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1. INTRODUCTION

1.1. What is drug-induced phospholipidosis?

Drug-induced phospholipidosis (PLD) is a condition in which drugs
cause the excessive accumulation of phospholipids in cells [1]. It is char-
acterized by the accumulation of phospholipid–drug complexes as intra-
cellular concentric lamellar bodies that are visible within lysosomes by
electron microscopy [2]. In most instances, the drugs that induce this
evier Inc.
reserved.
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condition are those that have both a hydrophilic domain, with one or
more positively charged nitrogen groups, and a hydrophobic domain that
frequently contains an aryl group. Generally such compounds are called
cationic amphiphilic drugs (CADs).
1.2. What is the mechanism of PLD?

There is no single causative mechanism for induction of PLD, as diverse
drugs seem to induce it in different ways [3] and others may involve
multiple causative mechanisms [4]. Some CADs are attracted to nega-
tively charged phospholipids and accumulate in membranes, changing
the susceptibility of the membranes to breakdown. Others cause phos-
pholipid buildup by directly inhibiting the action of phospholipases, and
some appear to increase phospholipid synthesis [5].

There are numerous PLD-responding cell types and tissues. Cells of
the macrophage system (e.g., bronchiolar macrophages and Kupffer cells)
are prominent responders that act to scavenge lamellar bodies and facili-
tate the lamellar body/drug complex removal. Such cells are particularly
lysosome rich, and the CADs ionize and partition into the more acidic
environment of the lysosome which serves to protect the cell from cyto-
toxicity. PLD induction seems to be a dose-dependent process with mani-
festation of PLD being related to accumulation of the CADs.
1.3. What are the toxicological implications?

Numerous (>50) marketed drugs are known to induce PLD in preclinical
species at doses that are significantly higher (>10-fold) than are routinely
prescribed in the clinic [6]. PLD is generally considered to be reversible,
but the rate of reversibility varies widely within drugs, tissues, and
species. It appears more commonly preclinically than clinically, and in
one important study, CNS PLD did not yield electrophysiological func-
tional deficits [7]. Viewed this way, PLDwould not be considered adverse
or high risk for drug development.

However, PLD has been circumstantially associated with toxicities
in vivo both preclinically and clinically [8]. Although there are no compre-
hensive published reviews of pharmaceutical industry data to sort these
risks, various published reports include: PLD observed sometimes concur-
rently with cataracts and corneal opacities, pneumonitis, myodegenera-
tion, neurodegeneration and neuropathies, and liver toxicity [8].
Additionally, the physicochemical properties of phospholipogenics may
predispose them to additional toxicities apart from direct PLD, such as
mitochondrial toxicity and increased risk of QT prolongation.
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2. EVOLVING REGULATORY AND INDUSTRY VIEWS

Since the linkage between toxicological responses and PLD remains
unclear, there are currently no regulatory guidelines. In an effort to
address this issue, the Food and Drug Administration (FDA) announced
that guidance on PLD was being developed and established a ‘‘FDA
Phospholipidosis Working Group’’ [9]. Although a formal report has
not been issued, the challenges are documented in presentations given
at a recent FDA advisory committee meeting [10]. These include the
questions: Why is it that only a small number of compounds that show
PLD also show toxicity and why is it that PLD seen in animals is not
predictive of clinical results?

Multiple reports reveal that PLD-inducing compounds have either a
higher incidence of histological findings in toxicity studies than PLD
negative (non-phospholipogenics) compounds [11] or a strong correlative
relationship between PLD and preclinical toxicities (toxicity lowest effect
level [LOEL] vs. PLD LOEL) [12]. A high proportion of drugs known to
cause PLD in preclinical animal models are known to cause QT prolonga-
tion clinically [13,14]. The mechanistic basis for this increased QT risk is
unproven since (a) the intrinsic PLD potencies and hERG blockade poten-
cies of agents that induce Torsades des Pointes [Torsadogens] do not
appear to correlate [11] and (b) the risk is not directly correlated with
hERG potency as QT effects are found with PLD positive agents at much
higher hERG IC50 values than those found for PLD negative ones [15].
Specifically, induction of Torsades des Pointes is usually associated with
potent hERG blockers; however, if the Torsadogen is also a known PLD
inducer, then the cardiac effects manifest themselves even if the direct
effect at hERG is very weak [12]. While it is not known why this occurs
and although only a small number of phospholipogenics also cause
cardiac PLD, a potential hypothesis for the increased risk of QT prolon-
gration is pharmacokinetic, that is, amphiphilic drugs may partition into
cardiac tissue, reaching concentrations that exceed plasma levels and
hERG IC50 values.

Given these considerations, discovery of PLD during preclinical in vivo
toxicology has the potential to cause significant delays and increased
expenditures in the drug development process. On many occasions,
drug development of potentially beneficial compounds showing PLD
has been terminated [16]. These decisions are made not because of a
proven toxicological problem but because of the uncertainty a PLD
finding introduces and the increased hurdle/cost of developing such
molecules [17]. The possibility of discovering PLD late in the drug dis-
covery process has caused significant effort to be spent on strategies to
minimize the potential for compounds to induce PLD as evidenced by
numerous recent publications [6,18].
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It is incumbent upon drug makers to challenge views that assume a
low risk and adaptive nature for PLD, or assume a low PLD risk for
compounds that are CADs. They must be prepared to support risk assess-
ments after obtaining experimental evidence of PLD-inducing potential
prior to pivotal toxicology study support [19]. Some companies may
profile phospholipogenic compound safety risks on a case-by-case basis.
Others are developing more sophisticated risk avoidance and manage-
ment strategies that include: (a) in silico and in vitro screening of com-
pounds in discovery; (b) identification of both in vitro and in vivo intrinsic
PLD potency and associated tissue degeneration in vivo before pivotal
studies are conducted; (c) confirmatory in vivo tools (electron microscopy,
measurement of phospholipid content, Lamp2 [lysosome-associated
membrane protein 2] immunohistochemistry, and gene expression
profiling), as well as mechanistic investigations by which PLD affects
cell function (e.g., inhibition of autophagy and impact on lysosomal pro-
tein degradation and release, fusion abilities and endocytosis; apoptosis;
lysosomal vs. mitochondrial role in cytotoxicity); (d) drug accumulation
and PK association with responses over time; and (e) functional response
evaluations (e.g., QT, supporting clinical need for thorough evaluations,
and neurologic effects).

In their comprehensive review of an internal Pfizer risk assessment
strategy, Chatman et al. [20] emphasized the importance of demonstrating
reversibility in pivotal studies and used a tiered testing approach, starting
in discovery with in silico and in vitro tools, followed by thorough charac-
terization of responses in vivo. Pharmaceutical sponsors might also con-
sider additional points, including (1) understanding the correlation of
response severity to intrinsic phospholipogenic potency or tissue levels,
(2) examining the presence of supraproportionate tissue levels relative to
plasma exposure, and (3) investigating the time dependency of proposed
biomarkers to discriminate toxic effects from PLD-only responses. A
particularly promising noninvasive PLD biomarker is bis(monacylgly-
cerol)phosphate (BMP), a lysosomal membrane phospholipid that
marks membranes for degradation, a feature that distinguishes it mecha-
nistically from perimeter membrane phospholipids [8].
3. SCREENING METHODS

3.1. Introduction

In an effort to reduce the risk of drug attrition due to toxicity associated
with physicochemical parameters, the drug industry has been introdu-
cing numerous methods that will allow companies to select compounds
that are less likely to fail for reasons other than lack of efficacy [21].
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To reduce the risk of failure in vivo due to PLD, the methodology has
included in silico models and in vitro assays.
3.2. In silico techniques

Although many computational models have been disclosed, a common
shortcoming is that many models are proprietary and built with limited
datasets [22,23]. An openly accessible, effective in silico, model that
yielded rapid and accurate predictions of PLD would be of great value
to the drug discovery industry. A recent review provides a detailed
description of most in silico approaches [18]. Amphiphilicity of drug
molecules is linked to their ability to induce PLD. This is because binding
with both the polar phosphate region and the lipophilic core of phospho-
lipid membranes requires specific spatial distribution of the molecule’s
lipophilic and charged groups. Recognizing this fact, a group at Roche
developed an in silico program (CAFCA) that calculated the free energy of
amphiphilicity for molecules [24]. Picking the correct conformations for
these calculations was important for this approach to successfully provide
good agreement with experimentally determined values. Each conforma-
tion produces a different value and although the reason was not clear, ‘‘in
all cases the lowest calculated free energies of amphiphilicity came closest
to the measured values.’’ In an early attempt to produce an in silicomodel,
a group at Organon published a method for predicting PLD-inducing
potential that was based on ClogP and calculated pKa [25]. The result was
a prediction that cationic amphiphilic compounds would be phospholi-
pogenic provided that pKa > 8 and ClogP > 1 and also that Eq. (1) is
satisfied.

ClogP
� �2þðcalculatedpKaÞ2 > 90 (1)

The limitations of this approach were discussed in a published analy-
sis by a Pfizer group that also described modifications to the Organon
model that significantly improved the percentage of compounds that
were correctly diagnosed as not inducing PLD [26]. QSAR models based
on two commercially available software programs MC4PC-QSAR and
MDL-QSAR have been described by an FDA-based team [27]. Although
the statistics for the single MC4PC-QSARmodel were modest, addition of
the second model and seeking consensus prediction by the two models
significantly increased the accuracy of the tool. Another approach to
increasing the predictability of in silico models based on ClogP and pKa

was illustrated by a Bristol-Myers Squibb team, that showed the addition
of volume of distribution (Vd) resulted in improved concordance with
PLD [28]. Most recently, a team at the University of St. Andrew’s
reviewed the status of predicting PLD using machine learning [23].
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The Pfizer, FDA, and St. Andrew’s team all cited improved accuracy as
the size of the datasets they used to build and validate their models were
increased.
3.3. In vitro techniques

An early in vitro screen for PLD was described in 1991 using human
foreskin fibroblasts treated with a fluorescently labeled surrogate phos-
pholipid, NBD-PC [29]. NBD-PC consists of phosphotidylcholine (PC)
linked to the fluorescent moiety, nitrobenzoxadiazole (NBD). Comparison
of control to treated samples using a fluorescent spectrophotometer fol-
lowing cell disruption yielded an insufficient signal-to-noise ratio for
screening purposes. Despite this limitation, the methodology laid the
ground work for later assay development by several groups using other
methods, including high content biology, which was not available at the
time.

In 2001, a team at Abbott described an assay, using rat and human
hepatocytes and phosphoethanolamine (NBD-PE), combined with laser
scanning confocal microscopy, as part of an effort to find alternatives for
matrix metalloproteinase inhibitors that caused PLD [30]. The authors
underscored the importance of assaying metabolites of the parent drug,
as initial attempts to detect PLD using hepatocytes with the parent drug
alone yielded negative results, but use of the amine metabolite resulted in
strong detection of NBD-PE accumulation.

Kasahara et al. found that treatment of the CHO-K1 cell line with NBD-
PC and drug combined with fluorescent spectrophotometer readings
gave good results; it correctly identified a large set of known positive
and negative phospholipogenic compounds with high specificity and
sensitivity [31].

In 2006, a team at AstraZeneca described the use of a mouse splenic
macrophage cell line, NBD-PE, and the Cellomics Arrayscan High Con-
tent Screening (HCS) instrument to develop an assay with high dynamic
range, sensitivity, and specificity [32]. Elimination of individual dead cells
from quantitation using Sytox Orange Dye allowed for treatment of cells
through a wide range of drug concentrations (typically up to 300 mM),
while measuring for effects only on live cells.

In 2009, a team at JNJ developed a flow cytometric-based method for
detecting PLD in a high-throughput 96-well format [33]. This method uses
the human monocyte cell line THP-1, Invitrogen’s LipidTox reagent for
phospholipid staining, and a live-dead cell stain combination for assess-
ment of cell toxicity. The group claims that one significant advantage of
the method is its sensitivity, exemplified by its ability to identify com-
pounds which cause only a twofold increase in LipidTox retention over
controls.
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PLD assays based on toxicogenomics have also been described. In
2005, Sawada analyzed RNA from treated HepG2 cells using Affymetrix
microarray technology [4]. Analysis of the microarray studies yielded 12
marker genes which could be used as signatures to predict the potential
for PLD. Shortly after another team also published a gene expression-
based assay [34]. While these assays provide important contributions to
understanding the mechanisms occurring during PLD, their broader use
is restricted due to high cost and low throughput.

In conclusion, many methods for assaying compounds for the poten-
tial to cause PLD exist. Each has advantages and disadvantages in terms
of cost, required instrumentation, and desired throughput. Despite these
diverse options, in vitro methods have many limitations. In vitro assays
cannot predict multiorgan PLD, which tissues will be affected, which
species will be affected, or even if there will be a human response to the
drug. For this, additional knowledge gathering is needed.
4. EXAMPLES OF PROJECT RESPONSES TO FINDING PLD

The impact on drug development of finding drug-induced PLD during
toxicological studies has been documented in many disease areas and pro-
jects. In most cases, the induction of PLD has been traced to a direct effect of
the parent molecule. Following the discovery of PLD, teams have used a
variety of approaches to develop new compounds with different physico-
chemicalproperties thatretainpotencyat thepharmacologic targetbutwhich
have reduced probability of inducing PLD. Several examples follow and
additional description and examplesmay be found in a recent review [18].

At Roche, a team working to develop DPP-IV inhibitors found that
compound 1 had many favorable properties but induced PLD in a con-
centration-dependent manner in cultured fibroblasts (at 2.5–20 mM) [35].
Knowing that the ‘‘CAFCA’’ program [25] shows reduced potential for
inducing PLD for compounds with a calculated free energy of amphiphi-
licity (DDGAM) greater than �6 kJ/mol and that 1 had DDGAM ¼ �6.6
they prepared a set of compounds that were predicted to be less amphi-
philic. This effort led to compound 2, which matched the DPP-IV potency
of 1 but which had DDGAM ¼ �5.6 and which did not induce PLD in the
fibroblast assay at its highest tested concentration [20 mM].
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A team at AstraZeneca disclosed that a series of 5-HT1B antagonists,
exemplified by AZD8129 (3, Table 1), had exhibited PLD in preclinical rat
and dog toxicology studies [38]. They used computational modeling and
an in vitro assay [32] to develop a follow-up compound (AZD3783, 4) that
had improved 5-HT1B potency to PLD ratios, both in vitro and in vivo,
compared to 3 (as well as many reference drugs, including amiodarone
and fluoxetine). A comparison of the in vivo dorsal root ganglia and sciatic
nerve responses to these two candidate drugs is shown in Table 1. The
apparent improvement of 4 over 3 illustrates early success in this program
[36]. Dorsal root ganglia [DRG] are a structural unit that is vulnerable to
toxicants, mainly due to fenestrated endothelium and discontinuous cap-
illary basement membranes that enable higher exposures than surround-
ing tissues. DRG are linked functionally to the sciatic nerve. At lower
exposures in a 1-month repeat dose rat study, 3 administration yielded
greater dorsal root ganglia PLD, sciatic neurodegeneration and intrinsic
PLD potency than 4 even as animals were exposed to higher amounts of
4 than 3.

Unfortunately, AZD3783 was also withdrawn from development due
to other toxicities potentially linked to buildup of compound and PLD
(data not shown). So, the team designed 5, a picomolar 5-HT1B antagonist
[37]. Since 5 no longer contained the basic piperazine found in 4, it was no
longer a CAD and was predicted to not be phospholipidogenic. This was
confirmed by its inactivity at 300 mM in the in vitro PLD assay at which
concentration 4 showed 81% inhibition.
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Table 1 AUC levels and in vitro/in vivo PLD potency of 5-HT1B antagonists [36,37]

Compound Total AUC

exposures

mmol*h

In vitro

PLD potency

(EC50) mM

Rat dorsal root

ganglia PLD response

severity(Incidence)a

Rat sciatic nerve

degeneration

severity (Incidence)

3 145 10 þþþ (5/6) þ (2/7)

4 764 164 þþ (5/8) � (0/8)

a Severity (�, no incidence: þ, slight; þþ minimal; þþþ, moderate; þþþþ, severe)/incidence (# rats
responding/# rats tested).
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Teams at several companies developing H3 antagonists have
described needing to overcome PLD. A group at Roche discovered a
naphthalene based series exemplified by 6 [39]. While this compound
had many positive attributes, it was strongly positive in an in vitro PLD
assay at 5 mM and above. Analysis via CAFCA showed that this com-
pound was highly amphiphilic and had DDGAM ¼ �10.4. They explored
replacements for all three regions of the molecule: piperidinyl propyl
ether, amide, and naphthyl core. The new compounds were designed to
decrease amphiphilicity but would still fit an H3-pharmacophore model.
This led to the discovery of 7, a compound which retained most of the H3
potency of 6, and its other positive features but which had DDGAM ¼
�4.27 and did not trigger a PLD flag. Efforts to further reduce DDGAM by
replacing the naphthalene core with quinolone led to unacceptable loses
in H3 potency.
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N

At Abbott a team working on backups to the H3-antagonist ABT-239
(8) disclosed 9, an analog with a basic side chain that was more potent
than amiodarone in a PLD assay in cultured rat hepatocytes [40]. This was
shown to be due to the inhibition of phospholipases upon the binding of
dibasic amines with membranes [41]. By either reducing the basicity of
the second amine by arylating it (e.g., 10) or removing the amine side
chain, they were able to prepare potent H3 antagonists with reduced
PLD-inducing potential.
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Similarly, JNJ researchers disclosed that JNJ-5207852 (11), a potent
selective H3 antagonist, produced PLD following prolonged high expo-
sure in rodents [42]. Since 11was a dibasic CAD with a very high volume
of distribution at steady state (Vdss) and a long t1/2 (multiple days in
brain), the approach used to produce compounds with an improved
safety profile included reducing both the ClogP and the pKa of the two
amines [43]. This initially led to JNJ-10181457 (12), a compound in which
one of the two piperidine groups was replaced with amorpholine. It had a
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much shorter t1/2, with no detectable brain levels remaining after 24 h.
Replacement of the second piperidine and increasing polarity, via incor-
porating an amide linker, led to compounds (13) and (14). These were still
active in vivo and had reduced Vdss, improved clearance (in rats), and did
not exhibit PLD [44].
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An additional complication that teams face is that in rare cases PLD
has been found during in vivo studies even though the compound had not
been predicted to show PLD by earlier assays [19]. In several of
these cases, it has been possible to show that circulating metabolites do
profile in vitro (or in silico) as probable inducers of PLD, thereby providing
a link.
5. CONCLUSION

The original view that PLD is just an adaptive/reversible response has
been replaced by a cautionary one that considers it a sign of a potential
toxicological response. Unfortunately, there is no clear understanding
why some PLD responses, and CAD chemistries, are linked with concur-
rent toxicities and others are not. Until clarification of this occurs, it is
incumbent upon the drug discovery and development community to
minimize the potential for PLD to manifest.

This presents a problem that could potentially be solved by avoiding
all CADs. However, given the number of marketed CADs that is safe and
effective, this option could hinder access to many potentially valuable
treatments. One approach that is illustrated in this review is to use in silico
models and in vitro assays to maximize the target potency/PLD induction
ratio, then confirm with in vivo studies that PLD has been minimized or
eliminated, and that more importantly, related concurrent toxicities
are not occurring. An alternative approach, which targets the same
receptors/disease but avoids CADs and is the subject of much current
research in the field of 7TM-GPCR receptors, is to develop allosteric
modulators [45].
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