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Expansion microscopy enables nanoimaging with conventional
microscopes by physically and isotropically magnifying preserved
biological specimens embedded in a crosslinked water-swellable hydrogel.
Current expansion microscopy protocols require prior treatment with
reactive anchoring chemicals to link specific labels and biomolecule classes
to the gel. We describe a strategy called Magnify, which uses a mechanically
sturdy gel that retains nucleic acids, proteins and lipids without the need
for aseparate anchoring step. Magnify expands biological specimens

up to 11 times and facilitates imaging of cells and tissues with effectively
around 25-nmresolution using a diffraction-limited objective lens of about
280 nmon conventional optical microscopes or with around 15 nm effective
resolution if combined with super-resolution optical fluctuation imaging.
We demonstrate Magnify on abroad range of biological specimens,
providinginsight into nanoscopic subcellular structures, including synaptic
proteins from mouse brain, podocyte foot processes in formalin-fixed
paraffin-embedded human kidney and defects in ciliaand basal bodiesin
drug-treated human lung organoids.

Acomprehensive understanding of abiological system requires precise
knowledge of the spatial arrangement of components across length
scales, from tissue-level organization to individual biomolecules.
Expansion microscopy (ExM)'?is atechnique enabling nanoscale imag-
ingusing only a diffraction-limited fluorescent microscope. ExXM mag-
nifies cells and tissues physically and isotropically: biomolecules are
linked covalently to adense and swellable polyelectrolyte hydrogel and
are physically expanded away from each other in water after chemical
processing. Since development of the technique', ExM protocols have
been used for nanoscaleimaging of proteins®'°, nucleic acids”" " and

lipids®**™*, while new hydrogel chemistries facilitate linear expansion

factors (EFs) of around tenfold or larger in either a single’>' or itera-
tive®'? expansion steps. To perform expansion, molecular handles are
first covalently attached to specific biomolecules and/or labels that
anchorthemto aswellable hydrogel network that is subsequently syn-
thesized throughout the specimen’. These handles are either conju-
gated antibodies or reactive chemicals prone to quick hydrolysis in
water>'”'®, with one exception that contains a mixture of formalde-
hyde and acrylamide for use with unfixed specimens’. Proteinase K
(ProK) digestion, which destroys endogenous epitopes, is commonly
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used to enable expansion. Most protocols have demonstrated only
around fourfold expansionin tissues® ****>** witha mechanically deli-
cate hydrogel, providing an effective resolution of only around 70 nm
with a1.15 numerical aperture (NA; roughly 280-nm diffraction limit)
objective lens, which is insufficient to resolve fine features such as
molecular organization withinindividual synapses. Protocols for larger
expansion®*'® have been developed, but have not been demonstrated
beyond cultured cells and brain tissue sections.

An ideal ExM protocol would (1) be easy to use; (2) provide ten-
fold or greater expansion with minimal distortion; (3) be capable of
conserving acomprehensive array of biomolecule classes that can be
labeled after expansion and (4) be simultaneously compatible with a
broad range of tissue types (including mechanically tough tissues such
as kidney) and fixation methods. So far, no documented ExXM method
can achieve all these features. Here, we present Magnify, a variant of
ExM that meets all the requirements above. Magnify uses a hydrogel
formulathat retains aspectrum of biomolecules, thus eliminating the
need for a separate, molecule-specific anchoring step. Additionally,
Magnify can expand conventionally preserved tissues up to about
11-fold, providing an effective resolution of around 25 nmfor anaround
280-nmdiffraction-limited 1.15 NA objective lens (~280/11) (Fig. 1a-c
and Supplementary Fig. 1). Magnify can also retain proteins, nucleic
acids and lipids, enabling postexpansion labeling in a broad range of
specimens. When combined with super-resolution optical fluctuation
imaging (SOFI)'’, acomputational postprocessing method employing
independent temporal fluctuations of fluorophores to distinguish
emitters, Magnify-SOFI can achieve a lateral effective resolution of
around 15 nm with a1.15NA objective lens on a conventional spinning
disk confocal microscope.

Abiomolecule-anchorable hydrogel with 11-fold
expansion
While ExM allows nanoscale imaging without expensive, specialized
hardware, currentiterations have critical limitations that minimize
potential applications. For example, high (greater than tenfold) EF
ExM methods have not been demonstrated successfully beyond cell
culture or brain tissue, restricting many tissues to around 70 nm
resolution. Although some ExM protocols can retain both nucleic
acidsandlipids directly within the gel, they rely on custom anchoring
agents thatare not available commercially, thus hindering widespread
adoption. Therefore, there is a pressing need to develop a broadly
applicable yet easily adoptable expansion method. To address this,
weimplemented Magnify by (1) eliminating the need for astandalone
anchoring step; (2) formulating amechanically robust hydrogel witha
large EF and (3) developing a flexible homogenization strategy for an
array of tissue types preserved with conventional fixation methods.
First, we asked whether it is possible to directly anchor biomol-
eculestothe polymeric gel during gelation. Inspired by paraformalde-
hyde (PFA) fixation—known to preserve a wide range of biomolecules

in tissue’>*'—we used methacrolein (1), asmall molecule used in classic

fixation protocols***, toincorporate biomolecules to the gel (Fig. 1a,b).
Methacrolein remains stable in the monomer solution and modifies
biomolecules in a similar way to formaldehyde while providing aniso-
propenyl functional group that participates in the in situ polymerization
step. We found that tissue sections gelled with methacrolein-containing
monomer solution can expand after strong protease digestion using
ProK, while pre-expansion fluorescent markers (fluorescent proteins
or immunolabels) persist (Fig. 1d, Supplementary Fig. 2 and Supple-
mentary Note 1) as in previous ExM protocols®. We compared protein
retention after protease digestion between tissues treated with our pro-
tocol and those treated with the protein retention ExM (proExM) pro-
tocol, whichrelies on Acryloyl-X, SE (AcX) to anchor biomolecules, and
found over 380% higher retention in formalin-fixed paraffin-embedded
(FFPE) kidney slices (Fig. 1e, Supplementary Fig. 2 and Supplemen-
tary Note 1). To preserve protein epitopes postexpansion, we treated
gel-embedded tissues with a denaturant-rich solution at 80 °C for at
least 1 h (optimized time varies by tissue type; Supplementary Table 1
and Supplementary Note 1) and observed crack-free expansioninmouse
brainslices, a range of sectioned human tissues and human bronchial
basal stem-cell-derived lung organoids with high protein retention
using our protocol (Fig.1e-f, Supplementary Fig. 2 and Supplementary
Table 2). However, gel-embedded human kidney sections anchored
with AcX showed distortions, including crack-like artifacts and incom-
plete expansion, after heat denaturation under the same conditions
(Supplementary Fig. 2). We also found that the high protein retention
facilitated by Magnify (530% higher retention in mouse brain slices as
compared with proExM; Fig. 1e) enables effective delivery of antibod-
ies postexpansion (Fig. 1g, Supplementary Fig. 3 and Supplementary
Tables 4 and 5). This combined anchoring and gelling step along with
homogenization withahot denaturant-rich solution underlies the main
concepts of the Magnify framework.

We sought tofind animproved gel chemistry capable of providing
alarger EF inasingle round compared with the traditional fourfold of
ExM (Supplementary Note 2). Previously, the X10 protocol® reported
a hydrogel consisting of sodium acrylate (2) (SA) and N,N- dimethy-
lacrylamide acid (3) (DMAA) that allows for EFs of around tenfold in
cultured cellsand mouse brain slices. However, X10 requires rigorous
degassing to remove oxygen before gelling and reportedly cannot
expand mechanically tough tissue types even with strong protease
digestion®. We show that heavily formalin-fixed human tissues such as
FFPE kidney sections did not expand evenly with the X10 gel and could
only achieve around sixfold expansion (Supplementary Figs. 2 and 4)
using heat denaturation. We theninvestigated a series of hydrogels by
varying concentrations of the monomers DMAA, SA, acrylamide (4)
(AA) and the crosslinker N,N’-methylenebisacrylamide (5) (Bis) (Sup-
plementary Note 2 and Supplementary Tables 6-10). We discovered a
hydrogel formula that is mechanically sturdy (Supplementary Fig. 4
and Supplementary Table 9), composed of 4% (w/v) DMAA, 34% (w/v)

Fig.1| Design and validation of the Magnify protocol. a, Magnify protocol.

b, Magnify gel chemistry. (i), Species participating in free radical polymerization.
(ii)-(v), Example interactions of gel monomers. ¢, Magnify expanded mouse
brain section. Top, after incubation and polymerization (asin a, (ii)). Bottom,
after hot surfactant homogenization and full expansionin ddH,O (asina, (iv)).
Thetissue has expanded uniformly and without distortion; a small piece (top
right of the gel) was lost during liquid transfer. EF =10.5x. d, Fluorescent signal is
retained after proteolytic digestion. Insets, zoom ins of boxed regions. EF = 3.1x
in PBS. e, Comparison of protein retention in FFPE human kidney sections

(blue) and PFA-fixed mouse brain sections (green) for different anchoring and
homogenization strategies. f, Comparison of protein retention across tissue
types for the Magnify framework. g, Postexpansion immunostaining with
Magnify. Left, synapses in the mouse striatum immunostained after Magnify
processing with homogenization in surfactant solution. Inset, a single synapse
inboxed region. Middle, 3D reconstruction of the same FOV shown in the left

panel. Right, 3D reconstructions of individual synapses EF = ~-11x in ddH,0.

h, Magnify enables visualization of nanoscopic synaptic architecture. (i),(ii),
Synapses in the mouse brain labeled for total protein content with a fluorescent
NHS ester dye. EF = ~10x in ddH,0. (iii), A hexagonal lattice of dense projections
in mouse brain tissue expanded with Magnify. EF = -11x in ddH,0. (iv), Electron
micrograph of a synapse from a separate mouse brain sample with visible dense
projections (arrows). i, Measurement of homer-bassoon synaptic pair distances
across the mouse brain with Magnify. Left, regions marked with blue squares.
(i),(ii), Primary motor cortex layers 5 (M1L5) and 6 (M1L6). (iii),(iv), Primary
somatosensory cortex layers 4 (S1L4) and 6 (S1L6). (v), DMS. (vi), NAc. EF = 3.6x
in1x PBS. Right, (i)-(vi), zoom ins of boxed regions; insets, representative
synapses. Pair distance (center to center) was measured in each region. Scale
bars, ¢,5mm;d, 10 pum;inset, 2 um; g, left, 1 um, leftinset, 250 nm, middle, 5 pm,
right, 250 nm; h, (i), (ii), 200 nm, (iii), 100 nm, (iv), 200 nm; i, tissue overview,
2mm, zoomins, 5 pm. Scale bars are allin biological scale.
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SA,10% (w/v) AA and 0.01% (w/v) Bis (Supplementary Table 10), capa-
ble of expanding FFPE human kidney tissue sections by over 8.5-fold
in water and freshly preserved mouse brain slices up to 11-fold after
heat denaturation (Fig. 1c and Supplementary Table 6). Using a 1.4
NA x60 oil immersion objective (around 200 nm Rayleigh limit), we
demonstrated aresolving power of around 18 nm (200/11) in an 11-fold
expanded mouse brain section stained for total protein content pos-
texpansion with a fluorescently conjugated N-hydroxysuccidimidyl
ester (NHS). Under these conditions, we observed well-resolved post-
synaptic densities and presynaptic dense projections®, which have
been shown through electron microscopy (EM) tobe around 56 nmin
diameter and spaced roughly 20 nm apart edge-to-edge®, as well as
the hexagonal lattice these projections form when viewed on their face
(Fig. 1h). The high EF of the Magnify gel allowed measurement of the
distance between bassoon and homer—synaptic scaffolding proteins
in the pre- and postsynaptic compartments, respectively—in mouse
braintissue expanded around fourfold in PBS using a1.2 NA x60 water
immersion objective lens. We measured bassoon-homer pair distances
in six brain regions (Fig. 1i): primary motor cortex layers 5 (M1L5)
and 6 (M1L6), primary sensory cortex layers 4 (S1L4) and 6 (S1L6),
dorsomedial striatum (DMS) and nucleus accumbens (nAc). While the
measured pair distances for eachregion arein line with measurements
taken with stochastic optical reconstruction microscopy?, we noted
distinct interregion variability, with cortical synapses having both a
lower average pair distance and narrower distribution than synapsesin
either the DMS or nAc. Additionally, we measured synaptophysin and
PSD95, synaptic proteins with a smaller edge-to-edge distance than
homer and bassoon, ina fully expanded mouse brain slice using a1.15
NA x40 water immersion objective lens. Measuring from the edge of
the synaptophysin signal (representing the presynaptic active zone)
tothe center of the postsynaptic density, we found amean distance of
64.3 nm (Supplementary Fig. 3), consistent with previous reports.

We confirmed the low distortion obtained by the Magnify protocol
on several tissue types using SOFI pre-expansion” (Supplementary
Fig. 5) and confocal microscopy postexpansion (Fig. 2 and Supple-
mentary Fig. 4). We found no substantial morphological changes
between pre-expansionimages and postexpansionimages of cell nuclei
and protein markers in either macroscopic or subdiffraction levels
(Fig.2a-iand Supplementary Figs. 4, 6 and 7). The distortion levels were
calculated inarange of 2-3.5% over length scales of tens to hundreds of
micronsin FFPEsamples (Fig.2c—e,h-i) and 2.5% for human embryonic
kidney 293FT cells (HEK-293FT) cells (Supplementary Fig.4), consistent
with previous reports®®. Analysis of the ultrastructure of microtubules
inU20S cells and ciliain human lung organoids (Supplementary Fig. 6
and Supplementary Note 6) showed average peak-to-peak distances of
22.68 nm + 0.71nmand24.72 nm = 0.72 nm (mean +s.e.m.) respectively.
Theresultsagree with EMimages of ciliainhuman lung organoids, which
had an average peak-to-peak distance of 22.09 nm + 0.34 nm (mean £
s.e.m.). Thelinkage errors determined by the affinity agent are smaller
than 5 nminboth cell culture and organoids, most probably due to the
smaller relative size of the antibody labels compared with the width of
microtubule postexpansion®. We also found that the slightly higher
distortion level with some labels compared with previously reported
ExM protocolsis due to theincreased number of labeled features during
postexpansion staining with Magnify (Supplementary Fig. 3).

FFPE specimens are among the most important biopsy prepara-
tions used for clinical examination, pathology research and diagnostic/
drug development. Due to the heavy formaldehyde-induced peptidyl
crosslinks, FFPE specimens are challenging to expand with preserved
epitopessince current protocols require aggressive proteolytic diges-
tion”*®, We tested Magnify on several FFPE tissues and tissue microarrays
containingtissue sections fromvarious human organs and correspond-
ing tumors, including breast, brain and colon (Fig. 2j-o and Supple-
mentary Fig.7).Inall cases, we obtained EFs of around 3.5-4.5x in PBS,
with an average EF ranging from 8.00x to 10.77x in water depending

on tissue type with 3.9% intraclass variation (Supplementary Table 1).
We observed that methacrolein concentration and homogenization
time need to be adjusted for different tissue types and preparations
(Supplementary Table 1). FFPE tissue sections required longer homog-
enizationtimes and higher methacrolein concentrations to achieve full
expansion than those with freshly preserved specimens due to higher
crosslinker content caused by formalin fixation. The differencein tissue
preparations, methacrolein concentration and homogenization time
may contribute tothe10%interclass variationin EFs. In FFPE specimens,
we observed that postexpansion staining with Magnify reveals more
detailed structures withsome antibodies. For example, the structure of
foot processes of podocytes labeled by an anti-alpha-actinin 4 (ACTN4)
antibody using the Expansion Pathology (ExPath) protocol is visible
only in frozen samples’, but not in FFPE kidney tissue sections. Simi-
larly, expansion protocols have been used to image foot processes in
PFA-fixed mouse**° and humansamples®’. However, these features and
finer structures of the foot processes are readily apparent in the postex-
pansion staining with Magnify-processed FFPE kidney tissue sections
(Fig. 2p and Supplementary Video 1). Additionally, we observed that
conventional antigen retrieval protocols are not needed to achieve such
animprovement as the denaturant-rich solution used during homog-
enization provides superior antibody labeling pre-expansion compared
with conventional antigen retrieval buffers (Supplementary Fig. 3). This
suggests expansion with Magnify may lead toimproved accessibility of
antibodies to epitopes, consistent with a previous report™ (Fig. 2p-,
Supplementary Fig. 3 and Supplementary Videos 2-4).

ExM methods forimaging proteins®* and nucleic acids" have been
increasingly adapted to accommodate imaging more types of biomol-
ecules. While two ExM variants for visualizing lipids have beenreported
recently®*?, both require specimens labeled with lipid intercalating
probesbearing anacrylamide functional group before insitu polymeri-
zation. We asked whether endogenous lipids can be retained by Magnify
and found that paraldehyde-preserved mouse brain sections homog-
enized with denaturant-rich solution at 80 °C can be costained with
traditional fluorescent lipophilic stains (such as DiO, Dil and DiD) and
NHS esters of fluorescent dyes. We estimated up to 93% retention of lipids
by comparing fluorescence intensity of DiD inmouse braintissues both
before and after Magnify processing at varying homogenization times
(Fig. 3a, Supplementary Fig. 2 and Supplementary Note 1). Despite the
relatively harsh homogenization conditions, we found the ultrastructure
of lipids is conserved in neural processes (Fig. 3b) mitochondria of the
mouse brain (Fig. 3¢c), organelles in HEK-293FT cells (Fig. 3d-e), blood
vessel membranes (Fig. 3f) and the myelin sheath of axons (Supplemen-
tary Fig. 3) of mouse brain. Using ax40 (1.15NA) water immersion objec-
tive lens, layer-like patterns can be partly resolved in some myelinated
axons. Additionally, Magnify allows visualization of extracellular vesicles
in human bronchial basal stem-cell-derived lung organoids (Fig. 3g-1),
revealing complexinternal structure (Fig. 3k-1). It should be noted that
the ability of Magnify to resolve any lipid-rich structure is dependent on
the fixation method and the downstream sample preparation procedure.
For example, the alcohol and xylene used in the dehydration step for
embedding tissue in paraffin strip off lipids, precluding their imaging
postexpansion with Magnify. Our results suggest that Magnify enables
nanoscale observation of lipid membrane structures and their associ-
ated proteins using conventional confocal microscopes, indicating that
Magnify can be a useful tool for the study of membrane biology and
pathology inawide range of biological specimens.

DNA fluorescentinsitu hybridization (FISH) iscommonly used to
access gene amplificationintissues. We explored whether postexpan-
sion DNAFISHis possible inexpanded tissues processed with the Mag-
nify protocol. We previously showed that the large size of traditional
bacterial artificial chromosome-based FISH probes precludes efficient
delivery toexpanded, gel-embedded samples and thus small DNA oligo
FISH probes are required’. Therefore, we synthesized and applied DNA
FISH oligo probes (Supplementary Table 12) targeting AKT1, CDH1
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Fig.2|Validation of Magnify in several tissue types. a,b, Example of pre-
expansionimages of human kidney imaged at x60 and processed with SOFI

(a) compared with the same FOV postexpansion with Magnify taken at x40 (b).
Postexpansion images are maximum intensity projected over 25 framesin z.

c-e, RMS length measurement error as a function of measurement length for
pre-expansion versus postexpansion images for DAPI (c), ACTN4 (d) and Vimentin
(e).Solid line, mean of channel; shaded area, s.e.m.; n = Stechnical replicates;
average EF = 8.64x (s.e.m. 0.24).f,g, Example images of human prostate imaged
asinaand b. Postexpansion images maximum intensity projected over three
frames. h,i, RMS length measurement error as a function of measurement length
for pre-expansion versus postexpansion images of DAPI (h) and ATPIF (i). Solid
line, mean of channel; shaded area, s.e.m.; n = 4 technical replicates; average

EF =10.38x% (s.e.m. 0.57). j-o0, Validation of Magnify across several human tissue
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types. FFPE samples of human tissue were imaged at x40 (top left). Images were
taken at x60 and processed with SOFI (bottom left). The white box indicates the
FOV of the higher magnification images. The samples were then processed with
the Magnify protocol, and the same FOVs were imaged postexpansion in water
at x10 (top right) and x40 (bottom right). Postexpansion images were projected
over 4-17 zslices. EFs in water were colon 8.85x (j), breast 9x (k), uterus 8x (I),
placenta 8.75x (m), thymus 10.00x% (n) and thyroid 10.59% (o). p-r, Example
3Dimages of human tissues: kidney (EF = 8.68x) (p), colon (EF =9.67x) (q) and
uterus (EF = 8x) (r). Dashed white boxes, zoomed in regions. Scale bars (yellow,
postexpansionimages).a, 5 pm; b, 5 um (physical scale postexpansion, 40.75 um;
EF =8.15x); f, 5 um; g, 5 pm (physical scale postexpansion: 51.9 pm; EF = 10.38x);
j-o,top,10 pum; bottom, 1 um; p-r, 5 pm. Scale bars are all in biological scale.
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Fig.3|Imaging of proteins, nucleic acids and lipids in biological specimens
with Magnify. a, Dotted bar chart showing lipid retention rate as a function of
homogenization time in hot denaturing buffer. Error bars, s.e.m. b, Visualization
of lipids in fully expanded Magnify-processed mouse brain. Top row, fully
expanded mouse cortical neuron. Bottom row, zoom in of boxed region in top
row. ¢, Visualization of a mitochondrion in Magnify-processed mouse brain with
thelipophilic dye DiD. EF =11x. d, Lipophilic dye staining of Golgi membranes

in HEK-293FT cells expanded by Magnify. Right column, zoom ins of boxed area
highlighting the Golgi body. e, Similar Magnify image of HEK-293FT cells as in

d, but showing nuclear membrane labeling by DiD. EF = 9.22x.f, Lipophilic dye

staining of blood vessels in mouse brain expanded by Magnify. EF = 10x in ddH,0.

g, Electron micrograph of extracellular vesicles in human stem-cell-derived
lung organoid. h, Two-color Magnify image of extracellular vesicles in the

Synaptophysin’

fully expanded human lung organoid with inverted look-up table. EF =10.2x.
Stain, green, Alexa Fluor 488 NHS ester; magenta, DiD. i, 3D reconstruction of
h.j, Zoomed in view of boxed regionin g. k, 3D reconstruction of the selected
extracellular vesicle in h asindicated by the dashed blue box. 1, Orthogonal

view of the extracellular vesicle in k, showing complex internal structure.

m, 3D reconstruction of confocal images of expanded human lymph node tissue
labeled with DNA FISH probes against AKT1, Telomere (TelC) and human satellite
2.EF=3.5xin1x PBS. Gray, DAPI; green, AKT1; red, TelC; magenta, human satellite
2.n,3Dreconstruction of confocal images of expanded HEK-293FT cells. EF = 2.8x
in1x PBS. Blue, DAPI; green, RNA FISH probe against GAPDH; magenta, DNA FISH
probe against human satellite 2. Scale bars (in biological scale), b, top, 5 um,
bottom, 2 pum; ¢, 250 nm; d,e, left, 5 um, right, 1 um; f, top, 5 um, bottom, 2 um;

g h,3um;ij, 1pm;k,500 nm.1,200 nm;m,x,yand z: 7 pm; n, X,y and z: 10 pm.
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Fig. 4| Visualization of endogenous fluorophores with Magnify. a, Maximum
intensity projection of a sagittal mouse brain section expanded with Magnify-
ProK. Yellow, DiO; White, DAPI. EF = 4.5x in PBS. b, Zoom in of boxed region in
ashowing imaged field in subsequent panels. Endogenous tdTomato can be
seenin dopaminergic neuronsin the ventral tegmental area. Cyan, Lycopersicon
esculentum Lectin; magenta, crimson-tdTomato; white, DAPI. ¢, Zoomin of
boxed region inb showingindividual channels. d, 3D reconstruction of merged
panels fromc. e, 3D reconstruction of an SST cellin a fully expanded mouse
cortex expanded with Magnify and homogenized with hot surfactant solution.

Endogenous SST-GFP signal was recovered with an anti-GFP antibody applied
postexpansion. Yellow, anti-GFP; cyan, PSD95; magenta, synaptophysin; white,
DAPI. Synaptic markers close to GFP signal have been highlighted. EF = 9x in
ddH,0.f, Zoomin of boxed region in e showing synapses on dendritic spines.

g, Single zplane of a fully expanded SST neuron in mouse cortex from the same
sample ase.h,Zoomin of boxed region in e showing synapses onto SST dendrite.
Scalebars, a,2.5mm; b, 50 pm; ¢, 20 pm; d, 13 pm; (e,g, S pm; £ h, 2 pm. Scale bars
areallinbiological scale.

genes and several satellite sequencesincluding telomere sequences™®
and centromere protein B box** to gel-embedded humanlymph node
and lung tissue sections homogenized with denaturant-rich solution
at 80 °C for 48 h. We observed that all designed probes diffused into
Magnify in both processed tissue types and hybridized with chromo-
somal DNA within 2 h at 45 °C (Fig. 3m and Supplementary Fig. 8).In
addition, we observed that, with ProK homogenization, FFPE tissue
sections can be processed, gel-embedded, homogenized and stained
with DNAFISH probes and lectin stain within 8 h (Supplementary Fig. 8
and Supplementary Video 5), which could be useful in time-sensitive
applications such as histopathological diagnoses. We also found that
RNA can be preserved postexpansion with milder homogenization
conditions. We demonstrated simultaneous DNA and RNA FISH in
HEK-293FT cellshomogenized with brief heat denaturation at 70 °C for
1.5 h (Fig.3n). Thus, Magnify enables super-resolution FISH imaging of
nucleic acids on tissues and cells.

Transgenic animals expressing fluorescent proteins (FPs), as well
asanimals expressing FPs after viral gene delivery, are essential models
used tovisualize and study proteins and cellsinintact tissues and whole
organisms. To determine the compatibility of FP-expressing tissue
with the Magnify gel framework, we first applied ProK to mouse brain
(DAT-cre, injected with AAV5-Syn-FLEX-rc(ChrimsonR-tdTomato))
expanded with the Magnify gel, asis standard in other ExXM protocols.
Similar to the proExM protocol®, FP tags were sufficiently preserved
even after harsh protease treatment. Notably, endogenous lipids
were also preserved (Fig. 4a—-d). Although FP signals are preserved,
the use of ProK destroys most endogenous proteins, making post-
expansion staining of other proteins impossible. Conversely, treat-
ment with a hot denaturant-rich buffer that preserves biomolecules
resultsinaloss of FP signal. To explore the compatibility of the Magnify
framework with FP-expressing transgenic animals, we used anti-FP
antibodies to label FP-expressing cells in an SST-cre/Ai3 mouse brain
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Fig. 5| Magnify-SOFI visualizes ultrafine structures of cellular components.
a, Comparison between Magnify and Magnify-SOFI. Top, Cross-section of a
basal body in human bronchial basal stem-cell-derived lung organoid processed
with Magnify (left) and Magnify-SOFI (right). Bottom left, radial intensity
profiles of basal bodies indicated by yellow and green circles. Bottom right,
histogram of microtubule bundle peak-to-peak distances. a.u., arbitrary units.
b, Electron micrograph of ciliain human stem-cell-derived lung organoid; inset,
zoomin view (red box). ¢, Confocal image of cilia from the same type of tissue as
b, expanded by Magnify-SOFI and stained with Alexa Fluor 488-conjugated NHS
ester.d, 3D reconstruction of ciliain c. e, Electron micrograph of mitochondria

inthe same organoid asin b. f, Confocal image of mitochondria from the same
expanded organoid asin e. g, Orthogonal view of a mitochondria indicated by
thered box in e. EF =10x h, Maximum intensity projection of a Magnify-SOFI
image stack of ependymal cilia and basal bodies from the ependymal cell lining
inthe adult mouse brain. i, 3D reconstruction of h. j k, Zoomed in images of
individual ependymal ciliain 3D as indicated by the dashed red boxes ini. Yellow
arrows indicate distal appendages. EF =10.5x. Scale bars, a, 50 nm; b,c, 800 nm,
Inset,200 nm; d, x,y, 1 pm, z, 410 nm; e,f, 800 nm, Inset, 200 nm; g, 200 nm;
h,i,500 nm;j,k, 250 nm; scale bars are allin biological scale.

after heat denaturation. We also immunostained synaptic pairs of
synaptophysinand PSD95 toindicate excitatory synapses. Using a x40
(1.15 NA) water immersion objective lens on a conventional confocal
microscope, we can observe ultrafine dendritic spine morphology
and partly resolved synaptic vesicles onto the postsynaptic densi-
ties of genetically targeted neurons after expansion (Fig. 4e-h and
Supplementary Videos 6-8).

Sub-20 nmresolutionimaging enabled by
Magnify-SOFI

As the Magnify framework is designed to allow for resolution of
nanoscale structures without the need for specialized super-resolution
imaging systems, a possible extension is the implementation of com-
putational methods to further improve effective resolution. A rela-
tively recent addition to the super-resolution arsenal, SOFI”, is well
positioned to be paired with ExXM (Supplementary Note 4). SOFI canbe
used with a conventional microscope toimprove resolution by relying
on the independent temporal fluctuations of fluorophores to distin-
guish emitters. By using second -order cross-correlations, SOFI can
improve the resolution by twofold beyond the diffraction limit with
around 100 frames or fewer”, as compared with tens of thousands with
single-molecule localization microscopy (SMLM). By combining SOFI
and 11-fold expansion, Magnify-SOFI can theoretically resolve around

13 nmfeatures for a1.15 NA diffraction-limited objective lens of around
280-nm (around 280/11/2), without any special modifications. Addition-
ally, as background fluorescence is uncorrelated with the fluorescent
signal over time, the signal-to-background ratio can beimproved with
SOFlover100-fold“—agreat benefitin expanded samples, as the expan-
sion process dilutes the concentration of fluorophores.

To demonstrate the improved effective resolution, we used
Magnify-SOFI to image nanoscale cellular machinery of human lung
organoids derived from human bronchial basal stem cells. The hollow
structure of ciliaand basalbodies were well resolved (Fig. 5a,d) along with
mitochondriacristae (Fig. 5e-g). The outer ring of ciliaand basal bodies
have beenshown through EM to be composed of nine bundles of micro-
tubules. While these subunits were often resolved with Magnify, it alone
was insufficient to consistently resolve all nine bundles, particularly for
slightly out-of-plane cilia and basal bodies. In contrast, Magnify—SOFI
fully resolves these structures, and the distinctive ninefold symme-
try is observed (Fig. 5a). Depending on the wavelength of fluorophore
used, we estimated an effective resolution of around 14-17 nm using a
parameter-free algorithm based on decorrelation analysis of Magnify-
SOFlimages® (Supplementary Fig. 5 and Supplementary Note 5). Addi-
tionally, Magnify-SOFI can be used to generate full three-dimensional
(3D) reconstructions of these structures in tissue (Fig. Sh-k and
Supplementary Video 9), which is challenging to achieve with EM.
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Proportion

Fig. 6 | Magnify-SOFI visualizes subtle nanoscale drug-induced changes.

a, Electron micrograph of ciliain normal human stem-cell-derived lung organoid.
Right, zoomed inimage as indicated by dashed red line boxes. b, similar to

a, except the lung organoid was treated with Paclitaxel. ¢, Magnify-SOFl image
of ciliafrom the same type of tissue as a, stained with Cy3-conjugated NHS ester.
Right, zoomed inimage asindicated by dashed red line boxes. d, Similar toc,
except the lung organoid was treated with Paclitaxel. e, Electron micrograph of
abasal body with prominent rootlets. f, Confocal image of corresponding basal
body from the same type of tissue as e, expanded by Magnify and processed with
SOFI. g, Electron micrograph of ciliain human stem-cell-derived lung organoid
from CCDC39 mutation-bearing human bronchial basal stem-cell-derived lung

Abnormal

Normal

Magnify-SOFI

organoids. Right, zoomed inimage as indicated by dashed red line boxes.

h, Magnify-SOFlimage of ciliain similar tissue as g. i, Side-by-side comparison
between Magnify-SOFlimages (top) and electron micrographs (bottom) of
ciliawith and without defects.j, Stacked bar chart of proportions of normal and
abnormal ciliain normal, taxol-treated (denoted as PAX samples), and CCDC39
mutation-bearing human bronchial basal stem-cell-derived lung organoids
(denoted as PCD samples). Three bars on the left were based on Magnify-SOFI
images while the three on the right were based on electron micrographs.

Error bars, s.e.m.Scalebars, a, 600 nm; b,c,100 nm;d, 800 nm; e,f, 100 nm;
g,h, 800 nm; i,200 nm; same for both Magnify-SOFI and EM images. Scale bars
areallinbiological scale.

Optical evaluation of ciliopathies
Ciliopathies are a group of complex human genetic diseases charac-
terized by both dysfunctional primary and motile cilia. Primary cilia
are present on the apical surface of nearly every mammalian cell, and
motile ciliopathies affect abroad range of important organs such as the
airway, brain, middle ear, sperm and fallopian tubes*®. The identifica-
tion of factors regulating ciliogenesis and efficient characterization
of ciliastructure during ciliopathy can provide information critical for
proper clinical diagnosis of cilia disorders and therapeutic develop-
ment. The current methods for studying ciliogenesis include trans-
mission electron microscopy (TEM), whichis technically demanding,
time-consuming and unable to easily provide 3D visualization of the
full-length axoneme ultrastructure.

Taxolis achemotherapeutic agent that can bind to 3-tubulin subu-
nits to stabilize microtubules, preventing their dissociation via Ca** or

cold temperature in vitro, halting microtubule dynamics that play am
important role in mitosis, motility and cell growth and survival® . Taxol
canalso cause structural abnormalities incilia, including supernumer-
arymicrotubules, disorganized microtubule doublets and inhibition of
basal body migration towards the cell surface***. Compared with the
normal state (Fig. 6a), human lung organoids treated with 20 uM Taxol
showed malformed ciliary structures through EM imaging, with super-
numerary and misplaced microtubules (Fig. 6b). We asked whether
Magnify-SOFI could be used to identify these malformed ciliary struc-
turesonaconventional optical microscope. We found that, in contrast
to control human lung organoids, which exhibited consistent ninefold
symmetry (Fig. 6¢), organoids treated with Taxol exhibited deformities
such as misplaced microtubule doublet subunits that were seen with
EM (Fig. 6d). We also observed basal bodies with two split rootlets in
both EM and Magnify images of Taxol-treated organoids. (Fig. 6e,f).
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We asked whether Magnify-SOFI could characterize structural
defects of ciliaunder various pathophysiological conditions, which
provides key information for understanding the fundamental mecha-
nisms of ciliopathy and further demonstrates the utility of Magnify
for studying disease pathogenesis. We performed Magnify-SOFI
imaging on cilia of apical-out airway organoids* engineered from
healthy stem cells with and without 20 mM Taxol treatment and
patient stem cells carrying variants in the CCDC39 gene (Fig. 6g,h).
These variants cause inner dynein arm defects and axonemal dis-
organization in cilia****. They are associated with primary ciliary
dyskinesia (PCD)***—a group of genetic disorders with abnormal
motile cilia ultrastructure and function. Despite lower resolution
than EM, Magnify-SOFI captured malformed ciliary structures with
only a diffraction-limited confocal microscope (Fig. 6i). Further
quantification of normal and defective cilia ultrastructure revealed
distinct patterns in populations under three conditions: normal,
Taxol-treated and CCDC39 gene variants. There was no statistical
difference between Magnify-SOFI and EM (Fig. 6j). Additionally,
Magnify-SOFI showed similar performance to EM in capturing sta-
tistically significantintraclass variability among the three conditions
(Fig. 6j). Thus, Magnify-SOFI has the potential to deliver insightsinto
thebiology and disruptions to the ciliastructures responsible for cilia
dysfunction and to broaden our knowledge of the pathogenesis of
human lung diseases to improve lung health.

Discussion
We developed a simple and versatile EXM method that preserves bio-
molecules and enables volumetric imaging of their nanoscale organi-
zation in a wide range of intact biological specimens. Magnify does
not require a special fixation method to anchor biomolecules®, dedi-
cated anchoring®”"*® or custom linkers to preserve biomolecules such
as lipids®® and is capable of expanding tissues inaccessible by other
enzyme-free EXM methods>'°. The hydrogel-tissue hybrids preserve
the nanoscopic features and cellular connectivity after up to 11-fold
expansion, which can be imaged directly using commercial labeling
agents applied either before or after expansion. Magnify preserves
protein epitopes and other biomolecules allowing for post-Magnify
staining, which substantially reduces the linkage errors caused by the
size of labeling agents. For example, tubulin measurements taken with
Magnify (Supplementary Fig. 6) are closer to EM than unexpanded
stained samples*. For new applications, validation of labeling agentsiis
stillrecommended. When combined with SOFI, Magnify achieves effec-
tiveresolutions approaching top performers of super-resolution light
microscopy, yet does not require special equipment or fluorophores,
andis easy toimplement. While we did not attempt to demonstrate all
possible combinations of biomolecules inthe same tissue here, we did
demonstrate imaging of four different molecules (DNA, FPs, endog-
enous lipid and carbohydrates) in the same sample (Fig. 4c,d), as well
as dual protein-lipid staining in both PFA-fixed tissue and cell culture.
With optimization, it is possible to image four different biomoleculesin
one PFA-fixed sample with sub-20 nm resolution using Magnify-SOFI.
This could be used to study how higher-order chromatin structures
are influenced by the nuclear envelope in health and disease states,
which requires nanoscaleimaging of DNA, histone proteins and lipids.
Due to the small sizes and fast diffusion rate of monomers, Mag-
nify may have future applicability to thick tissues and whole organ-
isms. Magnify would be readily adaptable to generating nanoscale
whole organ datasets, which currently rely on either lower resolution
tissue clearing methods (CLARITY, CUBIC-X, iDISCO, and so on), or
serial block-face EM. Additionally, even larger EFs could be achieved
ifintegrated with other strategies such as iterative expansion micros-
copy (iExM)" or semi-interpenetrating polymer networks'. With
large-volume imaging modalities and objectives of 6-8 mm working
distance (for example, the Olympus x25 0.9 NA and the Leica x251.0
NA), tissues up to 0.8 mm thick can be fully expanded with Magnify

and imaged. Adjusting the size of samples based on external ionic
concentrations allows macroscale mapping to be performed in the
shrunken state. Expansion in a lower-salinity buffer can allow explo-
ration of smaller scale details all on a conventional imaging system,
enabling researchers to generate tissue atlases without the need for
specialized equipment. This would decrease imaging time as regions
of interest can be identified on the same system before fully expand-
ing samples. The use of fiducial markers to realign images along with
custom perfusion systems to expand and shrink samples can facilitate
easy coregistration of images.

Because Magnify is a chemical strategy that does not rely on
complex optics, it offers a flexible framework that can be adapted to
arange of imaging modalities, gel chemistries and other ExM strate-
gies. EXM methods have already demonstrated compatibility with
existing super-resolution techniques including structured illumina-
tion microscopy*®, stimulated emission depletion microscopy*’ and
Single-molecule localization microscopy*”*°. Magnify-processed
samples could also be implemented in multiplexing strategies,
such as DNA barcoding® and serial immunostaining®. Signal ampli-
fication methods, such as FRACTAL*?> or immunoSABER*, may be
applied to image sparse biomolecules and compensate signal dilu-
tion from expansion. Magnify may also enable nanoscale imaging
with other modalities, such as stimulated Raman scattering and vari-
ous mass-spectrometry-based imaging techniques. Finally, Magnify
may be implemented in high-content imaging systems, where large
datasets can be generated to explore the effect of drug treatments
and disease-associated changes on the nanoscale configuration of
biomoleculesin culture cells and tissue models.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41587-022-01546-1.
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Methods

Reagents and antibodies

Detailed information for reagents and antibodies is shown in Supple-
mentary Tables 4, 5and 11.

Human samples

The human pathology specimens were purchased from US Biomax
catalog nos. HUFPT072 (normal human kidney cortex), UNC242 (uni-
versal controltissuearray), LY241g (lymphnode and tonsil tissue array),
MC245c (multiple organ tumor array), Lc2411 (lung cancer tissue array)
and HUFPT210 (lymph node).

Mouse brainsamples

All mouse brain expansion experiments were performed using
C57BL/6 mice except where otherwise noted. C57BL/6 mice were
deeply anesthetized with ketamine/xylazine before transcardial
perfusion with 20 ml 4% PFA in 1x PBS. Brains were harvested and
postfixed in 4% PFA in 1x PBS overnight at 4 °C. Tissue was cryopro-
tected by incubating in 30% (w/v) sucrose in 1x PBS at 4 °C until the
brain sank (usually 16 h/overnight). Brains were sectioned in 30-pm
slices (either coronally or sagittally) using a freezing microtome and
stored at 4 °C in glycerol solution (30% (v/v) glycerol and 30% (v/v)
ethylene glycol in 1x PBS). Figure 4a-d was generated using DAT-cre
mice with C57 black background implanted with headposts and
injected with two viruses (AAV2/5-hSynapsinl-FLEx-axon-GCaMP6s
and AAVS5-Syn-FLEX-rc(ChrimsonR-tdTomato)) in the ventral teg-
mental area. DAT-cre mice were deeply anesthetized with isoflurane
before transcardial perfusion with 20 ml 4% PFA in 1x PBS. Brains
were harvested and postfixed in 4% PFA in 1x PBS overnight at 4 °C.
Tissue was cryoprotected by incubating in 30% (w/v) sucrose in 1x
PBS at 4 °C until the brain sank (usually 16 h/overnight). Brains were
sectioned in 80-um slices (either coronally or sagittally) usinga cry-
ostat and stored at 4 °C in glycerol solution (30% (v/v) glycerol and
30% (v/v) ethylene glycolin 1x PBS). Figure 4e—h was generated using
somatostatin (SST)-cre/Ai3 mouse brain tissue (SST-Cre mouse line,
Jax 013044, crossed to Ai3 (Jax 007903)).

Culture of airway basal cells

Bronchus-derived human airway basal stem cells (hABSCs) were
purchased from Lonza. Additional hABSCs were obtained from
surgical excess of deidentified tissues of healthy lung donors
or donors carrying variants in CCDC39 gene (c.830_831delCA
(p.Thr277Argfs*3) and ¢.1871_1872delTA (p.lle624Lysfs*3), with per-
mission of the Institutional Review Board at Washington Univer-
sity in Saint Louis (IRB ID 201103213). The hABSCs were cultured
in 804G-conditioned medium coated culture vessels in bron-
chial epithelial cell growth medium (BEGM): 1 uM A8301, 5 uM
Y27632, 0.2 pM of DMH-1and 0.5 pM of CHIR99021 (ref. **) at 37 °C
with 5% CO,.

Differentiation of airway basal cells into airway organoids

A 96-well tissue culture plate was coated with 40% (v/v) growth
factor reduced (GFR) Matrigel in PneumaCult-ALI Maintenance
Medium. The NHBEs were resuspended in 40% (v/v) GFR Matrigel in
PneumacCult-ALIMaintenance Medium and added to the coated wells;
100 pl PneumacCult-ALI Maintenance Medium was placed in the wells
and changed every other day. The cultures were maintained at 37 °C
with 5% CO, for 21 days.

Treating airway organoids with paclitaxel

The 21- to 28-day-old organoids were treated with paclitaxel (Taxol),
diluted in PneumacCult-ALI Maintenance Medium to a final concentra-
tion of 20 pM, for 24 h. The control groups were treated with an equal
concentration of dimethyl sulfoxide (DMSO) diluted in PneumaCult-ALI
Maintenance Medium.

Culture of HEK-293FT cells

HEK-293FT cells (ThermoFisher Scientific, catalog no. 51-0035) were
grown in Dulbecco’s modified Eagle medium supplemented with 5%
fetal bovine serum, 4.5 g 1! p-glucose, 110 mg I sodium pyruvate,
6 mM L-glutamine, 0.1 mM nonessential amino acids and 500 pg ml™
Geneticin selective antibiotic. Cells were not authenticated or tested
for mycoplasma contamination. All cells were maintained at 37 °C in
a humid 5% CO, atmosphere. Cells were grown on no. 1.5 cover glass
treated with1-2.5 pg cmfibronectin. Cells were then fixed with 4% PFA
and 0.1% glutaraldehyde in 1x PBS for 10 min at room temperature (RT).

Tissue-section recovery and heat treatment

FFPE clinical samples were washed in the following solutions two times
for 3 min each at RT: xylene, 100% ethanol, 95% ethanol, 70% etha-
nol, 50% ethanol and doubly deionized water. For samples that were
stained before gelation, tissue slides were placed in 20 mM sodium
citrate solution (pH 8) or 1% w/v SDS, 8 M Urea, 25 mM EDTA, 2x PBS
(pH 9) at 100 °C. The container was transferred to a 60 °C incubator
for 30-45 min.

Pre-expansion immunostaining of FFPE samples

After heat treatment, samples were blocked with SuperBlock Block-
ing Buffer in PBS for 1 h at 37 °C followed by incubation with primary
antibodies diluted to approximately 1 ug ml™ in staining buffer
(9% PBS/10% TritonX/10 mg I heparin) overnight at RT or for 1 h at
37 °C. Samples were washed at least three times with washing buffer
(1x PBS/0.1% TritonX-100) at RT for at least 10 min. Samples were
then incubated in staining buffer with the corresponding secondary
antibodies diluted to approximately 1 pg ml™ together with 300 nM
4,6-diamidino-2-phenylindole (DAPI) for atleast 3h at RT or for1h
at 37 °C. Samples were then washed at least three times with wash-
ing buffer for at least 10 min each. After washing, samples used for
pre-expansionimaging for protein retention estimation were stained
with NHS-ATTO-488 in 1x PBS for 30 min at RT and then washed with
1x PBS before imaging. NHS-stained samples were not gelled.

Pre-expansionimmunostaining of mouse brain samples
Mouse brain samples were taken from glycerol solution and washed
three times for 10 min each in 1x PBS at RT before permeabilization
in 1% TritonX-100 in 1x PBS at RT. Samples were then incubated with
primary antibodies in 1% TritonX-100 for 15 min in 1x PBS overnight
at 33 °C. Samples were washed three times for at least 20 min each
in 1x PBS at RT before incubation in 1% TritonX-100 in 1x PBS with the
corresponding secondary antibodies for 3 hat37 °C and were washed
with 1x PBS before imaging. Samples used for total protein content
estimation were stained with NHS-ATTO-488 or NHS-ATTO-532 diluted
to1:25-1:150 for 3 hat RT in 1x PBS. Samples used for total lipid content
estimation were stained with DiO or DiD for 72-96 hin 0.1% TritonX-100
atRT and washed at least three times with 1x PBS.

Pre-expansionimmunostaining of HEK-293FT cells

After fixation, HEK-293FT cells were permeabilized for 10 minin 1%
TritonX-100 in 1x PBS at RT followed by blocking with SuperBlock
Blocking Buffer in PBS for 10 min at RT. Samples were then incubated
in staining buffer with mouse anti-aTubulin to approximately 1 ug ml™
together with 3 hat RT. Samples were then washed at least three times
with washing buffer for at least 10 min each followed by staining with
AF488 AffiniPure Fab fragment donkey anti-mouse for atleast1 hatRT.

In situ polymer synthesis of FFPE samples with Magnify

A monomer solution made of 4% DMAA (v/v), 34% SA (w/v),10% AA
(w/v),0.01% Bis (w/v),1% NaCl (w/v) and 1x PBS was prepared and stored
at 4 °C before synthesis. Immediately before gelation, the chemicals
4HT, APS, TEMED and methacrolein were added to afinal concentration
of 0.2-0.25% (w/v) APS, 0-0.25% (v/v) TEMED, 0.001% 4HT (w/v) and
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0.1-0.25% (v/v) methacrolein. The solution was vortexed, and tissue
slides were incubated with the gelling solution for 30 min at 4 °C to
allow the monomer solutionto diffuseinto the tissue while preventing
premature gelation. A gelling chamber was then constructed around
thetissue, consisting of spacers cut fromno. 1.5 cover glassand aglass
slide, placed back side down, on top. The samples were incubated
overnight in a humidified container at 37 °C to complete gelation.

Insitu polymer synthesis of mouse brain, human
stem-cell-derived organoids and HEK-293FT cell samples with
Magnify

Magnify gel monomer solution was prepared as described above.
Before gelation, samples were placed into custom gelling cham-
ber consisting of two spacers cut from no. 1.5 cover glass adhered
to the uncoated back of a microscope slide (four spacers used for
HEK-293FT cells). Excess PBS around the tissue was absorbed with a
Kimwipe and sections were allowed to air dry partially on the slide.
Immediately before gelation, the chemicals 4HT, TEMED, APS and
methacrolein were added to the gel monomer solution to a final con-
centration of 0.25% (w/v) APS, 0.001% 4HT (w/v, mouse brain and
organoid only), 0.04% TEMED (v/v) and 0.1% (v/v) methacrolein, add-
ing TEMED and APS last to prevent premature gelation. Tissue was
incubated in gelling solution for 30 minat 4 °C to allow the monomer
solution to diffuse into the tissue (mouse brain and organoid only).
A glass microscope slide was placed back side down over the gelling
chamber and the samples were incubated overnight in a humidified
container at 37 °C to complete gelation.

Sample digestion and expansion with Magnify

After gelation, the glass slide cover was removed from the gelling
chamber, blank gel surrounding the tissue was trimmed from the
samples and the tissue was cut into smaller pieces if necessary. Sam-
ples were then incubated in homogenization buffer (1-10% w/v SDS,
8 M Urea, 25 mM EDTA, 2x PBS, pH 7.5 at RT) for 24-72 h at 80 °C with
shaking. Homogenized samples were then washed three times with 1x
PBS at RT, followed by at least three washes in 1% decaethylene glycol
monododecylether (C,,E,;)/1x PBS or 1% PBST at RT or 60 °C to remove
remaining SDS. Expanded brain samples were additionally incubatedin
1% decaethylene glycol monododecyl ether (C,E,,)/1x PBS at 60 °C for
1h.Samples were finally washed an additional three times for at least
10 min each with 1x PBS at RT and stored in 1x PBS containing 0.02%
sodiumazideat4 °C.

Protease digestion of ExXPath and Magnify mouse brain
samples

After gelation, blank gel surrounding the tissue was trimmed from the
samples. Samples were thenincubated in the ExPath homogenization
buffer (50 mM Tris (pH 8),25 mMEDTA, 0.5% (w/v) TritonX, 0.8 MNaCl)
with Proteinase K diluted by 1:400 (final concentration 2 U ml™). Mouse
brain samples were then homogenized at RT for 1-2 h. Homogenized
samples were then washed three times with1x PBS at RT.

Postexpansion immunostaining of mouse brain samples

Expanded samples were taken fromstoragein1x PBSat4 °C and washed
three times for 10 min each in 1x PBS at RT. Samples were then incu-
bated with primary antibodies in 1% TritonX-100 in 1x PBS overnight
at RT. Samples were washed three times for at least 20 min each in 1x
PBS at RT before incubation in 1% TritonX-100 in 1x PBS with the cor-
responding secondary antibodies for 3 h at RT. Before imaging, sam-
ples were washed with 1x PBS. Samples used for total protein content
estimation were shrunk in polyethylene glycol (PEG 200) three times
for10 mineach before staining with NHS-ATTO-488 or NHS-ATTO-532
diluted to1:25-1:150 for 3 hat RT in 1x PBS. Samples used for total lipid
content estimation were stained with DiO or DiD diluted to 1:200 for
72-96 hin 0.1% TritonX-100 at RT and washed at least three times with

1x PBS. After staining, samples were washed in water for at least 10 min.
This was repeated until the sample was fully expanded—at least three
exchanges of water. Samples stained with lipophilic dyes wereimaged
asclosetothetime of expansion as possible to prevent dissociation of
the dyein water.

Postexpansion immunostaining of FFPE samples and
expansion

After homogenization and washing, kidney samples used for compar-
ing ExM protocols (MAP, X10, ExPath) were stained with 1:1,000 DAPI
and 1:250 wheat germ agglutinin 640 in 1x PBS for 3 hat RT and washed
three times in 1x PBS followed by staining NHS-ATTO-488 in 1x PBS
diluted to 1:250 for 30 min. Magnify-processed samples were stained
with respective primary antibodies diluted to approximately 1 ug mi™*
in staining buffer (9x PBS/10% TritonX/10 mg 1 heparin) overnight
at RT. Samples were then washed three times with washing buffer
(1x PBS/0.1% TritonX-100) at RT for at least 10 min. Samples were then
incubated in staining buffer with the corresponding secondary anti-
bodies diluted to approximately 1 ug ml™ together with 300 nM DAPI
foratleast3 hatRT.Samples were then washed atleast three timeswith
washing buffer for atleast 10 min. After staining, samples were washed
inwater for atleast 10 min. This was repeated until the sample was fully
expanded—at least three exchanges of water.

Postexpansionimmunostaining of HEK-293FT samples and
expansion

After homogenization and washing, HEK-293FT cells used for distor-
tionanalysis measurements were stained with approximately 1 pg ml™
rabbit anti-aTubulin in staining buffer (9x PBS/10% TritonX/10 mg |™
heparin) overnight at RT. Samples were then washed three times with
washing buffer (1x PBS/0.1% TritonX-100) at RT for at least 10 min.
Samples were thenincubated in staining buffer with AF488 AffiniPure
Fab fragment donkey anti-rabbit diluted to approximately 1 ug ml ™ for
atleast 1h at RT. Samples were then washed at least three times with
washingbuffer for atleast 10 min. After staining, samples were washed
inwater for atleast 10 min. This was repeated until the sample was fully
expanded—at least three exchanges of water. Previously unstained
samples used for pan-proteinand lipid imaging were first washed three
timesin2x SSC (300 mMNacCl,30 mMsodium citrate, pH 7.0)/1% Tween
20 and thenstained with1:250 Cy3 NHS ester at 4 °C overnight. Samples
were then washed at least three times with washing buffer for at least
10 min.Samples were then stained with DiD diluted to 1:200 overnight
in 0.1% TritonX-100 at RT and washed at least three times with 1x PBS.

Postexpansion FISH

For Magnify samples being processed for DNA FISH probing, digested
gel samples were placed in hybridization buffer made of 1x PBS, 5%
(v/v) TritonX, 10% (v/v) ethylene carbonate containing 10 pM of FISH
probes against human gene AKT1 and CDHI (Supplemental Table 12),
humansatellite 2 (/5ATTO647N/TCGAGTCCATTCGATGAT, Integrated
DNA Technologies), human alpha satellite (/5ATTO647N/ATGTGTG-
CATTCAACTCACAGAGTTGAAC, Integrated DNA Technologies) or
telomere TelC (/5SATTO550N/CCCTAACCCTAACCCTAACCCTAACCC,
Integrated DNA Technologies) and CENP-B box motif (/SATTO647N/
ATT CGTTGGAAACGGGA, Integrated DNA Technologies) and1 pg ml™
wheat germ agglutinin conjugated with Alexa Fluor 488. The mixtures
were then incubated at 37 °C for 2 h. The samples were washed with
stringency wash buffer made of 1x SSC (150 mM Nacl, 15 mM sodium
citrate, pH 7.0) at 37 °C for 15 min, followed by washes with 2x SSC at
37 °Cthreetimesfor 10 min each. Finally, the gel samples were washed
with 1x PBS several times at RT (5 min each) before imaging.

Imaging
Fluorescenceimaging was performed using a Nikon Eclipse Ti2 epifluo-
rescence microscope equipped with a CSU-W1 spinning disk confocal
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module and an Andor v.4.2 ZylasCMOS camera. The system was con-
trolled by NIS-Elements AR v.5.21.03 64-bit software. Images were
taken using the following Nikon objectives: CFI Plan Apo Lambda x4
(0.2NA), CFIPlan Apo Lambda x10 (0.45 NA), CFI Apo LWD Lambda S
x20 WI(0.95NA), CFIApo LWD Lambda S x40 WI (1.15NA) and CFIPlan
Apo Lambda x60 Oil (1.4 NA).

SOFlimaging

Samples were fully expanded in ddH,0 in a glass-bottom six-well plate
or custom imaging dish for larger samples. To prevent drift, samples
were covered with plastic wrap. Alternatively, imaging glass may be
coated in poly-L-lysine solution before placement of the gel. SOFI
images were taken with either a CFI Apo LWD Lambda S x40 WI (1.15
NA), CFIPlan Apochromat VC x60 C WI (1.2 NA) or CFIPlan Apo Lambda
x60 Oil (1.4 NA) objective, with an optional x1.5 magnification. Each
SOFI image consisted of 50-100 frames per z plane with 50-200 ms
exposure time per frame.

SOFlimage processing

SOFI images were processed using custom MATLAB code. Images
were corrected for drift and intensity, cropped and deconvolved
(Lucy-Richardson method) after 3D cross-correlation SOFI. For more
information, refer to Supplementary Note 4.

Measurements of EF for FFPE samples

EFs for comparison of ExPath, X10 and Magnify protocols were esti-
mated using average nuclear surface area of kidney samples. Images of
DAPI-stained kidney samples were obtained at ten times magnification
before gelation and after homogenization and expansion. Nuclear
surface areas were determined using the Analyze Particles toolin FIJI/
Image] after image thresholding and binarization. To calculate the
linear EF, the square root of the ratio of the average postexpansion
nuclear surface area to average pre-expansion surface areawas calcu-
lated. For specimens with pre-expansionimages, immunostained FFPE
samples wereimaged at four times and ten times magnification. After
gelling and homogenization, expanded tissue pieces were imaged at
four times and ten times magnification. Regions of interest in post-
expanded images were matched to pre-expansion regions of interest
and the distance measurement tool in NIS-Elements or FIJI/Image) was
used to measure feature sizes in both pre- and postexpansionimages.

Quantification of protein retention in FFPE samples

After antigen retrieval, FFPE kidney samples stained with
NHS-ATTO-488 wereimaged at four times and ten times magnification.
Due to the long incubation time necessary to homogenize the kidney
samples, aseparate set of FFPE kidney samples were gelled without NHS
ester staining. Samples were homogenized for 60 hat 80 °C, washedin
washingbuffer and stained with NHS-ATTO-488. After staining, samples
were washed inwashing buffer andincubated in10x PBS to achieve an
EF closer to the pre-expansion images. Samples were imaged at four
times and ten times magnification using the same parameters as the
pre-expansionimages. Mean fluorescent intensity was calculated over
aregionofinterest (ROI) drawnin NIS-Elements after background sub-
traction for both pre- and postexpansionimages. Mean intensities were
averaged over technical replicates, and postexpansion datawas scaled
by the cubed linear EF to account for volume differences.

Quantification of protein and lipid retention in mouse brain
samples

Mouse brain sections were stained with NHS-ATTO-532 and DiD and
were imaged at ten times magnification. One sample was stained with
NHS-ATTO-532 and DiD with no homogenization, while the rest of the
samples were homogenized for varying times in either ProK or hot
surfactant, washed and stained with NHS-ATTO-532 and DiD, while the
otherwasstained with NHS-ATTO-532 and DiD with no homogenization.

Samples were thenincubated in 10x PBS to achieve an EF closer to the
pre-expansion images and were imaged at ten times magnification
using the same parameters as the pre-expansion images. Mean fluo-
rescent intensity was calculated over an ROl drawn in NIS-Elements
after background subtraction for both pre- and postexpansion
images. Meanintensities were averaged over technical replicates, and
postexpansion data were scaled by the cubed linear EF to account for
volume differences.

Quantification of protein retention in human lung organoid
samples

Humanlungorganoid samples were stained with NHS CF 555 and placed
inhomogenizationbuffer for 5 hand thenimaged at four times magni-
fication. Samples were then homogenized for 9 hat 80 °C, washed and
thenincubatedin10x PBS to achieve an EF closer to the pre-expansion
images and were imaged at four times magnification using the same
parameters as the pre-expansion images. Mean fluorescent intensity
was calculated over an ROl drawn in NIS-Elements after background
subtraction for both pre- and postexpansion images. Mean intensi-
ties were averaged over technical replicates, and postexpansion data
were scaled by the cubed linear EF to account for volume differences.

Comparison of pre-expansion SOFlimages and postexpansion
images of FFPE samples

Pre-expansion SOFl images were taken using a CFI Plan Apo Lambda
x60 Oil (1.4 NA) objective. Each SOFlimage consisted of 50 frames per
z plane with 50-200 ms exposure time per frame. Time series of all
channels were taken at each z plane before moving to the next. SOFI
images were processed using custom MATLAB code.

Measurement error quantification

Error was quantified using previously described methods for distortion
vector field calculationand root meansquare (RMS) error calculation'”.
Briefly, pre-expansion SOFlimages were taken at asingle zplane at x60
magnification and several z planes for the same fields of view (FOVs)
were obtained postexpansion at x40 magnification as precise match-
ing of z planes to pre-expansion images can be challenging. To match
postexpansion z planes, scale invariant feature transform (SIFT) key
points were generated for all possible combinations of pairs of the
pre-expansion images and postexpansion z projections. Because the
sample expands along the zaxis and differentimaging conditions were
used, one pre-expansion z plane should correspond to one postexpan-
sionzprojectionfrom 8to25zplanes. SIFT key points were generated
using the VLFeat open-source library and filtered by random sample
consensus (RANSAC) with a geometric model that only permits rota-
tion, translation and uniform scaling. The pair of pre-expansion and
postexpansion images with the most SIFT key points were then used
forimage registration by rotation, translation and uniformscaling, as
well as calculation of EFs and distortion vector fields. By subtracting
the resulting vectors at any two points, distance measurement errors
could easily be sampled, and the RMS error for such measurements
was plotted as a function of measurement length from at least three
technical replicates.

Transmission electron microscopy

Brainsamples were processed and organoids were processed as pellets,
as described previously*>*, Allimages were taken on aJEOL JEM 1400
Flash transmission electron microscope at 80 kV.

Statistics and reproducibility

All experiments were carried out at least three times independently,
unless otherwise noted in the figure legends. All data are expressed
as mean = s.e.m., unless otherwise noted. The following sample sizes
were used: Fig. le:Kidney samples were anchored with 0.25% methac-
rolein (n =13 technical replicates from onekidney slice) or AcX (n =14
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technical replicates from one kidney slice) and homogenized in hot
surfactant for 60 h. Brain samples were anchored with 0.1% mechar-
olein (n =20 technical replicates from two brain slices) or AcX (n =20
technical replicates from two brain slices) and homogenized for 8 h,
respectively. Kidney samples anchored with 0.05% methacrolein (n =12
technical replicates from one kidney slice) or AcX (n=9 technical
replicates from one kidney slice) and homogenized in ProK for 3 hand
brainsamples were anchored with 0.1% mecharolein (n =20 technical
replicates from two brain slices) or AcX (n =20 technical replicates
from two brain slices) and were homogenized in ProK for 2 h. Figure
1f: FFPE human kidney sections anchored with 0.25% methacrolein
(n=13technicalreplicates from onekidney slice), mouse brain sections
anchored with 0.1% methacrolein (n =20 technical replicates from
two brain slices) and human lung organoid samples (n =13 technical
replicates from two organoids) anchored with 0.1% methacrolein were
homogenized in hot surfactant for 60 h, 4 h and 8 h, respectively. All
replicates are technical replicates from the same organs. Figure 1i:
Synapse pair distances were taken from five regions from the same
expanded section of mouse brain. Number of synaptic measurements:
MI1LS5,n=265.M1L6,n=227.S1L4,n=284.S1L6,n=274.DMS, n=263.
NAc, n=268.Valuesarereported asmean +s.d. Figure 2c,d: n = Stech-
nical replicates from the same organ slice. Figure 2h,i: n =4 technical
replicates from the same organ slice. Figure 3a: Brain samples were
anchored with 0.1% mecharolein and homogenized in hot surfactant
for4h,8h,12hand 16 h (n =20 technical replicates from three brain
slices for 4 h and two brain slices for all other time points). Figure 6j:
Pearson chi-square tests showed no statistical difference in the results
of the same condition between the two imaging methods. & = 0.05.
Pvalues for each chi-square test (Magnify-SOFI versus EM): Normal:
0.87; PAX: 0.38, PCD: 0.50. Pvalues for each interclass chi-square test
(Magnify): Normal versus PAX: 0.0007; Normal versus PCD: 2.2 x 107%¢;
PAX versus PCD: 4.9 x 107°. Pvalues for each interclass chi-square test
(EM): Normal versus PAX:2.2 x 10°%; Normal versus PCD: «1 x 106, PAX
versus PCD: 2.2 x 10, On the x axis, nis the number of ciliameasured
from three different organoids. For statistical significance, ***P < 0.007.
Scale bars areallin biological scales.

We applied a simple criterion to define cilia defects: to count
whether the outer microtubules are nine pairs, and whether the central
microtubules are two. If both are true, the cilium are considered nor-
mal, otherwise defective. Statistical Pearson chi-square tests were per-
formed to compare Magnify-SOFIlimages and electron micrographs of
ciliawithand without defects as well as compare interclass variations.
A Pvalue < 0.05was considered statistically significant.

Animal use ethical statement

All experimental procedures involving animals were conducted in
accordance withthe National Institutes of Health (NIH) guidelines and
were approved by the Institutional Animal Care and Use Committee
at Carnegie Mellon University and by Brown University Institutional
Animal Care and Use Committee.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data used to generate figures can be found at https://github.com/
zhao-biophotonics/. All other data are available upon reasonable
request to the corresponding author of the paper.

Code availability
Code for SOFI analysis and measurement error quantification can be
found at https://github.com/zhao-biophotonics/.

References

54. Levardon, H., Yonker, L., Hurley, B. & Mou, H. Expansion of airway
basal cells and generation of polarized epithelium. Bio-protoc. 8,
139-148 (2018).

55. Xing, B. et al. Conditional depletion of GSK3b protects
oligodendrocytes from apoptosis and lessens demyelination
in the acute cuprizone model. Glia 66, 1999-2012
(2018).

56. Watson, A. R. et al. L-Selectin enhanced T cells improve the
efficacy of cancer immunotherapy. Front. Immunol. 10, 1321
(2019).

Acknowledgements

We thank A. Gittis and J. Schwenk at Carnegie Mellon University

for the donation and preparation of mouse brain tissue. We thank
R. E. Campbell at the University of Alberta for his helpful discussion
in writing this manuscript. We also thank T. Lee at Carnegie Mellon
University for the donation of U20S cells. This work was supported
by Carnegie Mellon University and DSF Charitable Foundation

(Y.Z. and X.R.), US Department of Defense DoD VR190139 (Y.Z.),

NIH Director’s New Innovator Award DP2 OD025926-01 (Y.Z.),

The Kauffman Foundation (Y.Z. and A.L.B.), T32 predoctoral training
grant (Biomechanics in Regenerative Medicine, BiRM) from the
National Institute of Biomedical Imaging and Bioengineering of
NIH (P.W.), NIH RF1 MH114103 (A.L.B.), Air Force Office of Scientific
Research AFOSR FA9550-19-1-13022629 (A.L.B.), NeuroNex
GR5260228.1001 (C.I.M.), the Training Program for Interactionist
Cognitive Neuroscience (iCoN) T32MH115895 (C.I.M)

and NIH National Center for Research Resources

1S10RR019003-01 (S.C.W.).

Author contributions

A.K., B.R.G. and Y.Z. all contributed key ideas, designed and executed
experiments and analyzed data. A.K., B.R.G. and Y.Z. performed

SOFI experiments, and designed and acquired Magnify data for all
tissues. PW. and X.R. designed organoid-related studies and prepared
organoid samples for Magnify and EM experiments. S.L.B. and A.H.
provided hABSCs with CCDC39 mutations and advised on ciliopathy
analysis. A.K. and E.D. designed and performed culture cell-related
experiments. Z.C. designed and performed DNA FISH experiments
on tissue and cells. S.F., C.M. and A.L.B. prepared transgenic mice for
Magnify experiments. F.C. and D.B.S. acquired electron microscopy
data. All authors contributed to the writing of the manuscript. Y.Z.
supervised the project.

Competinginterests

The authors declare the following competing financial interest(s):
Y.Z. and A K. are inventors on several inventions related to ExM.
The remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41587-022-01546-1.

Correspondence and requests for materials should be addressed to
Yongxin Zhao.

Peer review information Nature Biotechnology thanks the anonymous
reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://github.com/zhao-biophotonics/
https://github.com/zhao-biophotonics/
https://github.com/zhao-biophotonics/
https://doi.org/10.1038/s41587-022-01546-1
http://www.nature.com/reprints

nature portfolio

Corresponding author(s):  Yongxin Zhao

Last updated by author(s): Sep 26, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O [0 XOOOOS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Imaging data was collected using the commercial Nikon NIS-Elements AR 5.21.03 64-bit software

Data analysis FlJI Image) 1.53c AND https://github.com/zhao-biophotonics/MAGNIFY

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

Lc0c Y21o

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sample data can be found at https://github.com/zhao-biophotonics/MAGNIFY. All other data can be provided upon reasonable request from the corresponding
author.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender We have only used human tissue sections for technical demonstration. As biological conclusions were not drawn, the
population characteristics are not relevant for this study. FFPE sex/gender information can be obtained from the supplier,
USBiomax.

Population characteristics We have only used human tissue for technical demonstration. As biological conclusions were not drawn, the population

characteristics are not relevant for this study.
Recruitment Human FFPE samples were commercially obtained from USBiomax and thus recruitment was not relevant for this study.

Ethics oversight FFPE tissues were commercially obtained from USBiomax who collects human tissues under approved protocols.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. Experiments were repeated in triplicates at minimum, unless noted otherwise in the
corresponding figure legend.

Data exclusions  No data was excluded.

Replication All reported data has been reproduced over at least 3 technical and/or biological replicates. ROIs from different parts of tissue sections across
multiple sections were used for quantification of biomolecule retention. Sequential tissue sections were used for quantification of FFPE tissue.

Randomization  Randomization was not necessary for this study.

Blinding Blinding was not necessary for this study. In most cases, experimental conditions were discernible from obtained image data.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies

Antibodies used See supplementary Tables 4-5
Primary Antibodies
Host Target Vendor Cat. Number




Chicken GFAP Abcam ab4674

Chicken GFP Abcam ab13970

Chicken NeuN Millipore ABN91

Chicken Tyrosine Hydroxalase Abcam ab76442

Chicken Vimentin Abcam ab24525

Goat PSD-95 Abcam ab12093

Goat CD4 R&D Systems AF-379-SP

Goat Talin-1 Novus AF5456-SP

Mouse Anti-Actin, a-Smooth Muscle Sigma Aldrich A5228
Mouse a-Tubulin Sigma Aldrich T6199

Mouse Bassoon Abcam ab82958

Mouse Cytokeratin Pan Type I/Il Invitrogen MA5-13156
Mouse Synaptophysin Invitrogen MA1-213

Mouse CD11c Abcam ab11029

Mouse CD4 Origene UM870010

Mouse CD8 Invitrogen MA1-80231

Mouse CD8a (Alexa 488) Invitrogen 53-0008-82

Mouse VDACI Abcam ab14734

Rabbit a-Tubulin Proteintech 11224-1-AP

Rabbit ACTN4 Sigma Aldrich HPA001873

Rabbit Alpha-Internexin (INA) Sigma Aldrich HPAOO8057
Rabbit Amyloid Precursor Protein (APP) Sigma Aldrich HPAO01462
Rabbit Anti-ATPase Inhibitory Factor 1 (ATPIF1) Millipore ABC137
Rabbit Anti-ATPase Inhibitory Factor 1 (ATPIF1) Proteintech 12067-1-AP
Rabbit GABRA1 Proteintech 12410-1-AP

Rabbit GABRB1 Proteintech 20183-1-AP

Rabbit GIuR2 Proteintech 11994-1-AP

Rabbit Synaptophysin Proteintech 17785-1-AP

Rabbit CCR5 Proteintech 17476-1-AP

Rabbit CD45 Abcam ab10558

Rabbit IL2 Proteintech 26156-1-AP

Rabbit IL-6 Proteintech 21865-1-AP

Rabbit TCR alpha Antibody Novus NBP2-52684

Wheat Germ Agglutinin (WGA) CF555 Biotium 29076
Wheat Germ Agglutinin (WGA) CF640R Biotium 29026
NHS-ATTO-488 Sigma Aldrich 41698

NHS-ATTO-532 Sigma Aldrich 88793

Succinimidyl Ester (NHS) CF 555 Biotium 92130

Cy3 NHS ester (non-sulfonated) Glpbio Tech. GC12618-25
Vybrant™ DiD cell-labeling solution Invitrogen V-22887
Vybrant™ DiO cell-labeling solution Invitrogen V-22886
Vybrant™ Dil cell-labeling solution Invitrogen V-22885
Lycopersicon Esculentum (Tomato) Lectin (LEL) Vector Labs DL-1174-1
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Secondary Antibodies

Reactivity Host Conjugate Vendor Catalog Number

Rabbit Goat DyLight550 Invitrogen SA5-10033

Rabbit Goat CF555 Biotium 20232

Rabbit Goat Alexa Fluor 488 Invitrogen A11034

Rabbit Goat CF640R Biotium 20202

Rabbit Goat Fab Fragment AF488 Jackson Immuno 111-547-003
Rabbit Donkey CF488A Biotium 20015

Rabbit Donkey Fab Fragment AF488 Jackson Immuno 711-547-003
Mouse Goat Alexa Fluor 488 Invitrogen A11001

Mouse Goat CF568 Biotium 20301

Mouse Donkey CF555 Biotium 20037

Mouse Donkey CF640R Biotium 20177

Mouse Donkey Fab Fragment AF488 Jackson Immuno 715-547-003
Chicken Goat Alexa Fluor 488 Invitrogen A11039

Chicken Goat DyLight 488 Invitrogen SA5-10070

Chicken Goat DyLight 550 Invitrogen SA5-10033

Chicken Goat CF488A Biotium 20020

Chicken Goat CF555 Biotium 20034

Chicken Goat CF640 Biotium 20084

Goat Donkey CF647 Biotium 20829

Streptavidin CF 640 Biotium 292037

Validation All validation data is available on the manufacturers' website. No further validation was performed.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK-293FT cells were purchased from ThermoFisher Scientific, Bronchus-derived human airway basal stem cells (hABSCs)




Cell line source(s)

Authentication

were purchased from Lonza. Additional hABSCs were obtained from surgical excess of de-identified tissues of healthy lung
donors or donors carrying variants in CCDC39 gene (c.830_831delCA [p.Thr277Argfs*3) and
c.1871_1872delTA(p.lle624Lysfs*3), IRB ID# 201103213 with permission of the institutional review board at Washington

University in Saint Louis. The U20S cells were purchased from ATCC and a gift from the Lee lab at Carnegie Mellon University.

Cell lines were not authenticated.

Mycoplasma contamination Cells were not tested for Mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Male and female mice were used. C57BL/6 mice, SST-Cre mouse line: Jax 013044 crossed to Ai3 (Jax 007903), DAT-Cre mice with C57
background expressing AAV2/5-hSynapsin1-FLEX-axon-GCaMP6 and AAV5-Syn-FLEX-rc[ChrimsonR-tdTomato].

No wild animals were used.
Sex was not relevant to this study.
No field collected samples were used.

All experimental procedures involving animals were conducted in accordance with the NIH guidelines and were approved by the
Institutional Animal Care and Use Committee at Carnegie Mellon University under the protocols AR202000020 (SST-Cre Mice) and
PROT0201600011 (C57BL/6), and by Brown University Institutional Animal Care and Use Committee (DAT-Cre).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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