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Nystatin is an antifungal compound with potent proinflammatory properties. Herein, we demonstrate that
nystatin induces interleukin (IL)-1, IL-8, and tumor necrosis factor alpha secretion through its activation of
toll-like receptor 1 (TLR1) and TLR2. Hence, a TLR-dependent mechanism could serve as the molecular basis

for the proinflammatory properties of nystatin.

The human toll-like receptors (TLR) are a family of pattern
recognition receptors that detect specific molecular patterns
associated with microbial pathogens (known as pathogen-as-
sociated molecular patterns [PAMP]) (1). Recently, TLR2 was
observed to recognize Streptomyces nodosus-derived antifungal
polyene drug amphotericin B and account for its proinflam-
matory characteristics (15, 16). This observation heralded a
paradigm in pharmacologic toxicology whereby drugs could
serve as PAMP that induce cell activation through TLR, which
in turn activate signaling pathways that result in secretion of
cytokines that mediate biologic effects.

Here, we report that a related polyene antifungal drug—
nystatin—induces a proinflammatory response through a sim-
ilar TLR-dependent mechanism. In the 1950s, nystatin was
discovered as the first in-class tetraene diene macrolide (8, 9).
Since then, nystatin has been used widely as a topical therapy
for mucocutaneous mycoses (2). As such, topical and oral
nystatin is not associated with systemic inflammation, most
likely since the drug is not absorbed through skin and gastro-
intestinal tract. Historical and experimental data, however,
suggest its potent proinflammatory properties (2). When nys-
tatin was undergoing development for treatment of systemic
mycoses, its intravenous infusion resulted in chills, fever, and
thrombophlebitis (2). Hence, its clinical development as a par-
enteral drug was not actively pursued (until recently). Its proin-
flammatory nature, however, is being used in generating ani-
mal models of inflammation (11).

The molecular basis for the proinflammatory properties of
nystatin is undefined. The discovery that amphotericin B in-
duces cytokine secretion through a TLR2-dependent process
(15, 16) prompted us to hypothesize that a similar mechanism
could account for nystatin-associated inflammation. Several
lines of evidence support our hypothesis: (i) nystatin is chem-
ically related to amphotericin B (14), (ii) nystatin has infusion-
related toxicity similar to amphotericin B (2), and (iii) nystatin
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is a fermentation product of Streptomyces noursei (3). Hence, a
series of experiments were performed to determine the TLR2-
dependent nature of nystatin-induced inflammation.

Nystatin induces the secretion of IL-1f3, IL-8, and TNF-« in
TLR2-expressing but not in TLR2-deficient cells. We observed
that nystatin induces cytokine secretion in TLR2-expressing
but not TLR2-deficient cells. When TLR2-expressing THP1
cells (ATCC number TIB-202) were stimulated with up to 5
pg/ml of nystatin (Nystatin; Sigma, St Louis, MO) for 24 h,
there was a dose-dependent secretion of interleukin-13 (IL-
1B), IL-8, and tumor necrosis factor alpha (TNF-o) (Fluoro-
kine MAP multianalyte profiling; R&D Systems Inc., Minne-
apolis, MN) (Fig. 1). At the highest concentration tested (5
pg/ml) (demonstrated to be nontoxic by a Vi-CELL cell via-
bility analyzer; Beckman Coulter), IL-1B, IL-8, and TNF-a
levels were >70-, >40-, and >135-fold higher, respectively,
than those seen with unstimulated cells. The concentration-
dependent secretion of IL-1p3, IL-8, and TNF-a was observed
in parallel experiments using two other formulations of nysta-
tin (Nystatin Oral Suspension [Morton Grove Pharmaceuti-
cals, IL], for patient use, and Prestwick Chemical Library)
(data not shown).

In contrast, TLR2-deficient HEK293 (ATCC CRL-1573)
did not respond to nystatin. When stimulated with up to 5
pg/ml of nystatin, HEK293 did not significantly secrete IL-8
(Fig. 2A), IL-1B, and TNF-a. Consistent with its lack of TLR2
and TLR4, HEK293 did not secrete IL-8 in response to unpu-
rified Staphylococcus aureus-derived peptidoglycan (PGN),
which contains the TLR2 ligand lipoteichoic acid (Sigma) (10
pg/ml) (19), tripalmitoyl cysteinyl lipopeptide (P3C) (Calbio-
chem) (10 ng/ml), and TLR4 ligand lipopolysaccharide (puri-
fied lipopolysaccharide [LPS]| from Escherichia coli) (Sigma)
(10 g/ml).

HEK293 cells acquire responsiveness to nystatin upon
transfection with human TLR2. The activation of TLR2-ex-
pressing THP1 but not TLR2-deficient HEK293 suggests that
TLR?2 ligation may be mediating cytokine secretion in response
to nystatin. To prove this, we demonstrate that we can render
nystatin responsiveness to HEK293 by transfection with human
TLR2 (Fig. 2B). Concentration-dependent IL-8, IL-1B, and
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FIG. 1. (Upper panel) Cytokine secretion in human monocytic-derived THP1 cells during exposure to nystatin, unpurified peptidoglycan
(PGN), and tumor necrosis factor alpha (TNF-a). (Lower panel) Concentration-dependent secretion of IL-8 by THP1 cells during nystatin
stimulation. In triplicate experiments conducted on two separate occasions, THP1 human monocytic cells were seeded into 96-well plates at a
density of 10%ml and incubated with various stimuli—nystatin (5 pg/ml), unpurified PGN (which contains the TLR2 ligand lipoteichoic acid;
TLR2-positive control) (10 wg/ml), and TNF-a (TLR-independent positive control) (10 ng/ml)—for 24 h. The cytokine profile was measured in
cell-free culture supernatant by use of Fluorokine MAP multianalyte profiling (R&D Systems Inc., Minneapolis, MN). IL, interleukin; GSCF,

granulocyte colony-stimulating factor; UC, unstimulated cells.

TNF-a secretion was observed in HEK293-TLR2 cells during
nystatin stimulation. At 5-pg/ml of nystatin, the level of IL-8
was 23-fold higher than that seen with unstimulated cells
(1,372.67 = 127.12 [mean * standard deviation] versus 59.08 *+
9.29 pg/ml; P = 0.003) (Fig. 2B). HEK293-TLR2 also acquired
responsiveness to P3C and unpurified PGN, but it remained un-
responsive to LPS (Fig. 2C). The acquired responsiveness of
HEK?293-TLR2 to nystatin was specific to TLR2, since a similar
clone of HEK293, which was transfected with a non-TLR2 con-
struct (a human TLRY gene construct), failed to respond to nys-
tatin (while it gained responsiveness to CpG2006S [Integrated
DNA Technologies, Coralville, IA]) (2 nM) (Fig. 2D).
Anti-TLR2 MADb inhibits nystatin-induced cytokine secre-
tion. We subsequently investigated whether we can abrogate
cytokine secretion during TLR2 neutralization. Preincubation

of HEK293-TLR2 and THP1 cells with anti-human TLR2
monoclonal antibody (MADb) (functional-grade purified anti-
human TLR2, clone TLR2.1; eBioscience) reduced nystatin-
induced IL-1B, IL-8, and TNF-a secretion (P = 0.001) (Fig.
3A). Anti-human TLR2 monoclonal antibody (MADb) also re-
duced cytokine secretion in response to unpurified PGN (P =
0.007) and P3C (P = 0.006).

Taken together, these results implicate TLR2 in the proin-
flammatory response to nystatin. We therefore propose a
model wherein TLR2 recognizes nystatin as a PAMP and the
ensuing TLR2-nystatin interaction activates intracellular sig-
naling pathways that result in IL-1pB, IL-8, and TNF-a secre-
tion. In turn, IL-18 and TNF-a mediate the manifestations of
fever and chills (4), while IL-8 augments inflammation by re-
cruiting inflammatory cells (13). Hence, a TLR2-mediated ac-
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FIG. 2. Cellular activation, as measured by IL-8 secretion, during nystatin exposure requires TLR2. (A) TLR2-deficient HEK293 cells do not
respond to nystatin, unpurified peptidoglycan (PGN), tripalmitoyl cysteinyl lipopeptide (P3C), unmethylated CpG, or purified lipopolysaccharide
(LPS) but secrete IL-8 in response to TNF-a. (B) Transfection of HEK293 with TLR2 (HEK293-TLR2) rendered responsiveness to nystatin.
(C) HEK293-TLR2 cells also acquired responsiveness to the TLR2 ligands P3C and unpurified PGN, but not to LPS and CpG. (D) Transfection
of HEK293 with TLR9 (HEK293-TLRY) rendered responsiveness to unmethylated CpG but not to nystatin, P3C, PGN, or LPS. Human embryonic
kidney 293 (HEK293), HEK293-TLR2, and HEK293-TLR9 cells were seeded in 96-well plates at a density of 10%ml and stimulated with 0.05 to
5 pg/ml of nystatin, LPS (10 pg/ml), P3C (10 ng/ml), PGN (10 pg/ml), unmethylated CpG (2 uM), and tumor necrosis factor alpha (TNF-a) for
18 h. HEK293 and HEK293-TLR9 do not respond to nystatin exposure. Stable transfection of TLR2 in HEK293 (HEK293-TLR2) rendered a
dose-dependent responsiveness, as indicated by IL-8 secretion, to nystatin and to the TLR2 ligands P3C and unpurified PGN but not to
unmethylated CpG and LPS. The experiments were conducted in triplicate on at least three occasions.

tivation serves as the molecular basis for nystatin-induced local
inflammation (in animal models of inflammation) (11) and
systemic inflammation that has precluded its use as parenteral
therapy (2).

This study has contemporary clinical relevance, since nysta-
tin has, in recent years, undergone reformulation into lipid
carriers (6, 7, 10, 12, 20)—in similarity to the lipid formulations
of amphotericin B. Indeed, intravenous liposomal nystatin has
undergone early-phase clinical development (2). While data
from clinical trials are yet to be published, we anticipate that
the incorporation of nystatin into lipid carriers could result in
reduction of proinflammatory toxicities—an effect analogous
to the reduced toxicity associated with lipid-based amphoteri-
cin B. The incorporation of nystatin (and amphotericin B) into
lipid carriers could create hindrance that prevents interaction
between the polyene and TLR2 (15, 16). In the only clinical
data reported, only one of five patients receiving liposomal
nystatin developed fever, chills, and dyspnea (10).

TLR1 cooperates with TLR2 in mediating the cellular re-
sponse to nystatin. Mechanistically, TLR2 activation results in
the cooperative activation of TLR1 or TLR6 (17, 18). Here, we
demonstrate that TLR1 is required in nystatin-induced TLR2
activation (Fig. 3B). Preincubation of HEK293-TLR2 and

THP1 with anti-human TLR1 MAb (functional-grade purified
anti-human TLR1, clone GD2.F4; eBioscience) significantly
reduced IL-8 and IL-1B and TNF-a secretion. Anti-TLR1
MAD also reduced cytokine secretion in response to P3C (a
TLR2-TLR1 ligand) (17, 18) but not to TNF-a.. Our multiple
attempts to assess TLR6 were limited by a lack of reliable
neutralizing antibodies.

In conclusion, this study demonstrated that a TLR2- and
TLR1-dependent process serves as the molecular basis for the
proinflammatory properties of nystatin. This study expands the
concept that certain “nonimmunologic” drugs serve as agonists
for TLR, whose consequent activation mediates additional and
often unintended beneficial and detrimental drug effects. On
the one hand, it could lead to more-effective antimicrobial
properties—as exemplified by the antiviral efficacies of the
imidazoquinolines (5). On the other hand, an uncontrolled
proinflammatory response could manifest as adverse toxici-
ties—as was previously described for two clinically useful poly-
enes, nystatin and amphotericin B (15, 16). An appreciation of
the role of TLR in pharmacologic immunotoxicology should
highlight their potential as novel therapeutic targets whose
inhibition could alleviate the morbid outcomes of otherwise
effective drug treatments.
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FIG. 3. Anti-TLR2 and -TLR1 monoclonal antibody attenuates in-
terleukin-8 (IL-8) and IL-1B and tumor necrosis factor alpha (TNF-a)
secretion in response to nystatin. (A) THP1 human monocytic cells
that were preincubated with murine anti-human TLR2 monoclonal
antibody (MAD) secreted significantly less IL-18 and TNF-« than the
isotype control. Likewise, human embryonic kidney (HEK) 293-TLR2
cells that were preincubated with murine anti-human TLR2 MAb had
significantly lower levels of IL-8 secretion in response to nystatin com-
pared to cells that were preincubated with the isotype control.
(B) THP1 human monocytic cells that were preincubated with murine
anti-human TLR1 MAD secreted significantly less IL-18 and TNF-«a
than the isotype control. Likewise, HEK293-TLR2 cells that were
preincubated with murine anti-human TLR1 MAb had significantly
lower levels of IL-8 secretion in response to nystatin than cells prein-
cubated with the isotype control. The experiments were performed in
triplicate and were repeated on at least three occasions.
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