1 A7-8 - - - - - - -
TNF-a B7-8 - ~162~25 ~36 NC NC H
TNF-B C7-8 - - - - - - -

“ The cultures with the different formulations contained AMB at 2 pg/ml and
LPS (positive control) at 25 pg/ml.

® G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-mac-
rophage colony-stimulating factor; IFN-y, gamma interferon; MIG, gamma in-
terferon-induced monokine; TGF-B1, transforming growth factor 1.

¢ See Fig. 1 for the locations of the duplicate spots in the matrix.

@ Relative levels: —, undetectable; H, high; L, low.

¢ When the control level was essentially zero, the “~” symbol was used to
indicate an approximation; the values indicate the fold increase in induction and
up-regulation. NC, no change (less than or equal to fold difference from the level
in the control culture).

and at this concentration. This trend also held for increasing
concentrations of the drug delivery systems and against er-
gosterol-containing membranes, although the ergosterol-
containing membranes were far more sensitive (unpublished
data). The method used measures only electrogenic ion chan-
nel activity, so AMB activity could lead to changes in cell

TABLE 2. Cytokine release profiles of FZ- and L-AMB-treated
THP-1 monocyte cultures®

Relative level in Fold increase in level

Cytokine lO?;:i?;‘lb L-AMB cultures in FZ-treated
at 6 h* cultures at 6 h?
IL-6 E3-44 - ~28
IL-8 G3-4 H 13
IL-10 H3-4 - ~2
GRO G1-2 VL 8.9
MCP-1 Ds5-6 H 3.8
RANTES H5-6 L NC
TNF-a B7-8 VL 102

“ THP-1 cells were cultured for 6 h with either L-AMB or FZ (5 pg/ml).

b See Fig. 2 for the locations of the duplicate spots in the matrix.

¢ Relative levels: —, undetectable; H, high; L, low; VL, very low.

4 When the cytokine level in L-AMB cultures was essentially zero, the “~”
symbol was used to indicate an approximation; NC, no change (less than or equal
to twofold difference).

TNF-« levels in: IL-8 levels in:

Culture . ! . .
treatment  35-mm dish Microtiter wells 35-mm dish Microtiter wells
(fold increase®) (concn ) (fold increase) (COnCl’ld
[pg/ml]) [pg/mi])
None — 68 = 4 — 100 £ 12
LPS ~162 7,779 = 593 7 4,013 = 238
FZ ~25 426 = 23 4 1,143 £ 72
ABCD ~36 838 * 236 4.1 1,612 = 37
ABLC NC 61 =13 NC 136 £ 13
L-AMB NC 99 = 29 NC 78 £ 15

“ For the assays with 35-mm dishes, 2.9 X 10° THP-1 monocytes were seeded
into a 35-mm dish in 5.8 ml of RPMI complete medium and incubated with
formulations containing AMB at 2 pg/ml. For the assays with microtiter plates,
1 X 10° THP-1 monocytes were seeded into individual round-bottom wells of a
96-well plate in 200 pl of RPMI complete medium and incubated with 2 ug of
AMB per ml.

® Fold increase in net light intensity in treated culture compared to that in
untreated control culture. —, not applicable; ~, an approximation when the
cytokine level in the control culture was zero.

¢ Quantified by the Pierce Biotechnology Searchlite multiplex sample testing
service. The values are averages * standard errors of the means.

4 Quantified by ELISA (see Material and Methods). The values are averages
+ standard errors of the means. NC, no change (less than or equal to a two
difference fold from the level in the control culture).

membrane potential, depending on the specific ionic condi-
tions.

DISCUSSION

The antifungal drug of choice for the treatment of fungal
infections is AMB because of its known property of complex-
ing with fungal membrane sterols. The most common formu-
lation, FZ, is quite toxic in some patients and is also known to
activate the innate immune system (26). This may not neces-
sarily be all bad, since activation of the innate immune
system and perhaps some acquired defense mechanisms are
interesting therapeutic strategies that can be used to sup-
plement the direct antifungal activity of the drug. However,
side effects likely caused in part by cytokine activation, es-
pecially nephrotoxicity, have been severe enough that new
AMB delivery systems that offer fewer complications have
been developed.

The immunomodulating activity of AMB on THP-1 cells in
vitro has primarily been studied with FZ or heat-treated FZ.
The drug causes the release of important proinflammatory
molecules from THP-1 cells and the activation of various other
genes (5, 19, 20). The goal of the present study was to directly
compare the immunomodulating activities of all four commer-
cially available AMB formulations in the THP-1 monocyte
model. We established limited cytokine release profiles for
each formulation and found that the four AMB formulations
fell into two groups with respect to the number and the amount
of cytokines induced in cultures of THP-1 monocytes. Cells
exposed to FZ and ABCD for 6 h produced the highest levels
of proinflammatory cytokines. On the other hand, the cytokine
profiles of ABLC- or L-AMB-treated cultures were similar to
those of untreated control cultures. Exposure to both FZ and
ABCD was associated with the induction and release of high
levels of TNF-a. TNF-a is believed to contribute to the
infusion-related adverse drug reactions (1, 17), and on the
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TABLE 4. Percent LDH release from AMB-treated THP-1 monocytes at 6 h

% LDH release”

Dose (pg/ml) Treated cells
Control
LPS ABCD ABLC L-AMB
None 10.8 = 1.1 — — — — —
2 — — 203 + 3° 25.6 =23 1.7+ 1.5 10.8 = 1.5
5 — — 35.8 +3.3° 30.6 = 1.4° 11.0 £ 1.0 10.4 £0.2
25 — 785 = 6.7 — — —

“ The percent LDH release was calculated as the (average optical density at 490 nm for the control or treated culture supernatant/optical density at 490 nm for total
LDH release) X 100. Total LDH release was obtained by treatment with Triton X-100 for 1 h. Each value represents the average * standard error of the mean for

four wells. —, not done or not applicable
® Significantly different (P < 0.05) from the value for the control.

basis of the results of earlier in vitro studies and in vivo
clinical studies, the release of TNF-a from monocytes is
associated with exposure to FZ (1, 17, 26). Other cytokines
released from THP-1 monocytes include IL-8, MCP-1,
GRO, RANTES, IL-6, and IL-10. Fairly high levels of IL-8
and MCP-1 were detected in untreated control cultures of
THP-1 cells. Constitutive expression of these two cytokines
in monocytes has been reported before (2, 7, 19, 21) and
may represent occurrences during the differentiation stage
of the THP-1 monocyte (12). Significantly more IL-8 and
MCP-1 was induced and released from FZ- and ABCD-
treated cultures than from L-AMB- and ABLC-treated cul-
tures. In fact, the levels of IL-8 and MCP-1 in L-AMB- and
ABLC-treated cultures were less than those in control cul-
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FIG. 3. Final pH values (after 200 s) for 10 mol% cholesterol-
containing LUVs after exposure to various concentrations of drug
delivery vehicles. Micromolar concentrations of AMB are reported.
Only ABCD and FZ exhibited significant channel-inducing activities in
this time frame, especially at concentrations below 15 wM. The results
of control experiments with valinomycin and each AMB carrier (data
not shown) indicated a strongly cation-selective channel with minimal
Cl™ permeation. Dynamically, ABCD exhibited a lag time for induc-
tion of channel formation of 30 to 60 s, after which significant activity
was observed. A 0.1 uM valinomycin control served as an ideal K*-
selective carrier, and equilibrium activity was reached within 60 s with
a final pH of 6.79. Typically, three final pH values were averaged for
each point. Diamonds, FZ; triangles, ABCD; circles, ABLC; filled
squares, L-AMB; open square, valinomycin.

tures. Our cytokine profiles correlated with clinical obser-
vations that show that the rates of occurrence of fever and
chills are generally lower after L-AMB and ABLC treatment
than after FZ treatment (23). Likewise, both FZ and ABCD
therapy have been associated with infusion-related side ef-
fects, such as fever and chills, with similar severities and
frequencies (23). L-AMB has been reported to be the safest
and best-tolerated formulation of the three formulations
presently available (8).

The trade-off between clinical safety or a lack of adverse
effects and efficacy remains unknown, in part due to the com-
plexity of the inflammatory response. The net effect of these
interactions between proinflammatory cytokines, such as
TNF-«, IL-1, IL-6, IL-8, and GRO, and anti-inflammatory
cytokines, such as IL-1ra, IL-6, and IL-10, determines the
nature or degree of response over time. Thus, immunomodu-
latory AMB formulations that recruit the innate immune sys-
tem response and perhaps the acquired immune response
could be beneficial or detrimental to the host, depending on
which cytokines are induced. In our study, ABCD was the only
drug that also induced IL-6 and IL-10, both of which known to
have anti-inflammatory properties (6, 25). In another study,
FZ was found to induce inhibitors of IL-1 (17). The picture is
far from complete, and what this means in terms of activation
or inhibition of the innate immune response is unknown. Neu-
trophils and macrophages constitute the main mechanism of
host defense against disseminated yeast infections (26). In this
study, the important neutrophil-activating and -recruiting cy-
tokines TNF-«, IL-8, and GRO were also upregulated by FZ
and ABCD but not by ABLC or L-AMB. Therefore, ABLC
or L-AMB treatment may be more appropriate in fungus-
infected patients with persistently febrile neutropenia be-
cause TNF-a would not be induced and increase the fever
response. In fact, in a study by Prentice et al. (15) there was a
statistically higher success rate for resolution of fever with
L-AMB treatment than with FZ treatment. Although the use
of AMB derivatives has also been evaluated as a therapeutic
approach to human immunodeficiency virus infection, the use
of AMB formulations that induce TNF-a could increase the
rate of human immunodeficiency virus replication, as reported
previously (4). However, in the nonimmunocompromised pa-
tient, as long as nephrotoxicity can be tolerated, a systemic
fungal infection might be better treated with FZ or ABCD
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because the recruitment of neutrophils and monocytes may be
enhanced by the expression of proinflammatory cytokines.

The mechanism of AMB activation of macrophages is
thought to involve the drug’s ion channel activity. Stimulation
of Ca®* influx is a possible mechanism and has been observed
in human monocytes (18). However, it is unclear whether Ca**
is directly transported since the AMB-induced channels in
cholesterol-containing model membranes are not appreciably
Ca?* permeant (10, 16). Alternatively, monovalent cation per-
meation could lead to membrane polarization or depolariza-
tion, leading to a secondary release of Ca®* from internal
stores or from stimulated outer membrane Ca®" channels. In
either case, if ion transport is key to macrophage stimulation,
there should be a correlation between the intrinsic ion channel
activities of AMB drug delivery systems and their stimulatory
activities. Jensen and coworkers (14) have compared the long-
er-term activities of the four AMB formulations against red
blood cells and Candida cells by K* release assays. Their
results agree well with ours for model systems with FZ and
ABCD, which are generally more active against mammalian
red blood cells; L-AMB is the least active. Admittedly, the
serum and cell-free ion channel studies described in this report
are not the equivalent of in vivo studies; nonetheless, the
apparent correlation of intrinsic ion channel-forming ability in
model and in vitro cellular systems with cytokine stimulation
suggests that channel activity may be a key factor and should
be further studied.

This study also demonstrates the usefulness and limitations
of chemiluminescence-based membrane antibody arrays for
the analysis of more than one protein at a time. This new assay
of the array family combines the advantages of the specificity
of the ELISA and the sensitivity of chemiluminescence analysis
(13, 27). Furthermore, if the arrays are combined in a high-
throughput microspot format, fairly high-density arrays should
be possible. We used 12-bit imaging with a camera with a CCD
to rapidly detect and quantify signals for 23 different cytokines
and determine the relative levels and the fold differences in
levels among the different treatment regimens. The relative
levels correlated quite well with the actual levels (in picograms
per milliliter) of selected cytokines by more quantitative assays.
However, the assumption that there is a linear response be-
tween the chemiluminescent signal and quantity may not
always hold, as suggested by Budowle et al. (3). This non-
linearity seemed to occur as IL-8 reached higher levels.
Another minor concern occurred when the control chemi-
luminescent signal was essentially zero. When a signal was
detected in a treated culture, the fold increase from the
signal for the control represented only an approximation
and could be quite large.

Despite some limitations, use of the relatively inexpensive
membrane antibody arrays used in the present study for
determination of the relative levels of a large number of
cytokines simultaneously and as a confirmation of differen-
tial gene expression should gain in popularity. Such confir-
mation is important, since experimental evidence shows that
a disparity between relative mRNA levels and the levels of
the corresponding proteins can exist (9). Therefore, in the
future the use of antibody and gene arrays in combination
should help us understand the cellular responses to AMB
formulations.
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