UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Engineering water exchange is a safe and effective method for magnetic resonance
imaging in diverse cell types

Permalink
https://escholarship.org/uc/item/0zc3c9ps

Journal
Journal of Biological Engineering, 18(1)

ISSN
1754-1611

Authors

Miller, Austin DC
Chowdhury, Soham P
Hanson, Hadley W

Publication Date
2024

DOI
10.1186/s13036-024-00424-5

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/0zc3c9ps
https://escholarship.org/uc/item/0zc3c9ps#author
https://escholarship.org
http://www.cdlib.org/

Miller et al. Journal of Biological Engineering
https://doi.org/10.1186/513036-024-00424-5

(2024) 18:30

RESEARCH

Engineering water exchange is a safe

Journal of Biological
Engineering

Open Access

®

Check for
updates

and effective method for magnetic resonance
imaging in diverse cell types

Austin D.C. Miller', Soham P. Chowdhury?, Hadley W. Hanson', Sarah K. Linderman?, Hannah |. Ghasemi?,
Wyatt D. Miller', Meghan A. Morrissey?, Chris D. Richardson?, Brooke M. Gardner? and Arnab Mukherjee'#>6"

Abstract

Aquaporin-1 (Agp1), a water channel, has garnered significant interest for cell-based medicine and in vivo synthetic
biology due to its ability to be genetically encoded to produce magnetic resonance signals by increasing the

rate of water diffusion in cells. However, concerns regarding the effects of Aqp1 overexpression and increased
membrane diffusivity on cell physiology have limited its widespread use as a deep-tissue reporter. In this study,

we present evidence that Agp1 generates strong diffusion-based magnetic resonance signals without adversely
affecting cell viability or morphology in diverse cell lines derived from mice and humans. Our findings indicate
that Agp1 overexpression does not induce ER stress, which is frequently associated with heterologous expression
of membrane proteins. Furthermore, we observed that Agp1 expression had no detrimental effects on native
biological activities, such as phagocytosis, immune response, insulin secretion, and tumor cell migration in the
analyzed cell lines. These findings should serve to alleviate any lingering safety concerns regarding the utilization of
Agp1 as a genetic reporter and should foster its broader application as a noninvasive reporter for in vivo studies.
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Introduction

Genetic reporters are indispensable tools for synthetic
biology and basic research because they allow molecu-
lar events to be quantitatively tracked in living cells
by measuring physical signals, such as light. However,
light penetration is hindered by photon scattering and
absorption, limiting the effectiveness of optical report-
ers for noninvasive deep-tissue imaging in vertebrates
[1]. The need to overcome this limitation has motivated
efforts to engineer genetic reporters for tissue-penetrant
imaging modalities including ultrasound [2-5], nuclear
imaging [6-8], and MRI [9-25]. Among these modali-
ties, MRI is unsurpassed for generating high-resolution
images across large volumes of tissue at any depth, with-
out radiation hazards. Conventional reporter transgenes
for MRI take advantage of the magnetic properties of
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metals to create a contrast between engineered cells and
the surrounding tissue [16-18, 20, 21, 26—29]. However,
the permeability of metals through the cell membrane
and anatomical barriers, such as the blood-brain bar-
rier, is non-uniform, which makes it challenging to accu-
rately measure reporter activity in vivo. Furthermore, the
exposure of cells to metals increases the risk of toxicity
[30-34]. A reporter-imaging technique that does not
require metals involves the urea transporter UTB [35].
Expression of UTB increases the permeability of cells to
hyperpolarized *C urea resulting in a change in urea dif-
fusivity, which can be quantitatively imaged using a tech-
nique known as diffusion-weighted MRI [36]. Inspired
by this method, we recently introduced a metal-free MRI
reporter based on human aquaporin-1 (Aqpl), a channel
protein that facilitates the rapid and selective exchange
of water molecules across the plasma membrane [37].
Water diffuses faster in tissues consisting of cells engi-
neered to express Aqpl than in tissues comprising wild-
type cells (Fig. la), thereby allowing Aqpl-expressing
cells to be detected using diffusion-weighted imaging.
Unlike the UTB/*C-urea system, which requires urea
injection and hyperpolarized 'C imaging capabilities,
the Aqpl reporter transgene is completely self-sufficient
and can be detected using commonly available 'H MRI
scanners and diffusion-MRI pulse sequences.

Recent studies have expanded Aqpl beyond our ini-
tial proof-of-concept by demonstrating that Aqpl can
be used to track tumor-specific gene expression [38],
trace neural connectivity [39], and generate brain-wide
maps of astrocyte populations in mice [40]. However, the
effects of Aqpl on cell health and function remain largely
unknown. For example, it is unclear whether driving an
increase in water diffusion imposes particular risks to cell
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health or whether introducing Aqpl through heterolo-
gous expression induces metabolic burden. Additionally,
it is important to assess the risk of incorrect folding of
overexpressed membrane proteins in the endoplasmic
reticulum (ER) and its consequences such as ER stress
and cell damage. Therefore, a deeper understanding of
Aqpl-related toxicity and perturbations to cell function
is needed to ensure the safety and efficacy of Aqpl-based
imaging techniques and make informed decisions regard-
ing their use in deep-tissue imaging.

In this study, we evaluated the potential risks associ-
ated with using Aqpl as a molecular reporter. We tested
Aqpl for its ability to sufficiently enhance water diffu-
sivity in several different cell lines of neuronal, macro-
phage, pancreatic, T-lymphocyte, and tumor origin from
both mouse and human lineages, confirming its broad
utility as an MRI reporter. We probed the potential for
adverse effects on cell physiology using biophysical and
biochemical assays to measure changes in cell mass,
volume, shape, viability, and caspase activity in Aqpl-
expressing cells relative to GFP-controls. We also probed
Aqpl-expressing cells for ER stress by measuring rela-
tive changes in genetic markers of the unfolded protein
response (UPR). Finally, we tested Aqpl-expressing cells
for their ability to perform cell type-specific functions,
such as immune response, phagocytosis, insulin secre-
tion, and migration.

Results

Agp1 expression enhances water diffusivity in various cell
types

Our first objective was to determine whether Aqpl
expression increased diffusivity in diverse mammalian
cell types. To this end, we used lentiviral infection to
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Fig. 1 Diffusion-weighted imaging of Aqp1-expressing cells. a, lllustration of the Agp1 contrast mechanism. Heterologous expression of Agp1 increases
the baseline water diffusivity (D, of cells by facilitating rapid water exchange across the cell membrane. The larger diffusivity of Aqp1-expressing cells
(D ) makes them observable using diffusion-weighted MRI. b, Percent increase in diffusivity (AD/DO) of Agp1-expressing cells relative to control cells
transduced to express GFP. Error bars represent the s.e.m. from n=4-8 independent biological replicates. ¢, Diffusion maps of axial cross-sections of pel-
lets of Agp1- and GFP-expressing cells. Each voxel in the diffusion map represents absolute diffusivity, estimated from a voxel-wise regression of the first-
order decay in signal intensity with diffusion-weighting (i.e,, effective b-value). The diffusion map is denoised using a median filter and displayed using
a linear 8-bit color map whose lower and upper limits denote diffusivity in um?/ms. All MRI data were acquired at 7T, using a diffusion time of 300 ms
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express Aqpl from a strong constitutively active pro-
moter (EFla) in five cell lines: HT22 (hippocampal),
J774A.1 (macrophage), Jurkat (T lymphocyte), MDA-
MB-231 (triple-negative breast cancer), and MIN6
(insulinoma). We selected these cell lines to represent a
variety of biological and biophysical distinctions (Table
S1), including different cell lineages, adherent and sus-
pension cell types, male and female, human and mouse
origins, and a range of baseline diffusivities (Supplemen-
tary Fig. la). Furthermore, the use of these cell types
serves as a valuable in vitro model for assessing the effec-
tiveness and feasibility of Aqpl as a reporter transgene
for future applications involving noninvasive and longi-
tudinal tracking of biological functions in various animal
models relevant to tumor biology, neuroscience, autoim-
mune disorders, and the development of gene- and cell-
based therapies (Table S1). We incorporated a FLAG
epitope at the N-terminus of Aqpl to enable detection
of transgene expression using Western blotting and qRT-
PCR. We co-expressed the FLAG-tagged Aqpl construct
with a fluorescent reporter (GFP) using an internal ribo-
some entry site (IRES) to generate enriched populations
of Aqpl-expressing cells by fluorescence-activated cell
sorting (FACS) (Supplementary Fig. 2). To ensure that
any changes in diffusion-based MRI signals were a result
of Aqpl transgene expression and not an unintended
consequence of lentiviral transduction or flow sorting
of cells, we employed well-matched controls by sorting
cells that had been transduced with a lentiviral vector
expressing GFP. After verifying Aqpl transgene expres-
sion using qRT-PCR and Western blotting (Supplemen-
tary Fig. 3), we proceeded to use diffusion-weighted MRI
to measure the increase in water diffusivity in Aqpl-
expressing cells relative to that in GFP-expressing con-
trols. Although qRT-PCR revealed some variations in the
relative levels of Aqpl expression across cell-types (Sup-
plementary Fig. 3), all cells showed a substantial increase
in diffusivity, ranging from 79.4+2.8% in HT22 cells to
162.5+25.2% in MDA-MB-231 cells (Fig. 1b, Supplemen-
tary Fig. 1b-f). The lower fold-change in HT22 cells com-
pared to other cell types arises from its faster baseline
diffusion rate Supplementary Fig. 1la). Interestingly, the
fold-increase in diffusivity did not correlate strongly with
relative Aqpl transcription levels across cell lines, likely
because post-translational factors such as membrane
trafficking and surface expression play a role in determin-
ing Aqp1 diffusivity. Taken together, these results suggest
that Aqpl expression is a viable method for imaging a
broad range of mammalian cell types by using diffusion-
weighted MRI (Fig. 1c).
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Agp1 expression does not alter dry mass, volume,
sphericity, and viability of cells relative to GFP-expressing
controls

To assess whether Aqpl expression and the ensuing
increase in water diffusivity is a safe approach for imag-
ing cells, we compared Aqpl-expressing cells to those
expressing GFP in terms of dry mass, volume, and sphe-
ricity (viz. roundedness), key morphological descriptors
that are often altered by adverse changes in cell physiol-
ogy [41-47]. To measure these biophysical parameters,
we used quantitative phase microscopy (Fig. 2a), a tomo-
graphic technique that extracts morphometric features
by mapping the refractive index distribution within cells
[48, 49]. We observed no significant variations in dry
mass (Fig. 2b), volume (Fig. 2c), and sphericity (Fig. 2d)
between Aqpl- and GFP-expressing cells, indicating that
Aqpl expression does not interfere with key physiologi-
cal mechanisms, including biosynthetic and degrada-
tive pathways, ionic homeostasis, and osmotic gradients
that collectively regulate cell size and shape [50-53]. We
also evaluated cell viability using standard assays based
on MTT reduction and ATP content [54, 55], finding
no major differences in Aqpl-expressing cells relative
to GFP-transduced controls (Fig. 2e, f). Additionally,
Aqp1 expression did not cause activation of executioner
caspase-3/7 in any cell line, indicating no induction of
programmed cell death (Fig. 2g). Overall, our findings
suggest that overexpressing Aqpl does not impose a
greater metabolic or safety burden than the widely-used
GEFP reporter in any of the cell types examined.

Agp1 expression does not trigger the unfolded protein
response

Cells activate the unfolded protein response (UPR) as an
adaptive mechanism when the protein folding machinery
of the ER is overwhelmed by the buildup of misfolded or
unfolded proteins in the organelle [56, 57]. Notably, over-
expression of secreted and membrane-bound proteins,
including antibodies [58], GPCRs [59], transporters [60],
and microbial opsins [61], have been shown to trigger
the UPR in cells. Accordingly, we sought to determine
whether the UPR is induced by heterologous expression
of Aqpl, a channel protein that must fold and mature
inside the ER prior to reaching the cell membrane. We
used qRT-PCR, to measure the fold-change (relative to
GFP controls) in the levels of key UPR-associated genes
[62], including BiP, CHOP, and XBP1s. To verify that
GFP expression was not activating the UPR pathway, we
compared BiP, CHOP, and XBP1ls expression between
the GFP-transduced and wild-type cells in representative
murine (HT-22) and human (Jurkat) cell-types. Based
on our observations, we did not detect a statistically sig-
nificant rise in the aforementioned UPR-associated tran-
scripts in GFP cells when compared to wild-type controls
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Fig. 2 Effects of Agp1 expression on cell morphology and viability. a, Representative quantitative phase microscopy images of cells engineered to ex-
press Aqp1 or GFP. Scale bar is 5 um. Fold-change in b, dry mass, ¢, volume, and d, sphericity of Aqp1-expressing cells relative to GFP-cells measured using
quantitative phase imaging. e, Viability of Aqp1-expressing cells relative to GFP-controls measured using the MTT assay. f, ATP levels in Aqp1-expressing
cells relative to GFP. g, Caspase-3/7 activation in Agp1-cells relative to GFP. The dashed lines denote the unit fold change representing no difference be-
tween GFP and Agp1. Error bars in the phase imaging experiments represent the s.e.m. from n> 3 images comprising 10-50 single cells. Error bars in the
viability and caspase assays represent the s.e.m. from n> 3 biological replicates
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(Supplementary Fig. 4). Additionally, we assessed changes
in the expression of activating transcription factor 4
(ATF4), an ER chaperone (Grp94), and an E3 ubiquitin
ligase (SYVN1) involved in ER-associated degradation of
misfolded proteins [63]. We did not detect a significant
increase in any UPR-associated gene in Aqpl-expressing
cells (Fig. 3a, Supplementary Fig. 5), with the exception of
Grp94, which showed an approximately two-fold increase
in expression in MING cells (Supplementary Fig. 5).

Next, we investigated whether Aqpl-expressing cells
retained the ability to activate the UPR when exposed to
ER stress by treatment with tunicamycin, a protein gly-
cosylation inhibitor that leads to extensive accumulation
of misfolded proteins in the ER [64]. Aqpl-expressing
cells showed tunicamycin-dependent increase (relative to
vehicle-treated cells) in levels of BiP, XBP1s, and CHOP
(Fig. 3b), suggesting that Aqpl expression does not
impair the innate capacity of cells to respond to ER stress.

Agp1 does not adversely affect cell type-specific functions
relative to GFP-controls

Having established that Aqpl expression does not sub-
stantially perturb key descriptors of cell morphology,
cytotoxicity, and ER stress, we wondered whether Aqpl
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expression could interfere with functions in various cell
types. To address this question, we used a panel of assays
to test Aqpl-expressing cells for in vitro activities that
model the in vivo function specific to a particular cell-
type, including phagocytosis (J774A.1), insulin secretion
(MING6), CD25 expression (Jurkat), and metastatic inva-
sion (MDA-MB-231). We excluded HT22 cells (neuronal)
from this analysis, as a recent study showed that overex-
pression of Agpl in murine neurons caused no difference
in the electrical properties of Aqpl-neurons compared
with GFP-transduced neurons [39]. To assess the func-
tionality of ]774A.1 cells, we used silica beads coated with
a supported-lipid bilayer to emulate the surface of cells.
We incorporated biotinylated lipids in the membrane
and incubated the beads with monoclonal anti-biotin
IgG, a well-characterized “eat-me” signal [65]. We mixed
the beads with Aqpl- and GFP-expressing cells and
measure internalized beads using confocal microscopy
as described in our earlier work [66]. Both Aqpl- and
GFP-expressing cells showed similar phagocytic activi-
ties, which increased by two-fold following exposure to
beads containing IgG in the lipid bilayer relative to cells
incubated with IgG-free beads (Fig. 4a, b, Supplemen-
tary Fig. 6). These findings indicate that Aqp1l expression
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Fig. 3 Effect of Aqp1 expression on the unfolded protein response. a, Fold changes in key UPR-associated genes, BiP, XBP1s, and CHOP in Aqp1-express-
ing cells relative to GFP controls. b, Fold changes in the BiP, XBP1s, and CHOP in Agp1-expressing cells treated with 2.5 pug/mL tunicamycin for 4 h relative
to vehicle-treated cells. Error bars represent the s.e.m. from n=3 biological replicates. * P-value <0.05, ** P-value <0.01, *** P-value <0.001. GAPDH and
actin were used as housekeeping genes for the mouse and human cell lines, respectively
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Fig. 4 Effect of Agp1 expression on specific cell functions. a, Representative images showing the engulfment of silica beads coated with a supported
lipid bilayer (atto390, magenta) by Agp1-IRES-GFP and GFP-expressing J774A.1 cells (GFP, green). Images were collected using a spinning disk confo-
cal microscope with a 40x0.95 NA Plan Apo air objective. Yellow arrows denote beads engulfed by the cells. Scale bar is 5 um. b, Phagocytic activity
of Agp1- and GFP-cells following exposure to lipid-coated silica beads with or without IgG1xk incorporated in the supported lipid bilayer, for 45 min.
Phagocytic index was determined by measuring the average att390 fluorescence per macrophage.c, Glucose-stimulated insulin secretion in Agp1- and
GFP-expressing MING cells induced by exposing cells to 20 mM external glucose for 1 h. d, Flow cytometry analysis of CD25 and CD3 surface expression
in Agp1- and e, GFP-expressing Jurkat cells, either untreated or incubated with anti-human CD3/CD28 beads at a 4:1 bead-to-cell ratio for 24 h. The
numbers in each quadrant denote the fraction of cells showing surface expression of CD3 (pan T-cell marker), CD25 (activation marker), both CD3 and
CD25, or neither marker. f, Percentage of CD25" cells relative to the total CD3* population. g, Representative images showing the migration of Aqp1-and
GFP-expressing MDA-MB-231 cells beyond the Matrigel perimeter on day 6. Wide-field images covering both the Matrigel drop and the surrounding
media were acquired using a scanning confocal microscope with a 10x 10 grid of 1024 x 1024 pixel tiles at 10X magnification. h, Increase in the total area
occupied by invading MDA-MB-231 cells that migrate out of the Matrigel. Error bars represent the s.e.m. from n >3 biological replicates. * P-value <0.05,
** P-value <0.01, *** P-value <0.001 (2-sided, t-test)



Miller et al. Journal of Biological Engineering (2024) 18:30

does not impede phagocytic activity in macrophages.
Next, we assessed MING6 functionality by measuring glu-
cose-stimulated insulin secretion. In this assay, cells are
stimulated to release insulin by elevating external glucose
concentration, which is used to model pancreatic beta-
cell function [67, 68]. Both Aqpl- and GFP-expressing
cells showed significant glucose-stimulated insulin secre-
tion, with GFP-expressing cells having a modestly higher
fold-change (2.21+0.2 fold, meants.e.m) than Aqpl-
cells (1.6+0.2 fold) (Fig. 4c). To test Jurkat cell func-
tion, we stimulated the T-cell receptors with anti-CD3/
CD28 microbeads and used flow cytometry to measure
increase in surface expression of CD25, a well-defined
marker of T-cell activation [69, 70]. As expected, both
Aqpl- and GFP-expressing Jurkat cells showed a sig-
nificant increase in CD25 surface expression (Fig. 4d-e,
Supplementary Fig. 7); however, an approximately two-
fold larger fraction of Aqpl-expressing cells upregu-
lated CD25 compared to GFP-expressing cells (Fig. 4f).
Finally, we studied the migration ability of MDA-MB-231
cells using a Matrigel-based assay [71], which is com-
monly employed to assess tumor cell invasiveness in in
vitro drug screening platforms. Specifically, we seeded
cells in a Matrigel drop and used confocal imaging to
measure the area occupied by the cells that migrated
beyond the drop perimeter (Fig. 4g). Both Aqpl- and
GFP-expressing cells exhibited migration profiles similar
to those previously reported for wild-type MDA-MB-231
(Fig. 4h). Taken together, our findings suggest that Aqpl
expression does not significantly impede physiological
responses, except for MIN6, where Aqpl expression is
associated with a statistically significant decrease in insu-
lin release.

Conclusions

With its ability to genetically encode diffusivity signals
that can be detected using standard MRI instrumentation
and pulse sequences, Aqpl holds promise for revealing
deeper insights into biological processes in their native
context. Accordingly, we were motivated to systemati-
cally study Aqpl’s effects on cell physiology and func-
tion to address concerns regarding how Aqpl expression
and increased membrane diffusivity potentially affect cell
physiology. We showed that Aqpl expression generates
a substantial increase in diffusivity in various mouse and
human cell lines, suggesting that the Aqp1 reporter gen-
eralizes to diverse cellular chassis. We found no adverse
effects of Aqpl expression (relative to GFP reporter
expression) on several biophysical and biochemical
parameters, including dry mass, volume, shape, viability,
apoptosis, and ER health. We further showed that Aqpl
expression did not hinder the specific functions of differ-
ent cells, such as phagocytosis, immune activation, and
tumor cell migration, compared to GFP-expressing cell
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lines. Altogether, our findings should reassure potential
safety concerns regarding Aqpl, encouraging its broad
application as a molecular tool for deep-tissue imag-
ing, similar to the widespread utilization of GFP and its
derivatives for visualizing cultured cells and transparent
organisms.

The current study has some limitations that should be
taken into account. First, we evaluated the performance
of Agpl in vitro using cultured cells, which provides
a convenient platform to survey a range of biological
and biophysical variables (Table S1), and are routinely
employed for toxicology studies. In the future, validat-
ing Aqpl safety through in vivo studies in small and
large animal models would be an additional step for-
ward. Second, although the widespread use of fluorescent
reporters in biomedical research (including in optically
accessible tissues in living organisms) makes GFP a “near-
est neighbor” reporter to assess Aqpl, it is important to
acknowledge that the expression of GFP may introduce
a metabolic load on cells [72]. Therefore, the findings of
this study should be construed as demonstrating that
Aqpl does not have detrimental or disruptive effects
on cellular function, similar to the commonly used GFP
and related reporters. Third, our safety and toxicity tests
were conducted under standard non-stressed cell culture
conditions, and therefore may not accurately reflect the
effects of Aqpl in more stressful environments. In the
future, Aqpl could be “pressure tested” in environments
where the cell experiences additional metabolic or bio-
synthetic burden, such as during hypoxia or when co-
expressed with other membrane-bound genetic tools, for
example channelrhodopsins or chimeric antigen recep-
tors. Fourth, the study was conducted with cells that were
cultured and passaged for 2—3 weeks after transduction.
Therefore, the effects of prolonged (e.g. several weeks)
Aqp1 expression on cell behavior are not fully unraveled.
Further research should examine the effects of longer
durations of Aqpl expression to assess its suitability for
longitudinal imaging paradigms. Finally, even though we
demonstrated the detection of Aqpl transgene expres-
sion by western blotting of whole-cell lysates, immunob-
lotting of plasma membrane fractions would be useful to
provide accurate quantification of Aqp1 levels on the cell
surface.

Although Aqpl-expressing cells largely appeared to
behave similarly to GFP-expressing cells in terms of key
functionality and toxicity parameters, we noticed a few
instances of differential responses. For example, in MDA-
MB-231 cells, there was a statistically significant reduc-
tion in caspase 3/7 activity in Aqpl-expressing cells
compared to GFP-expressing controls (Fig. 2g). Addition-
ally, we observed an increase in the percentage of stim-
ulated Jurkat cells (i.e., CD25" cells) in the Aqpl-group
compared to the GFP-cohort (Fig. 4f). These differences
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may be due to cell type-specific variations in the effects
of Aqpl expression compared to that of GFP, although
other factors such as the location of viral gene integra-
tion in the genome cannot be ruled out. Further in-
depth case-by-case studies will be necessary to elucidate
the underlying mechanisms. Finally, we observed that
Aqpl-expressing MING6 cells exhibited elevated expres-
sion of the UPR marker Grp94 (Supplementary Fig. 5).
This observation is correlated with the highest levels of
Aqp1 expression observed in MING cells (Supplementary
Fig. 3a), suggesting a potential association between UPR
activity and Aqpl expression, particularly in cells with a
high secretory burden, such as insulin-secreting MIN6
cells. However, further investigation is needed to gain a
deeper understanding of the mechanisms and biologi-
cal significance of these results. If necessary, the Aqpl-
related secretory burden can be reduced by employing a
weaker promoter or implementing a conditional expres-
sion system that restricts Aqpl expression to a specified
time window. Future research can explore these options
to determine the optimal window for balancing Aqpl
expression, signal-to-noise ratio, and metabolic burden
in cell types where sustained overexpression of Aqpl
appears to interfere with cell physiology.

In summary, our study contributes to the ongoing
development of tissue-penetrant reporters by address-
ing potential safety concerns related to the use of Aqpl
as a reporter gene. We expect that our findings will have
significant practical implications in several areas of basic
and applied research, including synthetic biology, genetic
medicine, immuno-oncology, and systems neuroscience,
where the ability to track cells and transcriptional activity
in intact living systems is a highly sought-after capability.

Methods

Reagents

Molecular biology reagents, including Q5° High-Fidelity
2X Master Mix, 1 kb Plus DNA ladder (100 bp-10 kb),
and agarose gel electrophoresis loading dye were pur-
chased from New England Biolabs (Ipswich, MA, USA).
iScript™ ¢cDNA synthesis reagents were purchased from
Bio-Rad (Hercules, CA, USA). PowerUp™ SYBR™ Green
Master Mix for quantitative RT-PCR was purchased
from Thermo Fisher Scientific (Waltham, MA, USA).
Agarose and SYBR™ Safe DNA stain were respectively
purchased from GoldBio (St. Louis, MO, USA) and
APExBIO (Houston, TX, USA). Reagents for plasmid
extraction (mini- and midi-prep) and DNA purification
were purchased from Promega (Madison, W1, USA) and
New England Biolabs. Reagents for RNA extraction were
purchased from Qiagen (Hilden, Germany). Chemically
competent E. coli was obtained from New England Bio-
labs. Oligonucleotide primers for PCR amplification were
designed using NEBuilder and ordered from Integrated
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DNA Technologies (Carlsbad, CA, USA). Reagents for
Western blotting, including 4-20% Mini-PROTEAN®
TGX Stain-Free™ gels and Immun-Blot® PVDF mem-
branes were purchased from Bio-Rad (Hercules, CA,
USA). Reagents for the chemiluminescent detection
of immunoreactive bands were obtained from Thermo
Fisher Scientific. Antibodies were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

HT-22 cell lines were purchased from Sigma-Aldrich.
MING cells were purchased from Thermo Fisher Scien-
tific. All other cell lines were obtained from the American
Type Culture Collection (ATCC). Dulbecco’s Modified
Eagle Media (DMEM), Roswell Park Memorial Institute
media (RPMI 1640), sodium pyruvate, and casein were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
GlutaMAX™ (100X), penicillin-streptomycin (10* units/
mL penicillin, 10 mg/mL streptomycin), sterile phosphate
buffered saline (PBS), sodium butyrate, CellTracker™
Green dye, TrypLE, and anti-human CD3/CD28 mag-
netic Dynabeads™ were purchased from Thermo Fisher
Scientific. Fetal bovine serum (FBS) was purchased from
R&D Systems (Minneapolis, MN, USA) and Thermo
Fisher Scientific. Linear polyethyleneimine (25 kDa)
transfection reagent was purchased from Polysciences
Inc. (Warrington, PA, USA). Lenti-X™ viral concentra-
tor was purchased from Takara Bio (San Jose, CA, USA).
RIPA cell lysis buffer and polybrene were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA).

Reagents for performing cytotoxicity and viability
assays, namely CellTiter-Glo®, CellTiter 96° AQ,,.,,s» Cas-
pase-Glo°® 3/7, and CellTiter-Blue® were purchased from
Promega (Madison, WI, USA). Lipids were purchased
from Avanti (Alabaster, AL, USA) and ATTO-TEC (Sie-
gen, Germany). Silica beads were purchased from Bangs
labs (Fishers, IN, USA). Monoclonal mouse anti-biotin
IgGlk was purchased from Jackson ImmunoResearch
Labs (West Grove, PA, USA). All other monoclonal
antibodies were purchased from Thermo Fisher Scien-
tific. Matrigel® was purchased from Corning (NY, USA).
Pierce™ BCA Protein Assay reagent were purchased from
Thermo Fisher Scientific. Ultra-Sensitive Mouse Insulin
ELISA kit was purchased from Crystal Chem (Elk Grove
Village, IL).

Molecular biology

The construction of the Agpl-expressing lentiviral plas-
mid (pJY22) has been described in our previous study.
An enhanced GFP reporter was co-expressed with Aqpl
using an internal ribosome entry site (IRES) to allow
selection of stably transduced cells by fluorescence-acti-
vated cell sorting (FACS). To generate a control plas-
mid (pADMO04), the GFP sequence was amplified using
Q5° High-Fidelity 2X Master Mix and cloned by Gibson
assembly in the same lentiviral vector backbone used
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for Aqpl expression. All constructs were verified using
Sanger DNA sequencing (Genewiz, San Diego, CA,
USA).

Cell culture and engineering

Cells were routinely cultured at 37 °C in a humidified
incubator containing 5% CO,. HT22, J774A.1, MING,
and MDA-MB-231 cells were grown as adherent cultures
in DMEM, while Jurkat cells were grown in suspension
in RPMI. The growth medium was supplemented with
100 U/mL penicillin, 100 pg/mL streptomycin, and FBS
(10-15%). GlutaMAX™ and sodium pyruvate were used
as additional supplements in all cell lines except HT22.
HT22, J774A.1, MDA-MB-231, and MIN6 cells were
cultured in 4.5 g/L glucose. Jurkat cells were cultured
in 1 g/L glucose. For passaging, adherent cells were
detached from the plate using trypsin or a cell scraper
(J774A.1 cells).

Lentivirus was produced using a combination of three
plasmid vectors: a transfer plasmid encoding Aqpl or
GFP, a packaging plasmid, and an envelope plasmid
encoding the VSV-G protein to confer broad cell-type
tropism. To produce lentivirus, 22 pg of the transfer plas-
mid, 22 pg of the packaging plasmid, and 4.5 ug of the
envelope plasmid were mixed and delivered to 293T
cells by transient transfection with polyethyleneimine.
Approximately 24 h after transfection, cells were treated
with sodium butyrate (10 mM) to enhance the expression
of viral genes. Viral production was allowed to continue
for another 72 h before collecting the spent media and
precipitating the lentiviral particles using Lenti-X™ con-
centrator. The concentrated lentivirus was resuspended
in 200 pL PBS and stored as aliquots at -80 °C.

For lentiviral transduction, cells were grown in individ-
ual wells of a six-well plate to 70% confluence, aspirated
to remove spent media, and incubated with lentiviral
particles resuspended in ~1 mL of media containing
8 pug/mL polybrene. Cells were spinfected by centrifuging
the six-well plates at 1048 x g at 30 °C for 90 min. Follow-
ing spinfection, the plates were returned to the incubator
for two days. Next, the cells were transferred from to a
10-cm plate and grown to 70% confluence. Stably trans-
duced green fluorescent cells were enriched using FACS
(Sony SH800 or Sony MA900 sorter), and the enriched
populations were grown back out and stored as cryo-
stocks until further use.

Assaying Agp1 transgene expression using qRT-PCR

Aqpl- and GFP-expressing cells were cultured in six-well
plates for 24 h. Next, cells were lysed in Buffer RLT (Qia-
gen) supplemented with 1% [-mercaptoethanol and the
lysate was centrifuged in QIAshredder columns to shear
genomic DNA. Total RNA was extracted according to
the manufacturer’s (Qiagen) protocol. 1 pg of RNA was
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then reverse-transcribed using iScript™ cDNA synthe-
sis reagents according to the manufacturer’s protocol.
The cDNA was diluted 10-fold in nuclease-free water
and gene-specific quantitative PCR (qRT-PCR) was car-
ried out using Power Up™ SYBR™ Green Master Mix and
20 ng of cDNA template, according to the manufactur-
er’s protocol. qRT-PCR was performed using a CFX96
Touch Real-Time PCR Detection System (Bio-Rad). Cycle
threshold values (C}) were determined by regression fit-
ting using CFX Maestro Software (Bio-Rad). Primers
were designed using Primer3 with the forward primer
binding in the N-terminal FLAG-tag of the Aqpl trans-
gene (Table S2). Primers were designed to have a melt-
ing temperature (7},,) of 60 °C, which was experimentally
verified by thermal gradient PCR. To ensure that the
amplification was specific Aqp1l, melt curve analysis was
performed, and the expected amplicon size was further
confirmed using agarose gel electrophoresis. Addition-
ally, we performed qPCR on serial dilutions of a cDNA
sample to assess primer efficiency based on the slope of
C; vs. logarithmic dilution. Aqp1 expression was quanti-
fied using the 9-44¢ method [73] relative to GFP-only
controls and with GAPDH or actin serving as housekeep-
ing genes for mouse and human cell lines respectively.

Western blotting

Whole-cell lysates were prepared by treating a conflu-
ent 10 cm plate of cells with 2x Laemmli sample buf-
fer supplemented with 5% B-mercaptoethanol and 4%
sodium dodecyl sulfate. The cell solution was briefly son-
icated using a probe sonicator, boiled at 95 °C for 3 min
and resolved by denaturing polyacrylamide gel electro-
phoresis. The proteins were then transferred to a PVDF
membrane using a Trans-Blot® Turbo™ Transfer system
(Bio-Rad). Membranes were blocked for 1 h at room
temperature by incubating with blocking buffer contain-
ing 3% bovine serum albumin (BSA) in 1X Tris buffered
saline and subsequently incubated at 4 °C overnight
with anti-ActB (Sigma Aldrich #A2228) and anti-FLAG
(Sigma-Aldrich #F1804) primary antibodies diluted at
1:20,000 and 1:1000 respectively each in blocking buffer.
Following overnight incubation, the membranes were
washed and incubated for 1 h at room temperature with
horse radish peroxidase-conjugated anti-mouse second-
ary antibody diluted 1:3000 in 5% non-fat dry milk in
1X Tris buffered saline. Immunoreactive bands were
detected using SuperSignal™ West Femto Maximum Sen-
sitivity Substrate and a ChemiDoc MP Imaging System
(Bio-Rad).

Magnetic resonance imaging

Cells were seeded 24-48 h prior to MRI and grown to
full confluence in 10-cm tissue culture plates. In prepa-
ration for imaging, cells were harvested from the plate,
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centrifuged at 350 x g for 5 min, and resuspended in 200
uL of PBS. The resuspended cells were transferred to a
microcentrifuge tube, centrifuged at 500 X g for 5 min,
and the supernatant was carefully aspirated. The wash
step was repeated one more time before centrifuging the
cells (500 X g, 5 min) to form a pellet. Tubes containing
cell pellets were placed in a water-filled agarose mold
(1% w/v) that was housed in a custom 3D-printed MRI
phantom.

All MRI experiments were performed at ambient
temperature using a 7 T vertical-bore MRI scanner
(Bruker) equipped with a 66 mm diameter volume coil.
Stimulated echo diffusion-weighted images of cell pel-
lets were acquired in the axial plane using the following
parameters: echo time, Ty = 18 ms, repetition time, Ty
= 1000 ms, gradient duration, =5 ms, gradient separa-
tion, A=300 ms, matrix size=128x128, field of view
(FOV)=5.08x5.08 cm?, slice thickness=1-2 mm, num-
ber of averages=5, and four effective b-values in the
range of 1-3 ms/um?” The diffusion-weighted intensity
at a given b-value was estimated by computing the mean
intensity inside a manually drawn region of interest (ROI)
encompassing the axial cross-section of a cell pellet. The
slope of the logarithmic decay in the signal intensity ver-
sus the effective b-value was used to calculate the appar-
ent diffusion coefficient. To generate diffusion maps,
apparent diffusivity was computed for each voxel in the
ROI. The ensuing image was smoothed using a median
filter and pseudo-colored according to an 8-bit color
scale. Least-squares regression fitting was performed by
using the “fitnlm” function in Matlab (R2022b).

Cell viability assays

Aqgpl-and GFP-expressing cells were seeded in 96-well
plates at approximately 10,000 cells per well. Cell count-
ing was performed manually using a hemocytometer or
an automated cell counter (Countess® II). Cell viability
and toxicity assays were performed by measuring intra-
cellular ATP content, MTT bioreduction, and caspase
3/7 activation, using commercially available reagents,
namely CellTiter-Glo®, CellTiter 96° AQ,.,. CellTiter-
Blue®, and Caspase-Glo® 3/7, following the manufac-
turer’s instructions. Absorbance and luminescence were
measured using a Tecan Spark® Microplate Reader. The
integration time for luminescence was set at 1 s. The cas-
pase 3/7 activation measurements were normalized to
the viable cell count based on the total cellular ATP or
MTT reduction.

Quantitative phase imaging

Quantitative phase imaging was performed using a
Nanolive 3D cell explorer to determine the dry mass,
sphericity, and volume of Aqpl- and GFP-expressing
cells. For phase imaging, cells were seeded at a 1:24 split
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ratio and grown for ~24 h in 35 mm glass bottom plates
(Ibidi). This split ratio was chosen to ensure that the
cells did not become too confluent at the time of imag-
ing, which would hinder the accurate segmentation of
individual cells. Tomographic phase images (0.202 um x
0.202 pm lateral resolution, 0.363 um z-resolution) were
obtained from multiple regions of the plate, and cells
were rendered using the “Surfaces” model in Imaris 9.0
(Oxford Instruments). Cells close to the image bound-
aries and those that could not be clearly differentiated
from neighboring cells were excluded from the analysis.
Imaris was used to compute cell volume (1/) and sur-
face area (), which were then used to estimate sphe-
. L3

ricity () as g — T3V The cell mass was calculated
from the refractive index tomogram using an established
approach. Briefly, the refractive index difference is related
to the phase shift or change in optical path length (OPL
) as follows: OPL(x,y) = fg[n (%, y) — Ngyr]dz, Where
2 is the coordinate along the optical axis, j is the thick-
ness of the cell,n(x, y)is the refractive index of the cellu-
lar material at planar coordinates (x,y), and 7, is the
refractive index of the surrounding medium. The integral
of the optical path difference over the plane of a seg-
mented cell is related to dry mass () by the equation:
m = w, where o = 0.18/1,m3/pg is a known
constant for eukaryotic cells [74].

Unfolded protein response (UPR) assays

Aqpl-, GFP-expressing, and wild-type cells were cultured
in six-well plates for 24 h prior to experimentation. To
induce ER stress, the culture medium was supplemented
with tunicamycin at a final concentration of 2.5 pg/mL
for 4 h. Next, qRT-PCR experiments were performed as
described above for the Aqp1 transgene expression anal-
yses. Primers (Table S2) were designed using Primer3
ensuring that the sequences were intron-flanking, pro-
duced an amplicon between 50 and 250 bp, and had a
melting temperature (7,,) of 60 °C. As before, changes in
expression of key UPR-associated genes were quantified
using the 9-44¢ method with GAPDH and actin serving
as housekeeping genes for mouse and human cell lines
respectively.

Phagocytosis assay

Supported lipid bilayer-coated silica beads were prepared
as described before [75]. Briefly, chloroform-dissolved
lipids were mixed in the following molar ratios: 96.8%
POPC (Avanti, Catalog # 850,457), 2.5% Biotinyl Cap PE
(Avanti, Catalog # 870,273), 0.5% PEG5000 PE (Avanti,
Catalog # 880,230), and 0.2% atto390-DOPE (ATTO-TEC
GmbH, Catalog # AD 390-161), and dried under argon
gas overnight to remove the chloroform. The dried lipids
were resuspended to 10 mM in PBS (pH 7.2) and stored
under argon gas. To form small unilamellar vesicles
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(SUVs), the lipid mixture was subjected to 30 freeze-thaw
cycles and stored at -80 °C under argon gas. Immedi-
ately before use, the SUVs were filtered through 0.22 pm
PTFE syringe filters to remove lipid aggregates. To form
supported lipid bilayers, 8.6x10° silica beads (10 uL of
10% solids, 4.89 pum mean diameter, Bangs Laboratories)
were washed twice with water and twice with PBS by
centrifugation at 300 X g and decanting. The beads were
then mixed with 1 mM SUVs in PBS, vortexed for 10 s
at medium speed, covered with foil, and incubated in an
end-over-end rotator at room temperature for 0.5-2 h to
allow lipid bilayers to form on the beads. The beads were
washed three times with PBS to remove excess SUVs and
resuspended in 100 pL of 0.2% casein in PBS for 15 min
at room temperature to block nonspecific binding. Anti-
biotin monoclonal mouse IgG1k (Jackson Immuno Labs,
Cat#200-602-211) was added to the beads at concentra-
tions ranging from 0 to 10 nM and incubated for 15 min
at room temperature with end-over-end mixing. The
beads were washed three times to remove unbound IgG
and resuspended in 100 pL PBS containing 0.2% casein.
For the bead engulfment assay, ~ 50,000 Aqp1- or GFP-
expressing J774 cells were plated in individual wells of a
96-well glass bottom plate (MatriPlate™) approximately
12-24 h prior to the experiment. Next, the cells were
washed four times with engulfment imaging media (20
mM HEPEs, 135 mM NaClI, 4 mM KCI, 10 mM glucose,
1 mM CacCl,, 0.5 mM MgCl,), leaving~100 pL media
between washes, and finally leaving the cells in 300 pL
media. Approximately 8x10°> beads were added to each
well and engulfment was allowed to proceed for 45 min
in a humidified incubator (37 °C, 5% CO,). A minimum
of 36 Images were collected using a spinning disk confo-
cal microscope (Nikon Ti2-E inverted microscope with
a Yokagawa CSU-W1 spinning disk unit and an ORCA-
Fusion BT scientific CMOS camera) with a 40x0.95
NA Plan Apo air objective. The microscope was oper-
ated using the NIS-Elements software platform (Nikon).
Images were analyzed using CellProfiler [76]. All images
were cropped to remove 150 pixels around the edges
and background was subtracted. Macrophage cell bodies
were identified from the GFP channel using a global min-
imum cross-entropy threshold. The phagocytic index was
estimated from average integrated fluorescence intensity
of atto390-labeled lipids per macrophage. Results were
validated by a blinded analyzer manually counting the
number of beads in 100 macrophages per condition.

Insulin secretion assay

Aqpl- and GFP-expressing MIN6 cells were seeded
in individual wells of a 24-well plate at approximately
120,000 cells per well (manually counted using a hemocy-
tometer). Four days after seeding, the culture media was
aspirated and cells were washed twice with low-glucose
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Krebbs-Ringer bicarbonate/HEPES medium (KRBH)
comprising 135 mM NaCl, 3.6 mM KCl, 2 mM NaHCO;,
0.5 mM NaH,PO4, 0.4 mM MgCl,, 1.5 mM CacCl,, 10
mM HEPES, 2 mM glucose, and 1% BSA (pH 7.4). The
cells were subsequently incubated at 37 °C for 2 h in low-
glucose KRBH medium, washed twice as before, and
incubated at 37 °C in KRBH media containing either 2
mM (low) or 20 mM (high) glucose. One hour later, 450
uL of supernatant was collected from each well, centri-
fuged at 1500 x g for 5 min at 4 °C, and stored at -80 °C.
Next, the cells were lysed using RIPA Lysis Buffer, and the
lysates were stored at -80 °C. The insulin concentration in
the thawed supernatant was determined using a mouse
insulin ELISA Kit following manufacturer’s recommen-
dations to obtain a dynamic range of 0.1-12.8 ng/mL
insulin. A standard curve was generated by measuring
known quantities of purified insulin and fitting the curve
to a quadratic model. Insulin concentrations were nor-
malized to total cellular protein, which was measured in
thawed lysates using the bicinchoninic acid (BCA) assay.

Flow cytometry assay for immune stimulation

We first confirmed the expression of various immune
receptors, including CD3, CD4, and CD45 in native Jur-
kat cells by staining with the following antibodies, namely
anti-human CD3-PE (UCHT1, 0.024 pg), anti-human
CD4-PE-Cy7 (OKT4, 0.024 ug), and anti-human CD45
eFluor® 450 (HI30, 0.2 ug),.Staining was performed by
pelleting Jurkat cells at 500 x g, washing with staining
buffer (PBS containing 1% FBS)and incubating with the
respective antibodies for 20 min (200 pL staining buf-
fer, 2 uL respective antibody). To avoid cross-staining,
each receptor was independently stained. Next, Aqpl-
and GFP-expressing Jurkat cells (~500,000 cells/mL)
were stimulated using anti-human CD3/CD28 magnetic
Dynabeads® at a 4:1 bead-to-cell ratio (2 uL). After 24 h
of stimulation, Jurkat cells were collected and de-beaded
using a magnetic rack for 1-3 min. The de-beaded cells
were pelleted at 500 X g by centrifugation, washed with
PBS containing 1% FBS, and stained with mouse anti-
human CD3-PE antibody for 20 min. After CD3 staining,
the cells were washed as before and stained with anti-
mouse CD25 eFluor® 450 (PC61.5, 0.1 pg). Stimulation
was assessed by using flow cytometry (Attune NxT Flow
Cytometer) to quantify the percentage of CD3+cells that
were also CD25+. Flow cytometry data were analyzed
using FlowJo. The gating strategy is illustrated in Fig. 4d
and Supplementary Fig. 2. Percentage of CD25+cells was
calculated relative to the total CD3+ population as Stim-
ulation%= CD3*CD25*/[CD3*CD25*+CD3*CD257].

Matrigel invasion assay
MDA-MB-231 cells were grown to 70% confluence and
~50,000 cells were centrifuged at 350 x g for 5 min,
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decanted, and resuspended in 10 uL Matrigel containing
Phenol Red. The resuspended cells were deposited in the
form of single drops in individual wells of a six-well plate
and incubated at 37 °C for 20 min to allow the Matrigel to
solidify. Next, 2 mL of medium was added to each well,
and the plate was returned to the incubator. The cells
were imaged every 24 h using a scanning confocal micro-
scope (Leica SP8). Both transmitted light and fluorescent
images were acquired using a 10x10 grid of 1024:x 1024
pixel tiles at 10X magnification to capture the Matrigel
drop and the surrounding medium. Fluorescence imag-
ing was performed using 488 nm light for excitation and
emission was measured between 498 and 592 nm. Imag-
ing was continued for up to six days, beyond which the
Matrigel drops began to detach from the plate. For image
analysis, Fiji was first used to manually draw boundar-
ies around the Matrigel border and zero-fill the pixels
located inside the ROI, thereby eliminating cells that did
not migrate out of the droplet. Next, ilastic was used to
automatically segment cells located outside the Matri-
gel border, using images obtained at intermediate times
(e.g., day 4) as the training set. Finally, the percentage of
all pixels in the image that corresponded to escaped cells
was computed using Fiji and converted to area units by
multiplying by the total imaged area (113.5 mm?).

Statistical analysis

Experimental data are summarized by their mean and
standard error of mean obtained from multiple (n>3)
biological replicates. All tests are 2-sided with the excep-
tion of the tunicamycin-based UPR assay (Fig. 3b), which
was 1-tailed given the directionality of tunicamycin’s
effect on UPR was known a priori. The qRT-PCR data
were analyzed by performing a Student’s t-test on the
AACY values. A P-value of less than 0.05 taken to indi-
cate statistical significance.
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