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Abstract

The therapeutic usefulness of anticancer agents relies on their ability to exert maximal toxicity to
cancer cells and minimal toxicity to normal cells. The difference between these two parameters
defines the therapeutic index of the agent. Towards this end, much research has focused on the
design of anticancer agents that have optimized potency against a variety of cancer cell types;
however, much less effort is spent on the design of drugs that are minimally toxic to normal cells.
We have previously described a concept for a novel drug delivery platform that relies on the
propensity of drugs with optimal physicochemical properties to distribute differently in normal
versus cancer cells due to differences in intracellular pH gradients. Specifically, we demonstrated
in vitro that certain weakly basic anticancer agents had the propensity to distribute to intracellular
locations in normal cells that prevent interaction with the drug target, and to intracellular locations
in cancer cells that promote drug-target interactions. We refer to this concept broadly as
intracellular distribution-based drug targeting. Here we will discuss current in vivo work from our
laboratory that examined the role of lysosome pH on the intracellular distribution and toxicity of
inhibitors of the Hsp90 molecular chaperone in mice.

Keywords
Intracellular; Drug delivery; Drug targeting; Lysosomes; Anticancer; Heat shock proteins

How a drug distributes and localizes within a cell is a fundamentally important variable in
drug effectiveness. Drug targets typically have well-defined intracellular localization sites.
In order for a drug to exert its action it must not only enter cells but it must also sufficiently
concentrate in the same intracellular compartment that houses its target. For many new and
traditional anticancer agents these targets are localized either in the cell cytosol, for example
heat shock proteins (1-2) and microtubules (3) or in the nucleus, i.e. DNA (4-5), and
topoisomerases (6-7).

We and others have studied how structural and physicochemical properties of drugs
influence their intracellular distribution (8-11). Relevant to this work, we have shown that
many weakly basic molecules are excellent substrates for extensive sequestration in acidic
lysosomes according to an ion trapping-type mechanism (8-9,12). Briefly stated, when in
the relatively neutral cell cytosol, weakly basic molecules with appropriate pKa values will
exist to a significant extent in their un-ionized, membrane-permeable form. Upon crossing
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lipid bilayers of organelles with very acidic luminal pH such as lysosomes, the drug now
exists almost exclusively in its ionized, membrane-impermeable form, which cannot readily
diffuse out of the organelle. This change in ionization state lowers the concentration of the
un-ionized species in the lumen of the organelle, which subsequently drives further drug
accumulation from the cytosol. Such substrates for sequestration in lysosomes are typically
referred to as lysosomotropic, or acidotropic compounds.

The extent of lysosomal sequestration of weakly basic drugs is a relevant therapeutic
consideration. In some instances lysosomal sequestration can account for nearly 100% of the
total drug accumulation within a cell (13-14). Normal cells typically have low lysosomal pH
values around 4.0, and can theoretically concentrate up to 1000-fold higher concentration of
drug compared to the cytosol (15-16). Despite being relatively low, the concentration of
drug in the cytosol is in pseudo-equilibrium with concentrations in the lysosome. The
theoretical lysosome-to-cytosol concentration ratio is dictated by both the pKa of the drug
and the lysosome-to-cytosol pH gradient (9,12,16). Under these circumstances small shifts
in lysosomal pH can profoundly influence drug concentrations in the cytosol, where many
drug targets are localized. This is also important for drugs that have nuclear targets since the
nuclear envelope contains numerous pore complexes that allow for free diffusion of small,
low-molecular weight molecules to and from the cytosol (17).

Interestingly, we and others have shown that some cancer cell lines have defective
acidification of lysosomes (18-21), resulting in a reduction of lysosome-to-cytosol pH
gradients. Consistent with ion trapping theory, this results in a reduced capacity for
lysosomal sequestration in these types of cancer cells relative to normal cells. Consequently,
the cytosolic concentration of lysosomotropic drugs in cancer cells increases, thus allowing
a greater amount of drug to interact with cytosolic and/or nuclear targets than is the case in
normal cells with low lysosomal pH. It is the resulting change in drug distribution between
normal and cancer cells that we propose can provide the basis for intracellular distribution-
based (IDB) drug targeting.

Traditional drug targeting approaches generally utilize strategies that facilitate drug
accumulation in cancer cells while limiting accumulation in normal cells (22-24). This
approach is fundamentally different from the IDB drug targeting approach, which assumes
drug accumulates equally in normal versus cancer cells. The IDB approach then exploits
drug distribution differences to enhance drug activity in cancer cells.

In order to conduct initial proof-of-concept evaluation of the aforementioned IDB drug
targeting platform, we tested inhibitors of the molecular chaperone Hsp90, with or without
lysosomotropic properties. Hsp90 inhibitors were an attractive choice since they have
cytosolic targets; therefore, their activity should be responsive to the degree of lysosomal
sequestration, or lack thereof. The inhibitor geldanamycin (GDA) and its structural analogs
were particularly well-suited for our evaluations since GDA is neutral and therefore non
lysosomotropic, yet is amenable to modification at the 17-position to create analogs with
lysosomotropic properties. Most importantly, these modifications have been shown to have
little or no impact on Hsp90 binding affinity (25). Consequently, much of our work focused
on comparative studies using GDA and its analog, 17-DMAG. 17-DMAG is weakly basic
with a pKa of approximately 7.6 (12), which makes it an ideal candidate for sequestration in
lysosomes through ion trapping. Accordingly, the degree of 17-DMAG interaction with
cytosolic Hsp90 should be sensitive to changes in lysosomal pH (i.e., greater interaction in
cancer-like cells with elevated lysosomal pH and reduced interactions in cells with normal
lysosomal pH). Conversely, the drug target interaction and activity of GDA should be
insensitive to changes in lysosomal pH considering that it is not lysosomotropic. An
illustrative overview of the IDB drug targeting platform is presented in Figure 1.
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We have previously published studies evaluating this IDB drug targeting platform in vitro
using cultured cells with low or elevated lysosome pH (12). Quantitative evaluations of
lysosome-to-cytosol concentration ratios of neutral and weakly basic inhibitors
demonstrated that lysosome-to-cytosol concentration ratios for lysosomotropic inhibitors
decreased in cells with elevated lysosomal pH (i.e., cancer-like cells). Alternatively, the
lysosome-to-cytosol concentration ratio for the non-lysosomotropic GDA was low (near 1)
and was not influenced by lysosomal pH. Consistent with these quantitative observations,
we found that 17-DMAG was much more toxic (lower I1Csg) to cells with elevated
lysosomal pH compared to cells with normal, low lysosomal pH. Collectively, these
experiments suggest that elevations in lysosomal pH cause an intracellular redistribution of
weakly basic drugs that increase selectivity against cancer cells (with higher lysosomal pH).

The previous studies suggest that design or modifications of cancer drugs to impart
lysosomotropic properties should be beneficial in promoting IDB drug selectivity. However,
a significant concern remained regarding whether or not purposefully targeting toxic
anticancer agents to lysosomes imparted a degree of safety in in vivo applications. In the
current study, we specifically tested whether sequestration of anticancer drugs in lysosomes
can reduce drug-induced toxicity in vivo. Our hypothesis predicts that control mice (normal
lysosomal pH) will have a high degree of sequestration of a lysosomotropic drug, thus
limiting the exposure to extra-lysosomal targets and the drug will therefore be relatively
non-toxic. This model also predicts that in experimental mice (with elevated lysosomal pH),
lysosomal sequestration will be reduced, thus increasing both cytosolic drug-target
interactions and toxicity.

To directly test our hypothesis in mice we utilized a novel approach to increase lysosomal
pH in vivo using the anti-malarial drug, chloroquine. Cell culture based methods to raise
lysosomal pH, such as targeting the vacuolar-H+-ATPase with inhibitors such as
concanamycin A (26), are effective, but their safety in vivo have not been established.
Alternatively, chloroquine has been shown to increase lysosomal pH in cultured cells (27),
and is known to be well tolerated in mice and humans (28). Therefore, to induce changes in
lysosomal pH we dosed mice with CQ at 50 mg/kg/day for 5 days. Our method to assess
lysosomal pH in vivo utilizes Oregon Green-dextran, which is a pH sensitive fluorescent
probe used routinely to determine lysosomal pH in cultured cells (29). Mehvar and
colleagues have shown that dextran polymers of the size used in this study (70 kD) are
specifically localized within the liver immediately after administration and remain there
virtually unchanged for up to 48 hours (30). We reasoned that sustained localization of the
dextran polymers in the vicinity of the hepatocyte would allow for them to be endocytosed
and reach terminal lysosomes. Mice were therefore dosed with Oregon Green dextran and 6
hours after injection livers were harvested for determination of lysosomal pH. As shown in
Figure 2, the Oregon Green fluorescence was associated with the liver in both untreated and
CQ treated mice. Subsequent analysis in isolated hepatocytes confirmed that the dextran
indeed localized to the lysosomes (31). The lysosomal pH of CQ treated mice was found to
be significantly higher than in untreated control mice (Figure 2). These novel methods for
modulating and evaluating lysosomal pH in vivo and the finding that CQ can significantly
raise lysosomal pH after 5 days of treatment is noteworthy. The dose of CQ used in our
studies was approximately 5 times higher than standard therapeutic doses. Accordingly, it is
not known if typical therapeutic doses of CQ used in humans can elevate lysosomal pH and
cause changes in intracellular distribution of co-administered weakly basic drugs.

Using mice with normal or elevated lysosomal pH, we evaluated the effects of lysosomal pH
on drug-induced toxicity. Consistent with our hypothesis, our results indicate that the
weakly basic Hsp90 inhibitor 17-DMAG was significantly more toxic to CQ-treated mice
(elevated lysosomal pH) compared to control mice (normal lysosomal pH). Importantly, we

Mol Cell Pharmacol. Author manuscript; available in PMC 2011 January 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ndolo et al.

Page 4

demonstrated that the toxicity of a non-lysosomotropic Hsp90 inhibitor (GDA) to mice was
not influenced by the lysosomal pH status of mice. This finding suggests that the CQ
treatment did not generally enhance the toxicity of this class of inhibitors, but that enhanced
toxicity was limited to inhibitors with lysosomotropic properties. In a control experiment,
we demonstrated that CQ treatment did not significantly alter the pharmacokinetics of either
GDA or 17-DMAG. Specifically, we showed that tissue-to-plasma concentration ratios for
the inhibitors were not significantly influenced by the CQ treatment. This control
experiment is particularly important because it strongly supports the conclusion that the
increased toxicity of 17-DMAG in mice treated with CQ was due to an intracellular
redistribution of the drug from lysosomes to cytosol.

Collectively, this work illustrates, in an in vivo system, the influence of intracellular
distribution of drugs on their ability to interact with intended targets and elicit a therapeutic
response. Because 17-DMAG is not fluorescent, it is not possible to directly view the
predicted changes in intracellular distribution that are likely occurring in our studies (as
depicted in Figure 1). However, we propose that, in principle, other fluorescent weakly basic
amines should have a similar intracellular distribution based on ion trapping principles. As
described previously, the pKa value of a membrane permeable weakly basic molecule is a
known predictor of the degree of lysosomal sequestration (9). Considering this, we
evaluated the intracellular distribution of Lysotracker Red (LTR) which has a pKa value
nearly identical to 17-DMAG (7.5 versus 7.6, respectively), and should therefore have
similar pH-dependent changes in intracellular distribution. Since the fluorescence of LTR
make it readily detectable using fluorescence microscopy, we evaluated the intracellular
distribution of LTR in cells grown in culture with or without CQ treatment, analogous to
what was done in our current, in vivo, work. In normal human fibroblasts with low
lysosomal pH, LTR is almost exclusively localized in acidic lysosomes, with very little
accumulation in the cytosol (see Figure 3). We pretreated the same human fibroblasts with
CQ in an attempt to mimic the situation with CQ-pretreated mice. In these cells the LTR is
still localized to lysosomes; however, the degree of sequestration is reduced and LTR has
noticeably redistributed to the cytosol to a greater extent than in control cells. This is
particularly evident under high magnification (see Figure 3). This observation is consistent
with the implication that in CQ-pretreated mice, 17-DMAG distributes to a greater extent in
the cytosol, which promotes interactions with cytosolic Hsp90 and therefore greater drug-
induced toxicity is observed.

As previously discussed, lysosomal pH has been shown to be abnormally elevated in certain
cancer cell types. To visualize the impact of this abnormal acidification on the distribution
of a lysosomotropic compound, we incubated HL60 human leukemic cells that have
elevated lysosomal pH (without CQ treatment) with LTR (Figure 3). These cells appear to
have a higher degree of cytosolic LTR fluorescence than normal fibroblasts and appear
similar to CQ-pretreated cells evaluated in this work. We propose that these differences in
intracellular distribution may be, at least partially, responsible for the observed differences
in drug selectivity against cancer cells with elevated lysosomal pH. It is undeniable that
intrinsic differential selectivity of a cancer drug relies on key biochemical and/or
proliferation differences that exist between normal and transformed cells (32-33). However,
our results suggest that differences in intracellular distribution between normal and cancer
cells may provide an additional degree of selectivity.

On the whole, the IDB anticancer drug selectivity platform described here would suggest
that weakly basic anticancer agents with lysosomotropic potential might preferentially exert
toxic effects toward cancer cells as a result of favorable differences in intracellular
distribution between normal cells and cancer cells with elevated lysosomal pH. A large
number of successful anticancer agents already possess some degree of lysosomotropic
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potential. It is tempting to speculate that cancer drugs with fully optimized lysosomotropic
properties could have even further improved differential selectivity. Accordingly, future
studies in this area could lead to the development of new anticancer agents that are rationally
designed to exploit differences in intracellular pH gradients between normal and cancer
cells. It is important to realize that such drugs would have improved therapeutic index not
because of improved potency against cancer cells, but instead because of reduced toxicity
toward normal cells.
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Figure 1. Diagrammatic overview of the intracellular distribution-based (IDB) drug targeting
platform

IDB drug targeting capitalizes on differences in intracellular distribution behavior that exist
for lysosomotropic drugs in cells with low (normal) and elevated lysosomal pH (cancer).
Drugs (represented as red dots) with lysosomotropic properties will be extensively
sequestered in lysosomes of normal cells and will have relatively little interaction with
cytosolic targets (top left cell). The same lysosomotropic drug will localize differently in
cancer cells with elevated lysosomal pH (top right cell). Specifically, the drug concentration
in the lysosomes of cancer cells will be reduced and the concentration in the cytosol will
concomitantly increase. The increase in cytosolic levels of the drug allows for greater
interaction with targets and an increased therapeutic response. Anticancer drugs without
lysosomotropic properties will not differentially localize in normal and cancer cells
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regardless of lysosomal pH status (lower cells) and drug-to-drug target interactions will not
be affected.
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Figure 2. Oregon Green dextran (70 kD) localizes extensively in livers of CQ-treated and
untreated mice

Mice were dosed with 50 mg/kg/day chloroquine i.p. (or with normal saline vehicle control)
for 5 days prior to a tail vein injection of 0.5 mg Oregon Green-labeled dextran. To visualize
dextran localization, livers were extracted and imaged using the Maestro In Vivo Imaging
system. Lysosomal pH of liver cells was found to be significantly elevated in mice treated
with CQ. Lysosomal pH values were obtained by calibrating intracellular pH to known
values using the ionophores nigericin (10uM) and monensin (20uM). The microscopically
determined lysosomal pH values obtained from mice livers, with or without CQ treatment,
are shown (pH values are mean + SD, n=3).
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human skin fibroblast HL60 human skin fibroblast
(normal) (cancer) (+ CQ)

Figure 3. The lysosomotropic fluorophore Lysotracker Red (LTR) has enhanced cytosolic
localization in cells with elevated lysosomal pH (cancer cells and CQ-treated normal cells)
relative to untreated normal cells

Normal fibroblasts have a low lysosomal pH (4.2) and localize the LTR almost exclusively
in punctate compartments, which are presumed to be lysosomes (or other very low pH
compartments). The human leukemic HL60 cell line has elevated lysosomal pH (6.5) and
therefore would have reduced capacity for LTR sequestration. Consistent with this, the LTR
in HL60 cells shows considerably greater diffuse cytosolic fluorescence. Similar to the
HL60 cells, normal fibroblasts pretreated with CQ have elevated lysosomal pH. These CQ-
treated cells have enhanced cytosolic fluorescence, very similar to cancer cells with elevated
lysosomal pH. All cells shown have been incubated identically with Lysotracker Red
(100nm for 30 minutes). Cells treated with CQ were incubated with 200uM CQ for 30 min
prior to incubation with LTR. The cells were washed 3 times with PBS prior to viewing on
an upright epifluorescence microscope with identical lamp power and exposure time.

Mol Cell Pharmacol. Author manuscript; available in PMC 2011 January 25.



