Journal of Life Sciences JoLS
Vol. 2, No. 4, December 2020 www.JournalofLifeSciences.Org
Modulating lysosomal pH: a molecular and nanoscale materials design perspective
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Abstract Lysosomes, membrane-bound organelles, play important roles in cellular processes including
endocytosis, phagocytosis, and autophagy. Lysosomes maintain cellular homeostasis by generating a
highly acidic environment of pH 4.5 — 5.0 and by housing hydrolytic enzymes that degrade engulfed
biomolecules. Impairment of lysosomal function, especially in its acidification, is a driving force in the
pathogenesis of diseases including neurodegeneration, cancer, metabolic disorders, and infectious
diseases. Therefore, lysosomal pH is an attractive and targetable site for therapeutic intervention.
Currently, there is a dearth of strategies or materials available to specifically modulate lysosomal
acidification. This review focuses on the key aspects of how lysosomal pH is implicated in various diseases
and discusses design strategies and molecular or nanoscale agents for lysosomal pH modulation, with the
ultimate goal of developing novel therapeutic solutions.

Introduction

Lysosomes are membrane-bound vesicles that
play key roles in the degradation and recycling of
extracellular and intracellular materials, hence
maintaining crucial cellular homeostasis and
immune  functions. Lysosomes  contain
numerous hydrolytic enzymes that degrade
biological polymers such as proteins, lipids,
nucleic acids and polysaccharides.” Lysosome
function is tightly regulated by pH. Lysosomes
are gaining increased attention for their role in
cellular processes such as nutrient sensing,
energy metabolism, as well as autophagy. A
detailed discussion of these processes have been
reviewed elsewhere®. Basal lysosomal pH is pH
4.5-5.0 with a buffering capacity of 19t6mM/pH
unit', and multiple channels including chloride
channels (e.g. CLC-7, CLC-6, CLC-3), calcium
channels (e.g. TRPML1) and V-ATPase’, regulate
this maintenance.

Dysregulation of lysosomal acidification, and
defects in lysosome-organelle fusion lead to
impairment of endocytic function, autophagic
degradation, macromolecules biogenesis and
transport?, and are observed in proteinopathic
neurodegenerative diseases, metabolic
disorders, and immunological diseases.
Lysosomal acidification dysfunction also affects
the activity of other organelles, such as
mitochondria, leading to increased production of
reactive oxygen species and inflammatory
cytokines®’, thereby contributing to the
pathogenesis of inflammatory diseases, cancer,
and infectious diseases. Therefore, modulation
of lysosomal acidification or pH is an increasingly
important therapeutic target for disease
management. In this review, we discuss the
significance behind lysosomal pH modulation in
diseases, with a focus on the major material
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design considerations for developing novel
agents that specifically modulate lysosomal pH.

Lysosomal pH role and implication in disease
pathogenesis

Lysosomes are the terminal degradative
site/organelle for various cellular processes,
including autophagy, which is an essential
quality control machinery in the cells that
degrade intracellular materials. Enhanced
activation of the lysosome-autophagy process is
being recognized as a driving force in the
progression of numerous cancers, as it enables
efficient nutrient scavenging and growth in
nutrient-poor microenvironments®.
Furthermore, the inhibition of lysosome-
autophagy pathway leads to an increase in
cellular apoptosis in tumors®. In pancreatic and
lung adenocarcinomas, a lysosome mediated
autophagic process systematically recycles
cellular components, which provides nutrients
for tumor growth in nutrient-deprived
microenvironments. For instance, pancreatic
ductal adenocarcinoma cells obtain essential
amino acids and nucleotides from the lysosome-
autophagy process when there is limited
extracellular supply of these nutrients®. Small
molecules such as chloroquine (CQ),
hydroxychloroquine (HCQ) and its derivatives
inhibit lysosomal acidification through elevating
lysosomal pH, thereby reducing autophagic
degradation, and are effective in reducing cancer
progression in refractory multiple myeloma,
glioblastoma, melanoma, and breast cancer
models'®™**. Lysosome-autophagy processes are
also implicated in the pathogenesis of viral
diseases such as the human immunodeficiency
virus (HIV) and the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). In
dendritic  cells, HIV inhibits lysosomal
acidification and decreases lysosomal enzyme
(e.g., cathepsins) activity. This effect impairs the
digestion of viral particles, and reduces the
ability of dendritic cells to inhibit antigen
processing presentation to T cells'>. Additionally,
the inhibition of lysosomal acidification with
lysosomal V-ATPase inhibitor, Bafilomycin A1,
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increases the HIV-1 SF2 viral strain infectivity by
close to 50 times'®. SARS-CoV-2 viral particles
bind to ACE2 receptor and localize to the
endolysosomal system, where the low pH
environment cleaves the viral proteins and
releases the viral RNAY. Treatment with E64d
cysteine protease inhibitor, which blocks
lysosomal enzymatic function, and Bafilomycin
A1, which elevates lysosomal pH, blocks SARS-
CoV-2  S-protein-mediated  endolysosomal
entry'”*®. In clinical trials, where SARS-CoV-2
patients have been treated with HCQ, moderate
responses in reducing SARS-CoV-2 viral load are
seen®. In autoimmune diseases such as lupus,
significant lysosomal pH elevation is present
both in MRL/Ipr mice (i.e., lupus disease mouse
model) and splenic B cells compared to normal
controls. This lysosomal pH elevation results in
the reduction of lysosomal cathepsins and
membrane proteins activity, inhibits elimination
of immune complexes that accumulate as a
result of deficits in complement, as well as
reduces expression of scavenger receptors and
increases expression of Fcy receptors®®, which
initiate tissue inflammation through the release
of harmful cytokines and chemokines®. In
Parkinson’s disease (PD) patients carrying
mutations in the SNCA gene, which encodes for
the presynaptic protein a-synuclein, formation
of insoluble a-synuclein-containing aggregates
disrupts the autophagy process, and inhibits
lysosomal acidification®”**. Similarly, in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP) or 6-hydroxydopamine (6-OHDA))
induced experimental PD model, the exposure of
neuroendocrine cells (e.g., PC-12 cells) to these
neurotoxins results in mitochondria dysfunction,
along with lysosomal pH elevation®**.
Alzheimer’s disease is characterized by
intracellular aggregates of the tau protein and
extracellular B-amyloid (AB) plaques. Lysosomal
acidification dysfunction affords mutations in
the gene encoding the presenilin-2 component
of the vy-secretase enzyme, leading to
accumulation of cleaved A plaques®®*?’. In Down
syndrome neurodevelopmental disorder which
can lead to early-onset Alzheimer's disease,
elevation of [ cleaved carboxy terminal



Zeng et al.

fragment of APP (APP-BCTF) results in lysosomal
pH elevation and cellular dysfunction®®. Retinal
pigmented epithelial (RPE) cells degrade both
intra- and extracellular debris generated by
autophagic degradation as well as phagocytosed
photoreceptor outer segments. Chronic
exposure of RPE cells to N-retinylidene-N-
retinylethinolamide (A2E), a byproduct of the
visual phototransduction cycle, affords de-
regulation of lysosomal acidification, autophagy
inhibition and accumulation of cellular waste,
contributing to the pathogenesis of age-related
macular  degeneration®®3%. In  metabolic
disorders such as type Il diabetes, pancreatic -
cells that have been chronically exposed to fatty
acids (e.g., palmitic and oleic acids) show
lysosomal acidification dysfunction, along with
decreased mitochondrial activity and insulin
sensitivity*®*.  Likewise, hepatocytes and
cardiomyocytes exposed to high levels of fatty
acids exhibit disrupted lysosomal acidification
and cellular dysfunction®***’. In sum, lysosomal
pH plays a key role in disease pathogenesis, and
it is imperative to design agents that specifically
modulate lysosomal pH and rescue the
associated cellular function impairments.

Biomaterial design strategies for modulating
lysosomal pH

Currently, there are Ilimited agents that
specifically target lysosomal pH. The following
design components or modules should be
considered when synthesizing a novel material
or agent to modulate lysosomal pH: 1) a
lysosome localizing signal/motif or a delivery
mechanism that enables efficient lysosome
targeting; 2) a stimuli responsive biodegradable
linker that affords degradation of the material
within the lysosomal environment; and, 3) a
liberated functional group from the degradation
process, which is basic and increases lysosomal
pH, or acidic and decreases the lysosomal pH.
These design strategies are summarized in
Figure 1.

Mechanism to ensure efficient targeting to the
lysosomes
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Key to this strategy is the targeting of materials
— molecular or nanosized to the lysosome.
Specific lysosome targeting is important because
unspecific organelle targeting can potentially
affect other organelles, such as the
mitochondria, which in turn crosstalk and
modulate lysosomal function as well®****°, One
approach for lysosomal specific targeting is
through the conjugation of lysosomal membrane
targeting motifs, which enable specific uptake
via receptor mediated endocytosis. In general,
there are two classes of motifs for lysosomal
targeting: A) tyrosine-based (Y) motif with YXX¢
consensus sequence, where X can be any amino
acid and ¢ is amino acid with bulky hydrophobic
side chain that mainly targets the transferrin
receptor, LAMP-1 or CD1%, and B) dileucine-
based motif with either a [DE]XXXL[LI] (i.e., the
square brackets indicate alternatives) or a DXXLL
pattern*'™, Additionally, the
(aminoethyl)morpholine chemical group is a
lysosome targeting motif****. Alternatively,
conjugation of a small molecule to the mannose-
6-phosphate group or derivative affords
lysosome accumulation as the sugar s
recognized by the Golgi and subsequently
transported to the endosomal/lysosomal
system*®*. For instance, the lysosome targeting
chimeras (LYTACS), which composes of a target
binding moiety (e.g., small molecule) linked to
mannose-6-phosphonate (M6Pn), a CI-M6PR
binding ligand, allow for specific lysosome
localization®®. Ahn et al. further modified the
LYTACs design to be liver cell specific, through
conjugation of an asialoglycoprotein receptor,
which recognizes glycoproteins bearing N-
acetylgalactosamine or galactose ligands
present on liver cells®. To target specifically to
brain cells, blood barrier targeting peptides are
also used™.

A second general strategy is to use nanosized
particles, of diameters ranging from 25 —-200 nm,
which rapidly uptake into cells and localize to
subcellular organelles (e.g., lysosomes) via
endocytosis®>*2. The sizes and shapes of these
nanoparticles are finely tuned by varying the
material, synthesis methods, and types of
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surface ligand, which also influence their
targeting and localization efficiency®. To
improve the lysosomal targeting and localization
efficiency of hydrophilic CQ and HCQ molecules
(Figure 2), encapsulation of these small
molecules in poly (lactic acid) nanoparticles
affords higher efficacy in reducing Herpes
simplex virus type 1 infections in VeroE6 cells
compared to either using CQ or HCQ alone®**>.
In another instance, CQ encapsulated poly
(lactic-co-glycolic) acid  polyester  (PLGA)
nanoparticles increase autophagy inhibition in
A549 multidrug resistance cells*®. HCQ loaded
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hollow mesoporous silica nanoparticles localize
to lysosomes and improve autophagic inhibition
and therapeutic efficacy in colon tumor tissues®’.
HCQ loaded liposomes decorated with a pH-
sensitive TH-RGD targeting peptide increase
accumulation of HCQ in B16F10 tumor cells and
lysosomes, leading to blockage of autophagic
flux in tumor cells, along with reduced tumor
growth®®.  Finally, liposomal nanocarriers
modified with octadecyl-rhodamine B, localize to

lysosomes, suggesting that this is another
approach to targeting lysosome

accumulation®°,
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Figure 1. Schematic showing the material design strategies, including a cell membrane targetable ligand, which
allows for lysosomal localization via receptor mediated endocytosis, a stimuli responsive linker that is degradable,
and a liberated group that can modulate lysosomal pH. This schematic is created with BioRender.com.

Stimuli responsive biodegradable linkages

Polymers with weakly acidic or basic residues are
often utilized as pH-responsive polymers. This
group of polymers includes polyesters,
polyanhydrides, polycarbonates and others, and
their properties and synthesis procedures have
been reviewed elsewhere®. Polyesters can be
readily hydrolyzed in mild aqueous acid to
release carboxylic acids groups. For instance,
poly (lactic-co-glycolic) acid polyester (PLGA)
based nanoparticle, with an ester linkage,
release carboxylic acid upon contact with the
low lysosomal pH environment (i.e., pH 6.0), and

further lower lysosomal pH in MPTP-induced
PD**®, type Il diabetes®” and age-related
macular degeneration®’ disease cell models.
Polyanhydrides also degrade into component
carboxylic acids; however, polyanhydrides
generally have a lower degree of dissociation
and do not change pH value as much as
polyesters within similar time frame of
degradation®*®*. The lysosomal environment
contains enzymes, such as cathepsins, which
hydrolyze and degrade chemical linkages, hence
several research groups are investigating
cathepsin B enzyme specific degradable linkages
that enable specific compound release upon
enzymatic cleavage®. Apart from leveraging the
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lysosomal environment as a stimuli/trigger,
light-activated cleavable linkages are also
employed to release acids to modulate
lysosomal pH. Using a UV-light (e.g., 365 nm)
labile biodegradable linkage group, 1-(2-
nitrophenyl)ethan-1-ol, Trudeau et al. reduce
lysosomal pH in pancreatic B-cells under chronic
exposure to palmitic acid, through the release of
carboxylic acid groups from a nanoparticle®***.
Other externally applied stimuli include near-
infrared (750 nm) responsive cleavable linkages,
which enable higher tissue penetration depth
compared to UV light, and are of utility for
applications in in vivo models®. Such near-
infrared systems are worthy to explore for this
application.

Liberated basic/acidic functional groups
increase/decrease lysosomal pH

To either increase or decrease lysosomal pH, the
component group released upon cleavage by the
acidic lysosomal environment or enzyme should
be either a base or an acid. The pKa of the
released component should be higher than the
basal lysosomal pH (4.5 — 5.0) for pH elevation,
or lower than the basal level for pH reduction.
Small molecules such as hydroxychloroquine
(HCQ) (pKas of 4.0, 8.3 and 9.7), and chloroquine
(CQ) (pKas of 4.0, 84 and 10.2), elevate
lysosomal pH, due to the presence of basic side
chains, which allows it to act as weak bases®’. In
African green monkey kidney VeroE6 cells
infected with the SARS-CoV-2 virus, the addition
of either CQ or HCQ inhibits lysosomal
acidification, along with a reduction in virus
multiplicities of infection®®. Analogues of
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CQ/HCQ, such as Nitazoxanide (pKa 8.3) and
ROC-325 (pKa 8.3)%%7°, also inhibit lysosomal
acidification, and reduce glioma and acute
myeloid leukemia cell viability and proliferation,
respectively (Figure 2)°**. Small molecules I1TZ-
01 (pKas 4.7, 5.4, 11.54, 12.54 13.7, 54.88) and
[ITZ-02 (pKa 4.75, 5.42, 11.56, 12.65, 14.49),
which are benzimidazole containing two s-
triazine analogs, are basic and de-acidify
lysosomes and inhibit tumor growth in triple
negative breast cancer cellular and mouse
models®. Comprising of two basic pyrrole
groups, obatoclax mesylate (pKas 4.68, 13.97)
also elevate lysosomal pH in ovarian cancer
models, thereby contributing to cell death’>”*.
Contrary to releasing basic groups to elevate
lysosomal pH, Hong et al. synthesized
compounds based on lysosome-targeting
fluorescent anion transporters derived from
coumarins, trifluoromethylated arylsquaramides
and morpholines, which elevate lysosomal pH
through increasing chloride ions efflux out of the
lysosomes’”.

In contrast, the number of compounds that
lower lysosomal pH is substantially smaller.
Materials that release acidic components to
lower the lysosomal pH include the polyester,
poly (lactic-co-glycolic acid) (PLGA). PLGA
degrades in an acidic environment to release
lactic and glycolic component carboxylic acids
with pKas of 3.86 and 3.83 respectively®?,
resulting in lysosomal pH reduction in various
disease models with elevated lysosomal
pH*#>317>7¢ The chemical structures for these
agents or materials mentioned above are shown
in Figure 2.
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Figure 2. Agents that are currently being investigated for lysosomal pH modulating applications. This can be
categorized into agents that can either A) elevate lysosomal pH, or B) lower lysosomal pH. This figure is created with

BioRender.com.

Conclusion

Lysosomal pH is an important modulator of
various cellular processes. Herein, we review the
significance of lysosomal acidification in disease
pathogenesis, as well as material designs and
strategies to ensure efficient lysosomal targeting
and modulation of lysosomal pH. These
strategies include the presence of a lysosome
targeting motif, a stimuli-responsive degradable
linker, either acidic or basic functional groups,
and the potential to encapsulate or deliver active
agents in the form of nanoparticles. Depending
on the specific applications, some or all the

design strategies are applicable to the materials
in development. To ensure that the change in
cellular function is solely due to a change in
lysosomal pH, it is also important to design
experiments with proper controls, such as
through the addition of lysosomal V-ATPase
inhibitor Bafilomycin A1, and lysosomal protease
inhibitor, E64d. Since lysosome function can also
affect other organelle functions (e.g.,
mitochondria function), it is prudent to assess
the function of these organelles, along with
lysosomal functional changes. Finally, evaluation
of these materials or agents in in vivo models to
determine efficacy and
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pharmacokinetic/pharmacodynamic parameters
is critical to pre-clinical development. With
proper experimental controls and designs, we
will gain a better mechanistic understanding of
the effect of lysosomal pH on downstream
cellular processes and insights on optimizing
agents that control lysosomal acidification to
rescue cellular dysfunctions. Our vision is to
translate these materials or concepts into
therapeutic agents.
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