
Original Article
Endocytic Profiling of Cancer Cell Models
Reveals Critical Factors Influencing LNP-
Mediated mRNA Delivery and Protein Expression
Edward J. Sayers,1 Samantha E. Peel,2 Anna Schantz,3 Richard M. England,4 Maya Beano,5 Stephanie M. Bates,5

Arpan S. Desai,6 Sanyogitta Puri,6 Marianne B. Ashford,6 and Arwyn T. Jones1

1School of Pharmacy and Pharmaceutical Sciences, Cardiff University, Redwood Building, King Edward VII Avenue, Cardiff CF10 3NB, Wales; 2Discovery Biology,

Discovery Sciences, IMED Biotech Unit, AstraZeneca, Cambridge, UK; 3Advanced Drug Delivery, Pharmaceutical Sciences, IMED Biotech Unit, AstraZeneca,

Gothenburg, Sweden; 4Early Chemical Development, Pharmaceutical Sciences, IMED Biotech Unit, AstraZeneca, Macclesfield, UK; 5Pathology, Drug Safety and

Metabolism, IMED Biotech Unit, AstraZeneca, Cambridge, UK; 6Advanced Drug Delivery, Pharmaceutical Sciences, IMED Biotech Unit, AstraZeneca,

Cambridge, UK
Received 8 April 2019; accepted 26 July 2019;
https://doi.org/10.1016/j.ymthe.2019.07.018.

Correspondence: Arwyn T. Jones, School of Pharmacy and Pharmaceutical Sci-
ences, Cardiff University, Redwood Building, King Edward VII Avenue, Cardiff
CF10 3NB, Wales.
E-mail: jonesat@cardiff.ac.uk
Correspondence: Marianne B. Ashford, Advanced Drug Delivery, Pharmaceutical
Sciences, IMED Biotech Unit, AstraZeneca, Cambridge, UK.
E-mail: marianne.ashford@astrazeneca.com
Lipid nanoparticles have great potential for delivering nu-
cleic-acid-based therapeutics, but low efficiency limits their
broad clinical translation. Differences in transfection capacity
between in vitro models used for nanoparticle pre-clinical
testing are poorly understood. To address this, using a clini-
cally relevant lipid nanoparticle (LNP) delivering mRNA, we
highlight specific endosomal characteristics in in vitro tumor
models that impact protein expression. A 30-cell line LNP-
mRNA transfection screen identified three cell lines having
low, medium, and high transfection that correlated with pro-
tein expression when they were analyzed in tumor models.
Endocytic profiling of these cell lines identified major differ-
ences in endolysosomal morphology, localization, endocytic
uptake, trafficking, recycling, and endolysosomal pH, identi-
fied using a novel pH probe. High-transfecting cells showed
rapid LNP uptake and trafficking through an organized endo-
cytic pathway to lysosomes or rapid exocytosis. Low-transfect-
ing cells demonstrated slower endosomal LNP trafficking to
lysosomes and defective endocytic organization and acidifica-
tion. Our data establish that efficient LNP-mRNA transfec-
tion relies on an early and narrow endosomal escape window
prior to lysosomal sequestration and/or exocytosis. Endocytic
profiling should form an important pre-clinical evaluation
step for nucleic acid delivery systems to inform model selec-
tion and guide delivery-system design for improved clinical
translation.

INTRODUCTION
mRNA-based therapeutics are an important emerging class of
drugs1–3 designed to produce therapeutic proteins. They provide a
promising alternative approach for the treatment of diseases where
conventional drugs have been unsuccessful. mRNA-based therapeu-
tics, unlike DNA-based therapeutics, do not require nuclear delivery,
thus minimizing the risk of genomic integration, and have the addi-
tional advantage that protein expression is triggered almost immedi-
ately after cytosolic entry.4
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The unmet major challenge for mRNA and other nucleic-acid-based
therapeutics is achieving effective intracellular delivery, such that
sufficient cargo enters the cytosol to mediate a biological and thus
therapeutic effect. Chemical modifications to RNA confer increased
stability and reduced immunogenicity, thereby facilitating expression
of a range of therapeutic proteins.5 However, delivering long, nega-
tively charged nucleic acids into the cytosol of target cells while avoid-
ing degradation still represents a significant challenge.

Both viral6 and non-viral7 delivery vectors have been extensively inves-
tigated for nucleic-acid-based therapies and some have progressed to
clinical trials. Non-viral delivery systems such as lipids and polymers
can complex with nucleic acids, mediate endocytic cell uptake and
facilitate endosomal escape.8–10 Lipid-based nanoparticles (LNPs),
consisting of an ionizable cationic lipid, cholesterol, phospholipid,
and a poly(ethylene glycol) lipid, have received a great deal of research
interest and have progressed into a number of clinical trials7,11 and
Onpattro (patisiran) has been recently being approved for delivery of
small interfering RNA (siRNA) to liver for treatment of polyneurop-
athy of hereditary transthyretin-mediated amyloidosis (https://www.
alnylam.com/our-products/).12 Post-systemic administration, LNPs
are thought to undergo relatively rapid desorption of the polyethylene-
glycol (PEG) lipid, adsorption of ApoE and other plasma proteins, fol-
lowed by intracellular uptake through LDL or related receptors.13 The
ionizable lipid component of the LNP is the main driver facilitating
pH-dependent endosomal escape and cytosolic availability of the
payload. Upon exposure to acidic pHs in the endolysosomal system,
erican Society of Gene and Cell Therapy.

https://www.alnylam.com/our-products/
https://www.alnylam.com/our-products/
https://doi.org/10.1016/j.ymthe.2019.07.018
mailto:jonesat@cardiff.ac.uk
mailto:marianne.ashford@astrazeneca.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2019.07.018&domain=pdf


Figure 1. LNP-Mediated Delivery of EGFP mRNA in

In Vitro and In Vivo Tumor Models

(A) Cells were incubated with LNP containing mRNA ex-

pressing EGFP for 48 h. EGFP expression was captured

every 4 h, and data shown is peak expression following

the addition of 30 ng LNP/well. Values represent the

mean, error bars the SEM. All data represents four inde-

pendent experiments (run in duplicate) with the exception

of HCC70 (n = 2), HS940T (n = 3), PE/CA-PJ15 (n = 2),

and SCC-9 (n = 2). Cell lines above dashed green line are

high expressors, and cell lines below dotted red line are

low expressors; note log scale. (B) Cells were incubated

with LNP containing mRNA expressing EGFP (green),

fixed, and counterstained with Hoechst at 24 or 48 h post-

LNP transfection and imaged on an ImageXpress at

10� magnification. (C) LNP containing luciferase mRNA

were injected into HCT116, H358, and CT26.WT tumor

sites of nude or BALB/c mice using a final volume of 30 mL

per injection (LNP in PBS). The tumor was excised after

6 h and assayed for luciferase expression. LLOQ, lower

level of quantification. p values calculated using two-way

ANOVA; see Supplemental Information. *p < 0.05,

**p < 0.01, ***p < 0.01.
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LNPs interact with counter-charged anionic lipids of the inner endoso-
mal membrane and create fusogenic hexagonal non-bilayer structures
that facilitate cargo release.12,14 The ionizable cationic lipid DLin-MC3-
DMA, pKa 6.4,15 was found to be the most potent lipid when
formulated into LNPs with both siRNA15 (gene silencing) and
mRNA16 (protein expression) in vitro and in vivo.

Cell culture systems still represent important pre-clinical models to
assess target engagement and the delivery efficiency of drug delivery
formulations in vitro. Obtaining closer in vitro-in vivo correlation is
required to accelerate the translation of intracellular therapeutics
from bench to bedside. This requires a high level of understanding
of the interaction between formulations and cells, together with
knowledge of the endolysosomal characteristics of any particular
cell model. Hundreds of cell models are now available for pre-clinical
testing, but very few studies have attempted to correlate productive
delivery in different disease and clinically relevant cell types with
high content endolysosomal analysis and profiling.

In this work, we evaluated DLin-MC3-DMA-containing LNPs for
mRNA delivery to tumor cells, using mRNA encoding EGFP and
observed significantdifferences inprotein expression across 30 cell lines.
Other studies have similarly reported that cell types vary widely in their
ability to be transfected.17 However, the interplay of factors affecting
mRNA transfection such as cell uptake, rates of intracellular trafficking,
Molecular
and especially pH profiles of the endolysosomal
systems for different cellmodels have been largely
unexplored and are critical for successful clinical
translation of mRNA delivery systems.

Here, we focused on three cell line models:
HCT116 (human colon epithelial), H358
(human lung epithelial), and CT26.WT (mouse colon fibroblast), rep-
resenting high, medium, and low protein expressors following mRNA
transfection and correlated these transfection levels in in vivo xeno-
graft or syngeneic tumor models. We analyzed the endocytic charac-
teristics of these lines in detail in a process we term endocytic
profiling. We subsequently used endocytic profiling on all three cell
lines and correlated the findings with mRNA delivery and protein
expression. The capacity for transfection was independent of uptake
levels but highly dependent on high rates of LNP endocytic traffic and
recycling that occurs through various endolysosomal compartments
of varying pH, measured utilizing a novel pH probe. These we find
are key determining factors in the LNP-mediated functional delivery
of mRNA into the cytosol.

RESULTS
Multiple Cell Line Analysis and In Vitro-In Vivo Correlation

To screen for effective delivery of mRNA by our LNP we incubated
LNPs containing EGFP encoding mRNA with 30 clinically relevant
cell models; several of which were also routinely used as xenograft
tumor models. LNPs formulated with 30 ng mRNA were incubated
for periods between 0 and 48 h and imaged by automated microscopy
(Figure 1A). Quantification of the images revealed a wide range of
differences in effective mRNA delivery between these different cell
models. These were defined as having high (>106 RFU), medium
(105 to 106 RFU), or low (<105 RFU) EGFP expression. Over half
Therapy Vol. 27 No 11 November 2019 1951
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of the cell lines analyzed showed medium or poor transfection, while
high expressors included the human colon epithelial HCT116 and
human hepatocyte HuH-7 cells. Interestingly, while there was great
difference in expression levels between different cell types, levels
within a single cell population remained relatively consistent, as
shown for selected high- and low-expressing variants in Figure 1B.
LNPs may interact with low density lipoprotein receptor (LDLR)
via ApoE to gain cell entry.18 However, we found no correlation
between transfection efficiency and LDLR and ApoE mRNA expres-
sion via Cancer Cell Line Encyclopaedia19 (Figure S1A). For ApoE,
this was confirmed at the protein level in the three cell lines studied
in detail (Figure S1B).

To gain mechanistic insights for differential transfection ability,
we examined three cell models from Figure 1B in greater detail, select-
ing lines representing high (HCT116), medium (H358), and low
(CT26.WT) protein expression. It was confirmed that exposure to
LNP-mRNA over the 48-h period had no effect on growth rates in
these cell lines (Figure S2). The translatability of differences in LNP
performance between cell types from in vitro to in vivo was then
investigated by establishing mouse xenograft or syngeneic models
of the prioritized tumor types (HCT116, H358, and CT26.WT). Lucif-
erase mRNA formulated in LNPs was administered via intra-tumoral
injection to maximize efficacy and minimize the impact of physiolog-
ical barriers, which could affect LNP performance. This allowed any
differences between tumor types to be more reliably attributed to the
tumor cell type. Mice were sacrificed after 6 h and tumors excised
from the animals were homogenized and assayed for luciferase
expression. For the three cell lines, there was parity between protein
expression observed in vitro to that observed in vivo. No detectable
protein expression was observed in the CT26.WT model at any
dose, whereas significantly higher levels of protein expression were
measured in the HCT116 compared to H358 (p = 0.011) and
CT26.WT (p = 0.004) in the low (1.25 mg)-dose group. At the higher
6.25-mg dose, both HCT116 and H358 xenografts showed high levels
of expression, with CT26.WT remaining below detection levels.

LNPs have been shown to accumulate in the liver,20 and luciferase
expression was therefore tested in the liver to see if this could account
for differences in transfection (Figure S3). At low doses, there was no
correlation between luminescence measured in the tumor and that
measured in the liver, indicating that the lower fluorescence is not
due to LNP liver accumulation. At the higher dose, there was evidence
of LNP accumulation in the liver of H358 xenograft mice, and this was
significantly higher than the other two models (p < 0.001 in both
cases). This may be due to differences in tumor architecture where
interstitial pressure buildup forces the LNP out of the tumor site.
High liver expression was accompanied by high luciferase expression
in the tumor.

Endocytic Profiling

LNPs are known to enter cells via endocytosis.13 We hypothesized
that phenotypic differences across cells could explain the differences
in their transfection capabilities, and we investigated the distribution
1952 Molecular Therapy Vol. 27 No 11 November 2019
of organelles using immunofluorescence microscopy. These ranged
from early endosomes to lysosomes and structures such as the tubulin
cytoskeleton, which influences the distribution and function of
these compartments.21,22 Early endosomes (EEA-1) were generally
scattered in the cytoplasm in all models, with some enrichment in a
juxtanuclear region in HCT116 cells (Figure 2). There was, however,
a major difference in organization of late endosomes and lysosomes
(LAMPI/II) between the high and the low and medium transfectors.
These organelles were very tightly packed in a juxtanuclear region in
HCT116 cells but were scattered in the H358 and CT26.WT lines. The
cis and trans sections of the Golgi complex (GM130 and TGN46/38,
respectively) were examined, showing the typical polarized, juxtanu-
clear cluster in HCT116 and CT26.WT cells but with an unusual
scattered distribution in H358 cells.

Endolysosomal organization and function is regulated by microtu-
bules that stem from the centrosome, located near the nucleus, and
serves as the microtubule organizing center (MTOC). This structure
can be immune visualized by labeling pericentrin, a known compo-
nent of the MTOC.23 Surprisingly, microtubule organization was
similar among the three cell types (Figure S5), but H358 cells were
characterized by the presence of two or three MTOCs located close
to each other in the majority of cells, an effect often observed in
cancer cells.23

Endocytic pH Analysis

Endolysosomal mRNA escape by this LNP is pH dependent, and we
evaluated the pH of the endolysosomal system in the three cell lines
to identify any differences. This was performed using dextran, a
commonly used drug delivery vector,24 that is known to traffic in
the fluid phase from plasma membrane to lysosomes.25 For this, in
live cells, we used dual-labeled 10-kDa dextran (Dex) tagged with
pH-sensitive (fluorescein, Fluo) and insensitive (tetramethylrhod-
amine [Rhod]) fluorophores. Endocytosed dual-labeled Fluo-Dex-
Rhod probe can only provide pH responses between pH 7.4 and 5.0
when measured against a pH calibration curve. Lower pHs produce
a limited reduction in fluorescein fluorescence, limiting its use below
pH 5.0.26 Using this probe, calibrated pH readings are fed back into
captured microscopy images (Figure 3A) to provide a graphical-
pictorial representation of both intracellular pH distribution and a
quantitative pH analysis above pH 5.0 (Figure 3B).

To measure endolysosomal pH in the three cell lines, Fluo-Dex-Rhod
was incubated with the cells for 20 and 60min prior to uptake analysis
by confocal microscopy. Data in Figures 3A and 3B show that the
probe, in all three cell lines, was internalized to vesicular structures
and was exposed to a range of pHs (7.4–5.6) after just 20 min incuba-
tion. At this time point, HCT116 and H358 cells show broad pH pro-
files, while�75% of the probe in the low-transfecting CT26.WT cells
was in an environment of pH 5.0 or lower. Interestingly, a further
40 min of endocytic traffic was required by HCT116 cells to deliver
the probe to this environment. However, H358 cells showed a
broader pH profile, with 60% of the dextran still remaining in a
pH > 5.0 environment after this longer incubation period. In



Figure 2. Organelle Distribution in HCT116, H358, and CT26.WT Cells by Immunofluorescence

Cells were grown for 48 h before fixing; labeling early endosomes, lysosomes, and Golgi structures; and imaging by confocal microscopy. Upper row represents single

sections; lower row represents maximum projection images of the same region. Scale bar, 10 mm; for a wider field of view, see Figure S4.
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summary, these results highlight that this dextran conjugate, in the
three cell lines, experienced unique pH environments as it was deliv-
ered along the endolysosomal pathway.

The lack of sensitivity of Fluo-Dex-Rhod below pH 5.0 is demon-
strated in Figure 3B where the gray columns, representing a large
volume of internalized dextran, denote pH that can only be catego-
rized as less than pH 5. To address this significant problem, we
designed and manufactured a new pH probe incorporating Oregon
green 514 (OG514) as the pH-sensitive fluorophore and the spectrally
separable Cy5 as the pH-insensitive variant. OG514 is insensitive
to changes higher than pH �5.5 before losing fluorescence at
pH �3.5;26 this makes it a more suitable probe than fluorescein for
measuring pH in the late endosomal-lysosomal system.

Attempts to calibrate the absolute intracellular pH sensed by the new
probe using the same live-cell-imaging equilibration buffers and
method at significantly lower pH (5.5–3.5) as described for
Fluo-Dex-Rhod were unsuccessful, due to loss of cell viability and/or
endolysosomal integrity when generating the calibration curve (data
not shown). In live cells, we therefore examined ratiometric differ-
ences of OG514-Dex-Cy5 after a 1 h pulse followed by a 1- to 23-h
chase. This probe showed that CT26.WT cells showed negligible
and non-significant reduction in pH during the 23-h chase period
Molecular Therapy Vol. 27 No 11 November 2019 1953
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Figure 3. Analysis of Endolysosomal pH in HCT116, H358, and CT26.WT

Using Ratiometric Dextran Probes to Measure pH

(A and B) Cells were incubated with Fluo-Dex-Rhod for 20 or 60 min before imaging

by confocal microscopy. Images were analyzed using an automated script (Fig-

ure S11 and Scripts 1 and 2 in the Supplemental Information) and endosomal pH

calculated against a calibration curve. (A) Example false-color images from data in

(B) of the pH in endolysosomal regions; color key bottom right of figure; enlarged

images shown as Figure S6. Scale bar, 10 mm. (B) Total endosome volume within

each pH range, calculated as the mean of at least two independent experiments of

the integrated pH log ratio of 10 separate images. (C) Cells were incubated with

OG514-Dex-Cy5 for 1 h, washed, imaged, then reimaged at 2, 4, 8, and 24 h post-

addition. Ratiometric analysis of the probe was conducted as in (B). Error bars

represent the SEM. p values calculated using two-way ANOVA; see Statistics in the

Supplemental Information.
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(p = 0.201, 1 and 24 h), while HCT116 and H358 cells showed a sig-
nificant pH decrease between these two time points (both p < 0.001)
to a final pH value significantly lower than that for CT26.WT cells
(p < 0.001) and HCT116 (p = 0.002) cells.

Overall, the data show that in H358 cells, while there is low initial
exposure of dextran to pH < 5.0, a subsequent chase period results
in accumulation of dextran in increasingly acidic compartments.
This was not observed in the other two cell lines, as within 60 min
a very large fraction of dextran is already located in a pH < 5.0 envi-
1954 Molecular Therapy Vol. 27 No 11 November 2019
ronment (Figure 3B) and thus there is little subsequent change in
the ratio of OG514-Dex-Cy5 (Figure 3C). The low-transfecting
CT26.WT cells were however unable to further acidify their endoly-
sosomal system beyond what is seen after just 20 min.

LNP Uptake and Transfection

The observed endocytic profile of dextran and other endocytic probes
in the three cells lines was compared with cells incubated with LNPs
encapsulating Cy5-labeled EGFP-mRNA. These experiments also
allowed for analysis of endolysosomal escape and subsequent transla-
tion, manifest as EGFP expression.

Analogous to dextran and LAMPII, Cy5-mRNA fluorescence was
localized to the tight juxtanuclear region of HCT116 cells, and at
only 4 h (2 h pulse, 2 h chase) EGFP fluorescence was observed
(Figure 4A); this increased significantly during the course of the
experiment to 24 h (2 h pulse, 22 h chase). As suggested in Figure 1,
consistent levels of EGFP expression were observed across the cell
population. In the other twomodels, vesicular LNP distribution again
mirrored dextran/LAMPII localization, but there was no evidence of
EGFP expression after 4 h. At 24 h, there was low EGFP expression in
the H358 cell line; however, none could be detected in CT26.WT cells.
Staining the cells with lysotracker red (Figure 4B) for 2 h confirmed
that the differentially localized structures containing dextran and
LNPs were acidic in nature. As cell uptake of Cy5-mRNA was seen
to be similar between HCT116 and H358 cell lines (Figure 5G), our
earlier identification of delayed trafficking in H358 cells to acidic
organelles (as seen in Figure 3) is very likely to be responsible for
reduced expression. Time-lapse imaging of cells incubated for 2 h
with Cy5-mRNA/LNP (Figure 4C; Videos S1, S2, and S3) showed
motile vesicles in all three cell types but identified, exclusively in
HCT116 cells, highly motile tubular structures entering and exiting
from the juxtanuclear cluster.

As we had compared endocytic analysis of dextran and LNPs sepa-
rately, we investigated whether the LNP traffics to the same terminal
lysosomal compartments that had been labeled with fluorescent
dextran already internalized via an earlier pulse-chase period.27

Cy5-mRNA/LNP were pulsed with the cells for 2 h and washed
from the media, and fluorescence was then visualized after 2-, 4-,
6-, and 24-h chase periods (Figure 4D). Cy5-mRNA and lysosomal
dextran-546 colocalization was then quantified (Figure 4E). Over
the course of the experiment, significant differences were observed
between all three cell lines with respect to Cy5-mRNA/LNP (p =
0.002) colocalization with lysosomes. HCT116 cells showed the
most rapid colocalization of Cy5-mRNA with lysosomes, and H358
cells showed slow initial trafficking of Cy5-mRNA (and dextran) to
lysosomes (Figures 4D and 4E; Figures S7 and S8). Interestingly,
beyond the 2 h time point, there was no further increase in the coloc-
alization of Cy5-mRNAwith dextran in lysosomes, suggesting a block
in traffic or a deviation from the route to these organelles. The
reduced dextran and Cy5-mRNA fluorescence after 24 h, observed
in all three models, is suggestive of recycling that we later analyzed
and quantified (Figure 5).



Figure 4. Uptake of Cy5-mRNA/LNP and EGFP Expression and Distribution

of Lysosomes

(A) Cells were incubated with LNP containing Cy5-mRNA (magenta) encoding

EGFP (green) and incubated for 2 h before washing and imaging after 2 and 22 h.

www.moleculartherapy.org
To gain further information on trafficking and transfection and give a
more complete endocytic profile, we performed flow cytometry anal-
ysis of cells incubated with Cy5-mRNA/LNP. After 8 h continuous
LNP incubation, both CT26.WT (7,085 fluorescence units [FU] per
cell) and H358 (9,427 FU/cell) had significantly higher cell-associated
Cy5 fluorescence compared with HCT116 cells (4,500 FU/cell; Fig-
ure 5A). This is in contrast to equivalent mean fluorescence intensity
(MFI) values at 2 h: HCT116, 3,360 FU/cell; versus CT26.WT, 2,190
FU/cell; and H358, 2,340 FU/cell. Surprisingly, this initial very rapid
2-h uptake in HCT116 cells represents the majority of mRNA that the
cell internalizes, reaching �50% of the maximal uptake seen at 24 h.
For both CT26.WT and H358, only�20% Cy5-mRNA is internalized
after 2 h (when compared to much higher values at 36 h where satu-
ration has yet to be reached). This agrees with the rate and extent of
measurable transfection that reaches a plateau in HCT116 after 24 h,
while there is a continuous increase in transfection throughout all
36 h in the H358 cells (Figure 5C). Throughout this long experimental
time frame, despite internalizing a relatively large amount of the
Cy5-mRNA/LNP, CT26.WT cells show no evidence of EGFP expres-
sion above background.

There was little similarity between the rate of uptake of Cy5-mRNA/
LNP compared with dextran (Figure 5G) and for all cell lines, a more
rapid initial uptake of LNPs was observed, indicative of receptor-
mediated uptake.

It has been recently suggested that rates of recycling influence the
ability of LNPs to deliver siRNA into the cytosol,28,29 with recy-
cling-deficient or -inhibited cells showing increased transfection
ability. In our analysis, Cy5 fluorescence was still observed in the cells,
to different extents, after 24 h (Figures 4A and 5A), prompting us
to assess whether Cy5-mRNA/LNP recycling also influenced
LNP-mediated delivery of mRNA. Cells were pulsed with the Cy5-
mRNA/LNP for 2 h, and internalized cell fluorescence intensity was
monitored over a 34-h chase period (Figure 5B). Surprisingly, and
contrary to expectations, both the medium and low transfectors
had relatively low recycling rates after 24 h: CT26.WT, 24%; H358,
Images represent maximum projections, and intensities can be compared between

time points but not between cell lines; see Figure 5 for comparative intensity

measurements. Scale bar, 20 mm. (B) Cells were incubated with 50 nM lysotracker

red (in the absence of LNPs) for 2 h before washing; images represent maximum

projections. Scale bar, 20 mm. (C) Stills from Videos S1, S2, and S3 showing dif-

ferences in vesicular formation and movement (white arrow shows initial starting

position; yellow arrowhead indicates movement). Cells were incubated with

Cy5-mRNA/LNP. Scale bar, 5 mm (D and E) for 2 h followed by a chase period of

0, 2, 4, and 22 h. (D) Arrows indicate colocalization of the two probes (white/gray),

solid arrowheads indicate non-colocalized Cy5-mRNA/LNP (magenta), and hollow

arrowheads indicate lysosomes containing only the pulse-chased Dex-546 (green).

Scale bars represent 10 mm. Intensities are comparable between time points but

cannot be compared between cell lines. (E) Colocalization of Cy5-mRNA/LNP with

dextran containing lysosomes (n = 3 separate experiments, error bars represent

SEM). Enlarged images are shown in Figure S6; zoomed-out images are available

in Figure S8. p values calculated using two-way ANOVA; see Statistics in the

Supplemental Information.
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Figure 5. Flow Cytometry Analysis of Endocytic

Uptake and Transfection

Cells were incubated with the Cy5-mRNA/LNP for either

(A and C) continuous incubation of 2, 4, 8, 12, 24, and

36 h or as (B and D) pulse-chase with cells incubated for

2 h followed by a chase period for the remaining time.

(A and B) Analysis of Cy5-mRNA uptake. (C and D)

Analysis of EGFP expression. Following continuous in-

cubation, cells are categorized as having (E) internalized

the LNP or (F) having been transfected following contin-

uous incubation. Cells were incubated with a continuous

pulse of Dextran-Alexa 488 (G) or with a pulse-chase of

Dex-488 (H). In all cases, values represent the mean from

three independent experiments of the median fluores-

cence of each population; error bars represent SEM.

Fluorescence measurement settings were maintained

between all experiments. See Figure S9 for raw data

showing recycling of (Figure S9A) Cy5-mRNA and (Fig-

ure S9B) Dextran-Alexa 488. Representative histograms

are shown in Figure S10. p values calculated using

two-way ANOVA; see Statistics in the Supplemental In-

formation for further information. *p < 0.05, **p < 0.01,

***p < 0.01.
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38%. HCT116 cells, however, had expelled 86% of the internalized
fluorescence after 24 h; 50% reduction in fluorescence was observed
in < 12 h. These significantly different rates of recycling also lead to
further differences in EGFP expression (Figure 5D). Between 24
and 36 h, there is a plateau and possibly a drop in EGFP expression
in HCT116 cells, indicating that EGFP is being recycled or degraded
faster than it is being translated from remaining mRNA. In H358
cells, however, there is a small but continual increase in EGFP expres-
sion, indicating that even 34 h after removal of the LNP, EGFP is be-
ing expressed.

In addition to determining the amount of transfection (as determined
by FUs), we also looked at the percentage of “transfected” cells via
flow cytometry. These were identified as having fluorescence above
background, where background was defined as the fluorescence in-
tensity of the 99.9th percentile of blank cells. Confirming data in Fig-
ure 5F, EGFP was detected in >50% HCT116 cells after 4 h. H358
1956 Molecular Therapy Vol. 27 No 11 November 2019
cells, to a much lesser extent, were also trans-
fected, taking 36 h to transfect more than 50%
of cells; only 5% of CT26.WT cells gave higher
than background EGFP fluorescence at this
time point.

DISCUSSION
Many unknown underlying intracellular differ-
ences affecting the in vitro and in vivo transfec-
tion capacity of any nucleic acid delivery sys-
tem remain to be elucidated, and endocytic
profiling identifies and highlights several fac-
tors likely to influence cytosolic delivery, posi-
tively or negatively. Correlation of LNP trans-
fection capacity between in vitro and in vivo was shown using
mouse tumor models of HCT116, H358, and CT26.WT, with the
former portraying high transfection levels and the latter negligible
levels. Initial profiling experiments revealed major differences in
the organization of both the endolysosomal system and the Golgi
apparatus that regulate membrane trafficking between the plasma
membrane and endosomes. The spatial organization of late endo-
somes and lysosomes immediately suggested that the scattered
phenotype identified in H358 and CT26.WT cells may be prognostic
of low transfection. We postulated that this may be governed by dif-
ferences in microtubule arrangements, and recent studies suggest
scattered lysosomes are associated with higher pH and lower proteo-
lytic activity compared to their juxtanuclear counterparts.30 We
were surprised to discover that the endolysosomal phenotypes do
not appear to be due to microtubule organization, and the reason
for such pronounced differences in late endosomal and/or lysosomal
profiles remains to be determined.
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With pH being implicated in endosomal organization and being the
vesicular release mechanism of the LNP, it was important to analyze
this parameter as part of our endocytic profiling. Very few studies,
however, have attempted to correlate endosomal escape of delivered
nucleic acid delivery systems with endolysosomal pH—none for
LNP-mediated mRNA delivery. This is surprising, as so many deliv-
ery strategies have an absolute reliance on effective acidification for
catalyzing endosomal escape. A major barrier in accurate endosomal
pH measurement is the availability of probes for analyzing the whole
endolysosomal pH range from 7.4 to 4.0. Fluorescein proved deficient
in this manner, requiring us to manufacture a new probe to track the
pH across the whole endosomal system to lysosomes. Fluorescent
dextran is commonly used as a fluorophore carrier for microscopy
and flow cytometry pH analysis.30,31 Several other single or combina-
tions of ratiometric pH probes have been described, including those
entrapped in nanoparticles or on the surface of cell-penetrating nano-
needles.32,33 A triple-labeled system was developed combining, on the
same polyacrylamide nanoparticle, fluorescein and OG514 versus
rhodamine, allowing for analysis of the full endocytic pH range.34

Our double-probe approach is a useful alternative to this system,
and it will be interesting to explore its further application in other
pH-based endocytosis studies.

Using a commercial dextran pH probe, we initially highlighted the
large differences in the pH of the early endocytic structures among
the three cell lines. The resulting pH profiles proved difficult to corre-
late with LNP transfection capacity; however, using our newly devel-
oped probe, we were able to establish that the low-transfecting
CT26.WT cells had the highest terminal pH and later identified a
defect in the trafficking of the LNP to lysosomes. We postulate that
both these factors have a negative impact on transfection due to the
LNPs’ limited trafficking to the environment that favors endosomal
escape. In stark contrast, HCT116 cells were notable for showing a
high initial rate of endocytosis through the full endolysosomal pH
profile to lysosomes. What does not reach this organelle is rapidly
recycled, and during both or either of these processes, it is thought
the mRNA rapidly escapes to the cytosol, manifest as protein expres-
sion at very early time points. Themedium transfectorH358 cells sit in
between the HCT116-CT26.WT extremes, having relatively slow rate
of pH change albeit with a relatively low terminal pH. This supports
the flow cytometry analysis of EGFP expression, where H358 cells
show evidence of a continued slow increase in transfection compared
to HCT116 cells, where transfection appears to rapidly saturate.

Optimization of the ionizable lipid pKa in DLin-MC3-DMA LNPs
delivering mRNA was also recently demonstrated;35 however, the
success of any such delivery strategy remains reliant on understand-
ing the pH environment of a specific cell model. This knowledge is
important for valid assessment of cargo delivery performance to the
cytosol. Data published during the writing of this manuscript suggest
endosome size and leakiness influences the release of polyplex-
plasmid DNA from endosomes via the proton sponge effect, an effect
mechanistically quite different from the pH-induced lipid conforma-
tional changes and release mechanism of LNPs.36
Differences in the dynamics of trafficking have been shown in a recent
study that also identified CT26.WT mouse line as a low protein
expressor compared with breast cancer SK-BR3 cells following trans-
fection with DNA plasmid polyplexes composed of either polyethyle-
neimine (PEI) or polyamidoamine gold.37 A high initial polyplex
uptake rate was identified as a determining factor for transfection
efficiency, similar to what we observe here with an LNP-delivering
mRNA. The data also highlights, without comment, juxtanuclear
polyplexes in SKBR3 cells but scattered localization in CT26.WT cells.
This suggests a commonality with respect to uptake and endolysoso-
mal distribution of two very different delivery systems (cargo and vec-
tor) acting at different locations. We show using time-lapse imaging
that this juxtanuclear region in HCT116 cells is a highly dynamic
cluster of membrane traffic, forming tubular structures that organized
Cy5-mRNA delivery to other compartments such as recycling endo-
somes. Support for this is provided by studies showing recycling
endosomes as tubular networks, referred to as the endosomal recy-
cling compartment, that is often prominent in a juxtanuclear region
of the cell.38,39 As tubulation is a notable feature of recycling endo-
somes, further studies may reveal that their biological environment
favors escape to the cytosol. A previous study using a cationic LNP
(via C12-200)-containing siRNA suggests that effective recycling
leads to poor protein silencing,28 although this LNP is known to inter-
nalize independently of ApoE. This is supported by a study in cells
incubated for 24 h with siRNA-loaded ionizable (MC3) nanoparticles
and agents affecting recycling via inhibition of the NPC1 protein.29

We identify here, however, using flow cytometry and microscopy,
that internalized Cy5-mRNA escapes from cells much more rapidly
in HCT116 cells compared to the low-transfecting models. This
agrees with localization of the LNP in tubules that we postulate to
be recycling compartments. We also show trafficking of LNPs to jux-
tanuclear compartments is rapid in HCT116 cells and that a fraction
of mRNA sufficient to express GFP protein has escaped into the
cytosol before the remainder is recycled or degraded. The pKa of
the DLin-MC3-DMA ionizable lipid is 6.4; this compares favorably
with recycling endosomes’ pH40,41 that are less acidic than early or
sorting endosomes. Overall, it is difficult to draw parallels between
endosomal escape of siRNA and mRNA, as they have quite different
molecular weights and hydrodynamic volumes, and the mechanisms
or machinery needed to influence protein expression are different,
with a longer time period required to functionally measure siRNA de-
livery efficiency. Electron microscopy studies from the Zerial group42

analyzing DLin-MC3-DMA siRNA delivery do, however, provide
compelling evidence that cargo escape is occurring at early endosomal
level, noting that recycling endosomes contain internalized material
in less than 15 min after exposure to cells.40 This is, however, in
contrast to later studies showing Rab7-dependent trafficking to late
endosomes and/or lysosomes was important for functional mRNA
delivery utilizing ionizable LNPs containing leukotriene inhibitor
MK-571.43

From the endocytic profiling undertaken here, we have identified
important features that influence the effective delivery of mRNA by
LNPs and the resultant protein expression (Figure 6). Rapid transport
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Figure 6. Summary of Uptake Characteristics in the Three Models

HCT116, H358, and CT26.WT internalize Cy5-mRNA/LNP and traffic to dextran

positive lysosomes at differing rates. These terminal lysosomes have differing

relative pH levels in different cell lines from high (green) to low (red) pH. Recycling

rates also differ between the cell lines, with HCT116 rapidly expelling Cy5, to lower

Cy5 recycling rates in H358 and CT26.WT cells.
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through the endosomal pathway to lysosomes or out of the cell via
recycling and/or exocytosis positively influences LNP-mediated
mRNA cytosolic delivery. This occurred very rapidly in HCT116 cells,
suggesting that a much narrower-than-expected escape window is
optimal for maximal transfection. H358 did express EGFP but at a
low and via a prolonged mechanism. The two low-transfecting cell
lines were noted for having slower endocytic traffic, with CT26.WT
additionally having defects in endolysosomal acidification.

Overall, our data point to the fact that it is highly unlikely that one
single cellular factor or process determines the efficiency capacity of
this LNP or other NP delivery systems that rely on endocytosis for
success. This new knowledge will now, however, influence our subse-
quent use of these models for drug delivery analysis in vitro and
in vivo. High-content endocytic profiling of in vitromodels, as shown
here, could form an important process in the design phase of intracel-
lular delivery systems and be carried out much earlier in the drug-
discovery phase. This is especially pertinent for those systems such
as LNPs that depend on responding to biological stimuli such as en-
dosomal pH for their mechanism of delivery. This study also illus-
trates that systems relying on pH triggers for delivery cannot be
used indiscriminately across disease areas and/or cell types and
may not be appropriate in settings where disease pathology involves
changes in endolysosomal organization and intracellular pH. Thus,
more investment and considerations toward understanding the cell
1958 Molecular Therapy Vol. 27 No 11 November 2019
model representative of the intended disease should be considered,
rather than solely focusing on the characteristics of the delivery sys-
tems. This will hopefully inform the design of more efficient, bespoke
delivery systems that will be able to fully exploit the potential of
nucleic-acid-based therapeutics.

MATERIALS AND METHODS
Materials

The ionizable cationic lipid O-(Z,Z,Z,Z-heptatriaconta-6,9,26,29-tet-
raem-19-yl)-4-(N,N-dimethylamino) butanoate (DLin-MC3-DMA)
was synthesized at Moderna. 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC) was obtained from Avanti Polar Lipids, 1,2-dimyris-
toyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(polyethyle-
neglycol)-2000] (DMPE-PEG2000) from NOF Corporation and
cholesterol (Chol) from Sigma-Aldrich. EGFP mRNA (996 nucleo-
tides) ARCA capped modified with 5-methylcytidine and pseudour-
idine used for in vitro work was purchased from TriLink Biotechnol-
ogies, while EGFP and luciferase mRNAs used in the cell screen and
in vivo analysis were provided by Moderna.35 Citrate buffer was
purchased from Teknova, and HyClone RNase free water was ob-
tained from GE Healthcare Cell Culture. Amino dextran (10 kDa),
5/6-carboxytetramethylrhodamine N-hydroxysuccinimide (NHS)
ester, 5/6-carboxyfluorescein NHS ester, OG514 NHS ester, and
Thermo Scientific Pierce 6-kDa MWCO polyacrylamide desalting
columns (10 mL) were purchased from Thermo Fisher Scientific.
Sulfo-Cy5 NHS ester was purchased from Lumiprobe Life Science
Solutions. Succinic anhydride, citric acid, sodium phosphate dibasic
dihydrate, sodium phosphate monobasic monohydrate, and anhy-
drous DMSO were purchased from Sigma-Aldrich. All reagents and
solvents were used as supplied.

LNP Preparation and Characterization

LNPs were prepared using the microfluidic setup described in detail
elsewhere.44 In brief, stocks of lipids were dissolved in ethanol and
mixed in the appropriate weight ratios (20:1 or 10:1 lipid:mRNA)
to obtain a lipid concentration of 12.5 mM (1.85 mg/mL). The
aqueous and ethanol solutions were mixed in a 3:1 volume ratio using
a microfluidic apparatus NanoAssemblr, from Precision NanoSys-
tems, at a mixing rate of 12 mL/min. LNPs were dialyzed overnight
against 400� sample volume using Slide-A-Lyzer G2 dialysis cassettes
from Thermo Scientific with a molecular weight cutoff of 10 kDa.

Size of LNPs was confirmed by dynamic light scattering measure-
ments using a Zetasizer Nano ZS fromMalvern Instruments; the con-
centration and encapsulation of mRNA were determined using the
RiboGreen assay. The encapsulation efficiency and physical charac-
teristics of the batches used can be found in Table S1.

Cell Culture

Human colon epithelial (HCT116), human lung epithelial (H358),
and mouse colon fibroblast (CT26.WT) cells were obtained from
the American Type Culture Collection (ATCC) and cultured in
medium (RPMI, Gibco, Fisher Scientific, Loughborough, UK) sup-
plemented with 10% FBS (Gibco, Life Technologies, Paisley, UK)
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and one-part GlutaMAX (Fisher Scientific, Loughborough, UK).
This is referred to hereafter as complete medium. Cells were main-
tained in a 37�C, 5% CO2 humidified incubator for no more than 10
passages post-thawing and regularly tested for mycoplasma contam-
ination (LookOut, Sigma-Aldrich, Gillingham, UK). In addition,
cell identities were confirmed by species-specific short tandem
repeat (STR) DNA profiling against a minimum of nine published
markers (STR profiling was outsourced to IDEXX BioResearch).
For all experiments, cells were seeded at the following densities
for 48 h before analysis unless otherwise stated: HCT116, 42,000
viable cells/cm2; H358, 63,000 viable cells/cm2; CT26.WT, 63,000
viable cells/cm2.

LNP-Mediated Delivery of EGFP mRNA in a Panel of Cancer Cell

Lines

All cell types were cultured in the same conditions using complete
medium. Cells were seeded into black-walled, clear-bottom 384-well
plates (Corning, #3712) at 3,000 cells/well, 60%–80% confluency.
Cells were seeded into 75 mL of completemedium and incubated over-
night at 37�C/5% CO2. At time of seeding, cell viability was > 90% as
determined by trypan blue exclusion. The following day, LNPs
formulated with 30 ng mRNA at a concentration of 0.4 ng/mL
(30 ng/0.06 cm2) were added in complete medium and incubated
with the cells for periods between 0 and 48 h. Immediately following
addition of LNP, the cells were imaged live using an Incucyte ZOOM
(Essen Bioscience) where kinetic EGFP and phase contrast images
were captured at 10� magnification every 2 h for a total of 48 h.
Images were analyzed using the integrated Incucyte ZOOM analysis
software. Cells were identified and segmented for analysis via fine tun-
ing of the software parameter conditions on the bright-phase images.
A fixed threshold level was adjusted per cell type to classify EGFP-
expressing cells over background levels. The segmentation masks
were then used to calculate mean cell confluence and EGFP integrated
intensity measurements as an estimate of total cellular EGFP expres-
sion levels.

Duplicate plates were also fixed (4% paraformaldehyde [PFA] for
20 min, followed by 3� PBS wash) after either 24 h or 48 h of LNP
exposure. These plates were counterstained with Hoechst 33342
(Invitrogen, 1:5,000) for 20 min followed by 3� PBS wash. Fluores-
cent images were captured on an ImageXpress Micro (Molecular
Devices) using a 10� objective.

In Vivo Comparison of LNP Potency in Different Tumor Models

HCT116 for implantation were maintained in McCoy’s 5A medium
supplemented with 10% fetal calf serum (FCS) and 1% glutamine,
while both H358 and CT26.WT were maintained in RPMI supple-
mented with 10% FCS and 1% glutamine, at 37�C and 7.5% CO2.
Cells were implanted by subcutaneous injection of 1 � 107

HCT116 cells/mouse, 3 � 106 H358 cells/mouse with 50% Matrigel,
or 5 � 105 CT26.WT cells/mouse into the left flank of female nude
(HCT116 and H358, 18 g+) or BALB/c mice (CT26.WT, 16 g+, all
Envigo UK). When the tumors had reached �200–300 mm3

(11 days post-implantation using HCT116, 17 days for H358, and
10 days for CT26) mice were randomized by size into treatment
groups (n = 4–5/group).

Mice were administered a single intra-tumoral injection of 30 mL of
PBS or MC3 LNP loaded with luciferase mRNA (1.25 mg or
12.5 mg/mouse) using a 29G insulin syringe (Henry Schein). At 6 h
post-dose, mice were bled under terminal anesthesia, and tumors
were excised whole, snap-frozen using liquid nitrogen, and stored
at �80�C until analysis.

Frozen tumors were thawed on ice and weighed. 1� passive lysis
buffer (Promega, Madison WI, USA) was added to each tumor to
obtain a final concentration of 100 mg of tissue per mL. Tumors
were homogenized using a Polytron 1200E homogenizer with
PT-DA 07/2 EC-E107 probe (Kinematica, Luzern, Switzerland) for
2 min followed by centrifugation for 10 min at 300� g at 4�C. Super-
natants were stored at �80�C until required.

Tumor supernatants were thawed on ice. Control tumors were used as
diluent to generate a standard curve and controls with QuantiLum re-
combinant luciferase (Promega). Aliquots (20 mL) of standards, con-
trols, and samples were added to a 96 Maxisorp black microwell plate
(Nunc A/S, Roskilde, Denmark) prior to addition of 100 mL of lucif-
erase assay reagent (Promega) to each well as directed by manufac-
turer’s protocol. Luminescence was detected using EnVision 2104
multilabel reader (PerkinElmer, Waltham MA, USA) following
2 min incubation. The standard curve was generated using 4PL
non-linear regression and used to calculate luciferase concentrations
in samples.

All animal studies were conducted in accordance with UK Home
Office legislation, the Animal Scientific Procedures Act 1986, and
the AstraZeneca Global Bioethics policy. All experimental work is
outlined in project license 70/8894, which has gone through the
AstraZeneca Ethical Review Process.

Immunofluorescence Microscopy

Cells were seeded at densities described above onto sterile cover-
slips and allowed to adhere for 48 h. They were then either fixed
with 3% PFA in PBS for 20 min or �20�C methanol for 3 min
before washing three times with PBS. PFA-fixed cells were permea-
bilized and quenched in 0.1% Triton X-100/50 mM NH4Cl in PBS
for 10 min and washed three times in PBS. Both PFA- and meth-
anol-fixed cells were blocked with blocking solution (2% BSA, 2%
FBS in 50 mM NH4Cl in PBS) for 30 min before applying the pri-
mary antibody (see Table S2). PFA-fixed cells were washed three
times in 0.05% Triton X-100 in PBS for 5 min, while methanol-
fixed cells were washed three times in PBS for 5 min. Secondary
antibodies (all from Life Technologies) were diluted 1:1,000 in
blocking buffer containing 1 mg/mL Hoechst 33342 and applied
to the cells for 1 h. Coverslips were washed a further three times
in PBS, dipped in distilled water, and immediately mounted
onto microscope slides using Dako fluorescence mounting
medium.
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Samples were imaged on a Leica SP5 confocal microscope using the
405-nm, 488-nm, 543-nm, and 633-nm lasers, 63� 1.4 nucleic acid
(NA) oil immersion objective. Images obtained were analyzed using
ImageJ45 and are presented as single-section images or maximum
projection images through the z axis. Presented images are represen-
tations from at least two independent experiments.

Flow Cytometry

Cells were seeded into 24-well plates (Corning, Fisher Scientific) at
the previously outlined density, allowed to adhere prior to incubation
for different experiments with 380 ng LNP (200 ng/cm2), 12.5 mg
dextran-Alexa 488 (Dex-488; Fisher Scientific) (50 mg/mL), or 1 mg
DiI-LDL (4 mg/mL), all in 250 mL complete medium.

For LNP uptake experiments, cells were either incubated with the
LNP or Dex-488 continuously for 2 h (pulse) followed by washing
three times in complete medium and then further incubated in com-
plete medium for the remainder of the experiment (chase).

For all experiments, cells were trypsinized using 100 mL 0.05%
trypsin/EDTA (Fisher Scientific) for 5 min at 37�C, washed with
ice-cold PBS containing 5% BSA by centrifuging at 400 � g at 4�C
for 3 min, then washed in ice-cold PBS alone, and finally resuspended
in 500 mL ice-cold PBS. Samples were analyzed on a FACSVerse (BD)
using the 488-nm and 633-nm lasers, 527/32 (for EGFP and Alexa
488) and 660/10 (for Cy5 and Alexa 647) filters. Cells were double
gated for single cells (forward scatter-area/side scatter-area [FSC-A/
SSC-A] and forward scatter-height/forward scatter-width [FSC-H/
FSC-W]) with no further gating. The median was used to determine
MFI values within each experiment. Values plotted represent the
mean of the medians from at least three independent experiments.

Live Cell Microscopy: Lysosomal Delivery of LNPs and Dextran

Cells were seeded onto tissue-culture-treated 35-mm imaging dishes
(Ibidi, Thistle Scientific, Glasgow, UK) at the previously outlined den-
sity and allowed to adhere. Twelve hours before imaging, cells were
incubated with 50 mg dextran-Alexa 546 (Dex-546; Fisher Scientific)
in 500 mL complete medium (100 mg/mL) for 2 h (pulse) before
washing three times in complete medium and incubating overnight
in complete medium under tissue culture conditions (chase). On
the day of the experiment, cells were pulsed with 1.9 mg LNP
(200 ng/cm2) or 100 mg dextran-Alexa 647 (Dex-647; Fisher Scienti-
fic) in 1 mL complete medium and incubated for 2 h at 37�C, 5%CO2.
Cells were then washed in complete medium and immediately imaged
on the SP5 confocal microscope (2 h time point) at 37�C 5% CO2.
Samples were then returned to the tissue culture incubator and reim-
aged at 4, 6, and 24 h post-addition.

Confocal imaging was performed sequentially using 488-nm and
633-nm lasers followed by 543-nm laser, using a 63� oil immersion
CSII objective at 1,000 Hz with a line average of 3 (bidirectional scan-
ning), with the pinhole set to 1 airy unit. Images were acquired with a
raster size of 1,024 � 1,024 and a zoom of 2.5 to give an apparent
voxel size of 130 � 130 � 500 nm (XYZ). The diffraction limit at
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488 nm of our microscope with the objective 131 � 131 � 700 nm
(XYZ); these settings were chosen as a compromise between imaging
speed, resolution, and number of cells per image.

Images were analyzed using the JACoP46 plugin for ImageJ using
Pearson’s coefficient to determine the colocalization of LNP or
Dex-647 with lysosomal localized Dex-546.27 Thresholds for images
were automatically determined using the Otsu thresholding algo-
rithm, and the colocalization value returned was used to calculate
the mean colocalization of 10 images (representing > 100 cells
analyzed per sample). A mean of this result from three independent
experiments was then subsequently obtained.

Endolysosomal pH Analysis: Uptake and Calibration of

Fluo-Dex-Rhod (“High” pH Probe)

Cells were seeded onto tissue culture (TC)-treated 35-mm imaging
dishes at the previously outlined density and allowed to adhere.
To localize fluorescein-dextran-rhodamine (Fluo-Dex-Rhod) to
the lysosomes, 100 mg/mL of the probe was pulse-chased overnight
as previously described. To enrich the probe in earlier
endocytic compartments, the same probe was pulsed for 20 min
before washing and imaging, while a 1 h pulse was employed to label
the entire fluid phase pathway from plasma membrane to
lysosomes.47

To generate Fluo-Dex-Rhod pH calibration curves, cells were incu-
bated with 100 mg/mL probe for 1 h and washed three times in
PBS. Subsequently, cells were incubated with ionophores 20 mM
nigericin (stock solution 10 mM in DMSO, stored at 4�C) and
20 mM monensin (both Sigma-Aldrich, stock solution 50 mM in
ethanol, stored at �20�C) for 5 min in the presence of the relevant
pH buffer (see Preparation of pH Buffers in the Supplemental Mate-
rials and Methods and Table S2). The cells were then imaged at the
requisite pH in the presence of both ionophores. A minimum of 10
single-section images were obtained per condition on the confocal
microscope (see Live Cell Microscopy: Lysosomal Delivery of LNPs
and Dextran above) sequentially scanning alternately on either
488-nm or 543-nm lasers to reduce bleed-through. Images were
analyzed using an automated script (see Script 1 for Measuring
Fluorescence Ratio between Two Fluorophores in the Supplemental
Information) with the ratio of the log fluorescein intensity and log
rhodamine intensity of each region of interest (ROI) used for calcu-
lating and quantifying pH.

Endolysosomal pH Analysis: Uptake of OG514-Dextran-Cy5

(“Low” pH Probe)

To synthesize the probe, amino dextran (5 mg, 0.5 mmol) was dis-
solved in 0.1 M sodium bicarbonate solution (0.5 mL) in a 5-mL
reaction vial fitted with a magnetic stirrer bar. Following dissolution,
the solution was chilled in an ice bath. The solution was transferred
to a vial containing OG514 carboxylic acid succinimidyl ester
(0.46 mg, 0.75 mmol) to dissolve the dye. The new solution was
then quickly transferred to another vial containing sulfo-Cy5 NHS
ester (0.57 mg, 0.72 mmol) and was stirred in an ice bath for 2 h.
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The solution and stirrer bar were then transferred to a vial contain-
ing succinic anhydride (1.5 mg, 15 mmol), and the reaction mixture
was stirred over ice for 1 h then overnight at room temperature. The
solution was directly loaded onto a size exclusion desalting column
and eluted with Millipore water. Polymer fractions were collated
into a 5-mL Eppendorf tube and frozen in dry ice before freeze-dry-
ing to obtain the title product as a dark blue solid of 5.2 mg, 91%
yield. Absence of unreactive dyes was tested by thin-layer chroma-
tography (TLC) running in a 70:25:5 ratio of chloroform:methanol:-
acetic acid.

To determine the differences in intracellular acidity, cells were seeded
onto tissue culture-treated 35-mm imaging dishes at the previously
outlined density and allowed to adhere. OG514-Dextran-Cy5
(OG514-Dex-Cy5) was enriched in different endocytic organelles
using the same method as for Fluo-Dex-Rhod, analyzed by confocal
microscopy (see Live Cell Microscopy: Lysosomal Delivery of LNPs
and Dextran above) and quantified as for Fluo-Dex-Rhod using the
same script (Script 1 for Measuring Fluorescence Ratio between
Two Fluorophores in the Supplemental Information).

Statistics

All graphs represent the mean of three independent experiments with
error bars representing the SEM. Probability is calculated using either
a two-tailed t test for when only two factors are compared within an
experiment or a two-way ANOVA with Tukey’s post hoc analysis for
comparing three or more factors within an experiment. ANOVA
tables detailing F values and degrees of freedom are displayed in
the Statistics section of the Supplemental Information. *p < 0.05,
**p < 0.01, and ***p < 0.001.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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