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Abstract: Expansion microscopy has recently emerged as an alternative technique for achieving
high-resolution imaging of biological structures. Improvements in resolution are achieved by physi-
cally expanding samples through embedding in a swellable hydrogel before microscopy. However,
expansion microscopy has been rarely used in the field of virology. Here, we evaluate and charac-
terize the ultrastructure expansion microscopy (U-ExM) protocol, which facilitates approximately
four-fold sample expansion, enabling the visualization of different post-entry stages of the HIV-1 life
cycle, focusing on nuclear events. Our findings demonstrate that U-ExM provides robust sample
expansion and preservation across different cell types, including cell-culture-adapted and primary
CD4+ T-cells as well as monocyte-derived macrophages, which are known HIV-1 reservoirs. Notably,
cellular targets such as nuclear bodies and the chromatin landscape remain well preserved after
expansion, allowing for detailed investigation of HIV-1—cell interactions at high resolution. Our data
indicate that morphologically distinct HIV-1 capsid assemblies can be differentiated within the nuclei
of infected cells and that U-ExM enables detection of targets that are masked in commonly used
immunofluorescence protocols. In conclusion, we advocate for U-ExM as a valuable new tool for
studying virus-host interactions with enhanced spatial resolution.

Keywords: expansion microscopy; ultrastructure expansion microscopy; super-resolution microscopy;
HIV-1; HIV-1 post-entry; HIV-1 nuclear import; HIV-1 capsid; virus-host interaction

1. Introduction

Fluorescence microscopy has been a cornerstone of biological and medical research
since its conception over a century ago. However, many structures of interest, particularly
in the field of virology, cannot be resolved using conventional fluorescence microscopy
due to the diffraction limit of light microscopy (i.e., ~250 nm laterally and 500 nm axi-
ally). For instance, the human immunodeficiency virus type 1 (HIV-1) has a size of ca.
100-150 nm, which limits investigation of subviral structures and virus-host interactions
using fluorescence microscopy [1].

To overcome this resolution barrier, several advanced microscopy techniques have
been developed [2]. These methods were readily embraced by the virus research commu-
nity, leading to critical insights into, e.g., virus morphology, assembly, and release [3-5].
However, most super-resolution techniques rely on expensive equipment and specific fluo-
rescent dyes, are technically challenging, and demand substantial expertise in instrument
operation, sample handling, as well as data analysis [6]. As a result, their widespread
application remains limited.

Complementing these existing approaches, an alternative category of resolution-
enhancing techniques known as expansion microscopy (ExM) has recently gained promi-
nence [7]. Unlike other approaches that aim to improve resolution through modifications of
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optical elements or single-molecule localization microscopy (SMLM), ExM operates on the
principle of isotropically expanding the sample in all dimensions. This expansion increases
the distance between epitopes, allowing the visualization of sub-diffraction targets using
conventional imaging techniques [7-9]. Sample expansion is achieved by the attachment of
gel-linkable anchors to biomolecules within fixed and crosslinked samples before embed-
ding the samples in a polycharged hydrogel [9]. To ensure uniform expansion, the samples
subsequently undergo homogenization, which can be accomplished through proteolytic
digestion or a combination of heat and detergent treatment [9]. Finally, incubation of the
hydrogel in deionized water leads to sample expansion due to the repulsion of the charges
within the hydrogel [9].

Following an initial proof-of-concept study by Boyden and co-workers [7], which
demonstrated an approximately four-fold sample expansion in brain tissue slices and
mammalian cells, ExXM was rapidly adapted and optimized for different applications,
resulting in a wide range of protocols tailored to meet different research needs (a detailed
review of ExM principles and techniques has been provided by Wen 2023 and more recently
by Hiimpfer 2024 [8,9]). While some ExM adaptations have focused on retaining specific
biomolecules such as lipids or RNA, others have aimed to optimize sample preservation
or to increase the expansion factor, resulting in protocols capable of achieving sample
expansion of up to 20-fold for a variety of targets [10-12].

A critical aspect of ExM is the visualization of structures of interest within the gel.
Two principal strategies have emerged for visualizing protein targets: one involves staining
samples prior to gel embedding and expansion [13-15], while the other entails staining
targets after expansion within the gel [16-18]. Pre-expansion staining protocols typically
utilize proteolytic digestion for homogenization, which destroys most epitopes and renders
them unrecognizable for antibody labeling [9]. To overcome this limitation, proteins and
other targets are often labeled via immunostaining before the expansion procedure, as
proteolytic digestion generally allows retention of fluorescence [9]. While indirect anti-
body staining provides an easy and accessible method for localization of targets, it also
introduces a linkage error of ca. 30 nm due to the size of the two antibodies necessary
for visualization. To reduce this linkage error, the use of directly conjugated antibodies,
which are commercially available, is a viable alternative. These antibodies can reduce the
linkage error to around 15 nm compared to traditional indirect staining methods. Employ-
ing directly conjugated Fab fragments or nanobodies may further enhance localization
precision, achieving a linkage error of approximately 3 nm. However, as with direct im-
munofluorescence with conventional antibodies, these approaches show a lack of signal
amplification. In pre-expansion staining protocols, antibodies are subsequently expanded
alongside targets, resulting in relative linkage errors akin to those observed in conventional
microscopy [17]. Additionally, gel-embedding and proteolytic digestion can diminish the
brightness of fluorophores [9].

In contrast, post-expansion labeling approaches utilize a gentler homogenization
process via heat denaturation in the presence of detergent, which more effectively preserves
sample epitopes compared to proteolytic digestion but may impair the fluorescence of dyes
introduced before expansion [16-18]. This approach results in improved labeling efficiency
due to the enhanced antibody access to target epitopes after expansion [17,19]. In addition,
as fluorophores are generally introduced after expansion, fluorescence is not affected by the
sample preparation. Post-expansion labeling may also reveal previously masked epitopes
that become accessible during the expansion process [19]. Expanded samples can be imaged
using various microscopy techniques, facilitating super-resolution imaging with classical
fluorescence microscopy. By further combining post-expansion labeling strategies with
advanced super-resolution techniques such as Airyscan or stimulated emission depletion
(STED) microscopy [20,21], it is possible to increase the spatial resolution even further,
approaching molecular resolution (<10 nm) and effectively bridging the gap between light
and electron microscopy [17,19].
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Despite the potential of ExM, it has not yet been extensively applied in virology, and,
in particular, not in the field of HIV-1 research. In this study, we present an ExM strat-
egy tailored for the analysis of virus-infected cells with a focus on subviral replication
complexes in the nucleus. The nucleus serves as a key compartment for the replication
of many viruses, which rely on the nuclear machinery for viral genome replication and
gene expression [22,23]. Among the viruses that depend on the nuclear environment for
replication is the retrovirus HIV-1 [24]. A defining characteristic of retroviruses is the inte-
gration of a reverse-transcribed double-stranded DNA copy of their genome into the host
cell DNA. Since HIV-1 can infect non-dividing cells, it necessitates the import of the viral
genome through the intact nuclear envelope [25]. After release into the cytosol of a newly
infected target cell, capsids (also called viral cores) are transported towards the nucleus
along the microtubule network [26-28]. Upon reaching the nucleus, capsids interact with
cytoplasmic components of the nuclear pore complex (NPC) and traverse the NPC channel,
with seemingly intact capsids being frequently observed in the nucleoplasm of infected
cells [29-32]. Within the nucleus, capsids are eventually directed to nuclear speckles, where
they accumulate and undergo genome uncoating, releasing the fully reverse-transcribed
viral DNA for subsequent integration into host cell chromatin [30,32-34]. While recent
studies shed light on the mechanisms involved in nuclear import of capsids [29,35], the
molecular events involved in the targeting of nuclear speckles and in genome uncoating
remain poorly understood.

Here, we establish and employ a post-expansion labeling ultrastructure expansion
microscopy (U-ExM) protocol to visualize intra-nuclear structures involved in post-entry
events during HIV-1 infection, applicable to both cell culture-adapted cell lines and primary
immune cells [18,36]. We characterize the robustness of this protocol across different
cell types and nuclear compartments, provide references for evaluating sample integrity,
and emphasize the advantages of using a post-expansion labeling approach to probe
viral structures.

2. Materials and Methods
2.1. Cell Culture and Virus Preparation

Cells were kept in a humidified incubator at 37 °C in a 5% CO; atmosphere. HeLa-
based TZM-bl cells (NIH AIDS Reagent program #8129-442, also called JC57BL-13) [37,38],
and human embryonic kidney cells from the 293T /17 line (here referred to as HEK293T,
#CRL-11268TM, purchased from ATCC, Kielpin Lomianki, Poland [39]) were cultured
in Glutamax-I Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco-Thermo Fischer
Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Capricon Scientific, Ebsdorfergrund, Germany), 100 U/mL penicillin, and
100 mg/mL streptomycin (Gibco-Thermo Fischer Scientific, Waltham, MA, USA). U20S
cells endogenously expressing Nup96-SNAP (CLS GmbH, St. Ingbert, Germany, #300444,
clone 33 [40]) were cultured in HEK293T growth medium supplemented with 1x MEM
NEAA (Gibco-Thermo Fisher Scientific, Waltham, MA, USA). Cell lines were regularly
tested for mycoplasma contamination (MycoAlert® mycoplasma detection kit, Lonza
Rockland, Basel, Switzerland) and authenticated by STR profiling (Promega PowerPlex 21
Kit; carried out by Eurofins Genomics, Ebersberg, Germany).

Monocyte-derived macrophages (MDMs) were prepared from isolated buffy coats
of healthy anonymous human blood donors (purchased from the Heidelberg University
Hospital Blood Bank according to the regulations of the local ethics committee, S-023 /2022
and 5-025/2022, within the SFB 1129 [integrative analysis of the replication and spread of
pathogens, funding period 07/2022-06/2026]) by Ficoll density gradient centrifugation
using SepMate tubes (StemCell Technologies, Vancouver, BC, Canada). These human
peripheral blood mononuclear cells (PBMCs) were cultured in GlutaMax-I Roswell Park
Memorial Institute medium 1640 (RPMI 1640, Gibco-ThermoFisher Scientific, Waltham,
MA, USA), supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 mg/mL
streptomycin, and 20 mM HEPES. After incubating for 3 h at 37 °C in a 5% CO, atmosphere,
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non-adherent cells were discarded, and the adherent PBMCs were washed with fresh
medium. These adherent PBMCs were then differentiated by maintenance in activation
medium (GlutaMax-I RPMI 1640 containing 10% heat-inactivated FBS, 100 U/mL penicillin,
100 mg/mL streptomycin, 20 mM HEPES, and 10% human AB serum (Sigma Aldrich, St.
Louis, MO, USA)) for 7 days, allowing for their transformation into macrophages. The
resulting MDMs were subsequently cultured in the activation medium for up to four weeks,
with medium changes occurring every 3 days, as previously described [41].

CD4+ T-cells were isolated from buffy coats obtained from healthy blood donors
(DRK-Blutspendedienst, Mannheim, Germany) with approval by the local ethics committee
(5-023/2022 and 5-025/2022). Negative CD4+ T-cell isolation was performed using the
RosetteSep™ Human CD4+ T-Cell Enrichment Cocktail (STEMCELL Technologies Inc., Van-
couver, BC, Canada) following the manufacturer’s instructions. Briefly, the buffy coats were
mixed with the enrichment cocktail and incubated before being layered onto Ficoll-Paque™
PLUS (GE Healthcare Bio-Sciences, Uppsala, Sweden) and centrifuged. After isolation, the
cells were washed, treated with ammonium-chloride—potassium lysis buffer to remove red
blood cells, and resuspended in complete T-cell medium consisting of GlutaMax-I RPMI
1640 supplemented with 10% fetal bovine serum (Capricon Scientific, Ebsdorfergrund,
Germany), 100 U/mL penicillin/100 mg/mL streptomycin (Gibco-ThermoFisher Scientific,
Waltham, MA, USA), and 10 ng/mL IL-2 (Biomol GmbH, Hamburg, Germany). The cells
were left in a resting state or activated using Dynabeads® Human T-Activator CD3/CD28
(Gibco-ThermoFisher Scientific, Waltham, MA, USA) at a bead-to-cell ratio of 1:5 and
cultured in 24-well plates at a cell density between 1 and 2 x 10° cells/mL for 72 h in a
humidified incubator at 37 °C with 5% CO,.

For production of non-infectious, RT-competent HIV-1 (NNHIV) particles, HEK293T
cells were seeded into 10 cm dishes at a density of 5 x 10° cells in 6 mL per dish, one
day prior to transfection. The following day, the cells were transfected using a standard
calcium phosphate procedure with a total of 10 ug of DNA per 10 cm dish. The transfection
mixture included the non-infectious proviral plasmid NNHIV env(stop) ANCH [29,30], a
Vpr.IN.eGFP expression plasmid containing the corresponding mutations in the IN gene
on the NNHIV plasmid [42], and a pCMV-VSV-G expression plasmid (Addgene plasmid
#8454, a gift from Bob Weinberg [43]) in the ratio of 7.7:1.3:1.0 pug. After 4-6 h, medium
was replaced, and the cells were incubated at 37 °C for an additional two days prior to
harvesting the supernatant. The supernatant was then centrifuged at 300x g for 5 min
to remove cell debris and subsequently filtered through 0.45 um mixed cellulose ester
(MCE) filters. The filtered supernatant was layered onto a 20% (w/v) sucrose cushion and
centrifuged at 107,000 g for 1.5 h at 4 °C. The resulting viral particles were resuspended in
30 uL of ice-cooled phosphate-buffered saline (PBS) containing 10% FBS and 10 mM HEPES
(pH 7.5), pooled, rapidly frozen in liquid nitrogen, and stored at —80 °C. Viral stocks were
quantified using the SYBR Green-based Product Enhanced Reverse Transcription assay
(SG-PERT) as described previously [44].

2.2. Cell Seeding and Fixation

MDM and TZM-bl cells were directly seeded onto 6-18 mm glass coverslips, which
were placed in multi-well plates, at least 24 h before fixation. Cell density was adjusted to
reach 70-90% confluency on the day of fixation. CD4+ T-cells were seeded onto polyethylen-
imine (PEI)-coated 12 mm coverslips at a density of 300,000 cells per coverslip and incubated
for 40 min at 37 °C in a 5% FBS/PBS solution. The PEI coating was applied for 1 h at
37 °C using 100 uL of a 0.5 mg/mL PEI solution. Prior to transferring the cells, the coated
coverslips were washed three times with ddH;O. For fixation, the medium was removed,
and the coverslips were washed once with PBS. Fixation was performed for 10 min at room
temperature using 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA,
USA, #15719)/0.0075% glutaraldehyde (GA, Sigma Aldrich, Taufkirchen, Germany, G5882-
10X1ML) in PBS. Subsequently, the coverslips were washed three times with PBS before
either proceeding to U-ExM or being stored in PBS at 4 °C. For imaging during the U-ExM
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process, nuclei were briefly stained with 1 mg/mL Hoechst 33342 (here referred to only
as Hoechst, Thermo Fisher Scientific, Waltham, MA, USA) for 5 min at room temperature
in the dark. Afterwards, the coverslips were washed twice with PBS before imaging and
subsequent expansion.

For determination of optimal fixation conditions for maintaining cytoplasmic integrity,
cells were washed and fixed using either a pH 6.8 PEM buffer (composed of 80 mM PIPES,
5 mM EGTA, and 2 mM MgCl, in ddH;0) as described by Leyton-Puig [45] or a pH 7.4
PHEM buffer (containing 60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 2 mM MgCl, in
ddH,O) as outlined by Sobue [46] instead of PBS. For fixation with a pH 6.1 cytoskeleton
buffer (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM glucose, and 5 mM MgCl, in
ddH,O0) following the protocol of Small [47], cells were rinsed once with pre-warmed
cytoskeleton buffer. Cells were then detergent extracted with 0.25% Triton X-100/0.3% GA
in cytoskeleton buffer for 90 sec at room temperature, followed by fixation with 2% GA
in cytoskeleton buffer for 15 min at room temperature [45,48,49]. After fixation, cells were
rinsed once with cytoskeleton buffer and then quenched with 50 mM NH4Cl in PBS for
10 min at room temperature. Finally, cells were washed twice with PBS before progression
to U-ExM as described below.

For cryofixation, samples were treated according to the protocol provided by Laporte
et al. [50]. Briefly, cells seeded on 6 mm coverslips were incubated briefly with either
HEK293T growth medium or HEPES-buffered Hanks Balanced Salt Solution (HHBSS com-
posed of 20 mM HEPES, 137 mM NaCl, 0.49 mM MgCl,, 1.26 mM CaCl,, 5.4 mM KCl, 0.41
MgSQOy, 0.64 mM KH,POy4, 3 mM NaHCO3, and 5.5 mM glucose) containing 10% glycerol
at pH 7.4. The samples were then plunge-frozen in liquid ethane that had been precooled
at liquid nitrogen temperature using a Leica EM GP2 plunge freezer (Leica Microsystems,
Wetzlar, Germany). The plunge freezer was operated as indicated by the manufacturer in a
sample chamber environment of 25 °C and 80% humidity, a liquid ethane temperature of
—183 °C, and using one-sided blotting on Whatman grade 1 filter paper (Sigma Aldrich,
St. Louis, MO, USA; #1001-055) with a blotting time of 5 s. Subsequently, the samples
were incubated in dry ice-chilled acetone (Sigma Aldrich, Taufkirchen, Germany, #270725-
1L, HPLC, >99.9%), progressively transitioned to 0 °C before rehydration in a series of
ethanol (Fischer Scientific-Thermo Fischer Scientific, Waltham, MA, USA, #E/0650DF /15
1L, >99.8%)/water baths with increasing water percentages [50]. Once the samples reached
PBS incubation, samples were expanded as described below.

2.3. Ultrastructure Expansion Microscopy (U-ExM)

The protocol established by Gambarotto et al. [36] was implemented with minor
modifications to optimize gel handling and reagent usage. A comprehensive protocol,
including detailed information on all reagents, can be found in File S1. As previously
described, sodium acrylate quality is critical for expansion. Here, we used sodium acrylate
powder from AK Scientific (Union City, CA, USA; R624-5g), which was stored at —20 °C
and consistently yielded good results in our hands.

The U-ExM protocol involves several steps (Table 1), each with extended incubation
times. The approximate durations for each step are as follows: anchoring/crosslinking
prevention (3.5 h), gelation (1.5 h), denaturation (2 h), first expansion (either 3 x 30 min, or
2x 30 min and once overnight), gel shrinking (30 min), blocking (30 min), primary antibody
incubation (2.5 h to overnight), washing (50 min), secondary antibody incubation (2.5 h),
washing (50 min), and final expansion and staining with synthetic fluorescent sphingosine
BODIPY-Ceramide dyes (BODIPY, Thermo Fisher Scientific, Waltham, MA, USA) staining
(1x 30 min, overnight, and 2 x 30 min). In some cases, we included an additional staining
step using a fluorescently conjugated NHS-ester (ATTO-TEC, Siegen, Germany) after the
second antibody incubation and washing, which extended the protocol for an additional
2 h to account for incubation and washing. To mitigate contamination risks during the long
incubation times, particularly those involving bovine serum albumin (BSA, fatty acid free
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from Carl Roth®, Karlsruhe, Germany), we supplemented all solutions with 0.01% NaN3
(w/v) for any incubation lasting 30 min or longer.

Table 1. Different steps of the U-ExM protocol and their approximate duration.

Step Time
Anchoring 35h
Gelation 15h
Denaturation 2h
Day 1 First expansion 15h
PBS shrinking 0.5h
Blocking 0.5h
Primary antibody incubation overnight
Washing 1h
Secondary antibody incubation 25h
Washing 1h
Day2 [NHS-ester staining] [1.5h]
[Washing] [0.5 h]
Second expansion and BODIPY staining overnight
Day 3 Final expansion steps 1h

Although the U-ExM protocol can be completed over three days, we opted for a
two-day schedule for the expansion process, with imaging typically conducted on the third
and fourth days.

2.3.1. Sample Mounting

Gel pieces were imaged using either Poly-D-Lysine-coated ibidi 8-well glass bottom
p-slides (ibidi GmbH, Gréfeling, Germany) or uncoated 6-well plates (Corning GmbH,
Kaiserslautern, Germany). To prepare the ibidi-coated p-slides, 200-500 pL of a 0.1 mg/mL.
Poly-D-Lysine solution (Gibco-Thermo Fisher Scientific, Waltham, MA, USA) was added to
each well and incubated for 1 h at 37 °C. Afterwards, the wells were washed three times
with ddH,O. The orientation of cells within the gels was determined using a Nikon eclipse
Ts2 widefield inverted benchtop microscope (Nikon Instruments Inc., Tokyo, Japan) by
examining either Hoechst or BODIPY staining through a 10x /0.25 air objective. For gel
mounting, a piece of gel that fit into a well of an ibidi 8-well p-slide was carefully excised
and gently pressed, cell-side down, into the coated well to ensure leveling and minimize
air bubbles. To prevent the gels from drying during imaging, 2-3 drops of ddH,0O were
added to the well.

Unmounted, expanded, and stained gel pieces were kept in ddH,O supplemented
with 0.01% NaNj for up to one week, allowing for later mounting and imaging.

2.3.2. Expansion Factor Measurement

Since only sections of the original gel were used for imaging, it was not possible to
determine the final expansion factor by measuring the final gel diameter, as has been carried
out previously [36]. Instead, we measured the diameter of the gel after shrinkage and just
prior to excising the gel pieces to determine an initial expansion factor, EFpgs. Rectangular
gel pieces were then excised and measured before proceeding with staining and expansion.
After the final expansion and prior to mounting, we measured the fully expanded gel piece
again to determine a second expansion factor, EFfpo. Consequently, the final expansion
factor EFg;,, was calculated as follows:

EFFinal = EFpgs X EFi0o (1)
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2.4. Fluorescence Microscopy

Imaging of samples during the U-ExM process was conducted using a Nikon eclipse
Ts2 widefield inverted benchtop microscope (Nikon, Tokyo, Japan) equipped with a
10x/0.25 Ph1l ADL air objective (working distance (WD) 6.2 mm) and a 385/470/560
filter set. Images were acquired with a CMOS DMK 33UX174 camera (theimagingsource,
Bremen, Germany) using the NIS-Elements D software (version 5.02, Nikon, Tokyo, Japan).
Exposure time, gain, and gamma values were optimized to enhance contrast and visibility.

For large overviews of gel pieces as well as GelMap coverslips (Utrecht University,
Utrecht, Netherlands) [51], we employed the Zeiss CellDiscoverer 7 automated microscope
(Zeiss, Oberkochen, Germany). Gels and coverslips were imaged in either 6-well plates or
ibidi 8-well glass bottom p-slides. Images were acquired using either a Plan-Apochromat
5x/0.35/WD 5.1 mm or a Plan-Apochromat 20x /0.7/WD 2.2 mm autocorr air objective
with 1x-2x tube lens magnification and a Zeiss Axiocam 712 sCMOS camera for detection.
Multichannel images were acquired using light-emitting diodes at 385 nm, 470 nm, 567 nm,
and 625 nm for excitation, paired with a quad-bandpass filter (QBP 425/30 + 514/30 +
592/25 +709/100 nm) for emission. Image tiling was executed with a 10% overlap using
the Definite Focus module for focus stabilization.

Point laser scanning confocal microscopy was performed on a Zeiss LSM900 micro-
scope (Zeiss, Oberkochen, Germany) equipped with the Airyscan 2 detector. Imaging
was performed using either a Plan-Apochromat 20x /0.8/WD 0.55 mm air or a Plan-
Apochromat 63x /1.4/WD 0.193 mm oil immersion objective. Similar to previous imaging,
tiling was performed with 10% overlap and the Definite Focus module for focus stabilization.
Multichannel images were acquired sequentially in either frame or stack scanning mode,
employing diode lasers at 405 nm, 488 nm, 561 nm, and 640 nm for imaging of fluorophores
in the blue, green, orange, and red spectra of the visible light, respectively. Emission
detection was configured using variable dichroic mirrors, and detection was optimized
for emission spectra of different fluorophores. GaAsP PMT or Airyscan detectors were
ultilized, with gain typically set between 700 and 900 V, while the offset remained at 0%.
Sampling was optimized for Nyquist criteria (ca. 50 nm laterally and 250 nm axially for
the 63 x /1.4 oil immersion objective), conducted bidirectionally at maximum scanning
speed with 2x line averaging. Post-acquisition processing of 2D or 3D Airyscan images
was performed using ZEN Blue (version 3.1, Zeiss, Oberkochen, Germany), applying the
default Airyscan Filtering (AF) strength.

STED microscopy was performed on an Expert Line STED system (Abberior Instru-
ments GmbH, Gottingen, Germany) equipped with an SLM-based easy3D module and an
Olympus IX83 microscope body with a 100x oil immersion objective (NA 1.4; WD 0.13 mm;
Olympus UPlanSApo). STED images were acquired using a 640 nm excitation laser and
spectral detectors, with detection ranges optimized for fluorophore emission accordingly.
A 775 nm STED laser (operating at 10-20% of the maximal power of 3 mW) was used for
depletion, with a pixel dwell time of 10 ps and 15 nm xy sampling.

2.5. Image Selection, Processing, and Analysis

For general image visualization and analysis, the FIJI distribution of the open source
software Image] (version 1.54f) was used [52]. Images were contrast adjusted to enhance
visibility and filtered with a mean filter with a radius of 1-2 pixel. Data graphs were gener-
ated and statistical analysis performed using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego, CA, USA). Images presented were selected as representa-
tive examples of 2-3 biological replicates, with at least 3 images (single planes or z-stacks)
being acquired per replicate after visual examination of samples. For samples infected with
NNHIV, infected cells were identified by the presence of CA- and high CPSF6-containing
structures in the nucleus before acquisition of 5-7 images over 2 biological replicates.
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2.5.1. Stitching

For tiled images, stitching was performed using Zen Blue version 3.9 without shading
correction, using the nuclear channel as a reference.

2.5.2. Bleedthrough Correction

Due to the usage of antibodies and dyes with spectral overlap as well as strong
fluorescence intensity in some channels, some bleedthrough was observed in multi-channel
imaging during point laser scanning confocal microscopy. To determine if fluorophore
bleedthrough was present, images were examined for the presence of duplicate structures in
multiple channels. If bleedthrough was present in a channel, a subtraction-based correction
approach was used to locally remove bleedthrough in the affected image [53]. Subtraction-
based bleedthrough correction can be used in cases where spectral crossover is only present
in one direction, i.e., if there is a reference channel without any bleedthrough available, as
was the case here.

First, the contribution of the fluorophore that causes bleedthrough was determined in
the channel that was affected by bleedthrough. To do so, in the image that was affected
by bleedthrough, the mean signal intensity was calculated in an area that only showed
bleedthrough. Then, the mean signal intensity was calculated in the same area of the
channel where bleedthrough originated. Subsequently, a bleedthrough correction factor
was determined by dividing the mean signal intensity of the channel where bleedthrough
originated by the mean signal intensity of the channel that was affected by bleedthrough.
To create a correction image that represented the bleedthrough, the original channel where
the bleedthrough originated was then divided by the calculated correction factor. The
resulting lower intensity correction image was then subtracted from the channel that was
affected by bleedthrough via the Image Calculator module in Image] (Figure S1).

2.5.3. Nucleus Segmentation and Nuclear Diameter Measurements

To determine the dimensions of the nucleus before and after expansion, the same
set of nuclei in both conditions were segmented. Prior to segmentation, images of nuclei
acquired before expansion were processed using a median filter with a radius of 1 pixel.
Subsequently, the nuclear channels of both images were segmented using the pre-trained
cell segmentation algorithm CP within the cellpose 2.2.1 framework (platform Win32,
python version 3.8.16, and torch version 1.12.0) [54]. Label images were exported as PNG
files and further processed in Image]J. To separate nuclei before analysis, an erosion in xy
of 1 pixel was carried out using the Image] 3D Suite Close Labels function [55]. The images
were then thresholded, and the Feret diameter was measured using the Particle Analyzer
function in Image] with no restrictions for circularity or size.

2.5.4. NPC Dimension Measurements

For evaluating the properties of the Nup153 foci as a proxy for the dimensions of the
NPC, a maximum intensity projection of 21 z-slices, each spaced 140 nm apart, starting
from the bottom of a U20S nucleus was created. The image was thresholded (600-65,535)
to isolate Nup153 signal foci, and the resulting binary image was analyzed using the
Analyze Particles function in Image], excluding all objects at the borders of the image and
only including objects with a size of 20 pixel? and larger. Subsequently, the maximum
and minimum Feret diameters were divided by the expansion factor EFg;,, to account
for expansion.

2.5.5. Nup153 and Nup96-SNAP Signal Intensity Measurement

To measure the signal intensity of the Nup153- and Nup96-SNAP channels, a line
was drawn through an area of the nuclear envelope containing several distinct Nup153
foci. Signal intensities along the line were measured in both channels using the plot profile
function of Image]. The intensity values were exported and normalized to the minimum
and maximal values for each channel. During plotting, the graphs were aligned to the
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point of highest intensity to compensate for any potential shifts that may have occurred
during imaging.

3. Results

Expansion microscopy has gained significant traction within the broader research
community; however, its application in virology remains limited, with particularly few
studies exploring HIV-1-related phenomena [56,57]. Other studies have investigated gen-
eral aspects of the broader virology field, such as the spatial distribution of virions and
viral proteins in infected cells and tissues, as well as host cell alterations following infec-
tion [58-61]. Among the available expansion protocols, the U-ExM method, which offers
a 4-5-fold expansion alongside a post-expansion labeling approach, has found broader
application in fields such as parasitology, centriole biology, and neurobiology, where it has
significantly improved the visualization of target structures [62—-66]. Here, we aim to assess
the effectiveness of the U-ExM protocol to probe processes during virus infection, with a
particular focus on nuclear HIV-1—cell interactions at high resolution.

3.1. The Ultrastructure Expansion Microscopy Protocol Allows Robust Expansion with Good
Preservation of Cellular Morphology

We first benchmarked the U-ExM protocol for application in TZM-bl cells, a HeLa-
derived cell line frequently used in HIV-1 research [38]. To establish fundamental expansion
parameters, we adhered closely to the protocol outlined by Gambarotto in 2021 [36], with
minor modifications to optimize sample handling and reagent usage (refer to Materials
and Methods as well as File S1 for a detailed protocol). To monitor the expansion process
and the cell state during the U-ExM protocol, we seeded TZM-bl cells onto glass coverslips
and subjected them to the U-ExM process. We employed nuclear staining using Hoechst
at low concentrations directly after fixation to visualize the position and morphology of
nuclei. Imaging was conducted following fixation, after incubation with the anchoring
solution, immediately after gelation within intact gels sandwiched between the sample
coverslip and a rectangular glass slide, as well as in detached gels post-denaturation
(Figure 1A,B). Cells were clearly visible at all time points prior to denaturation, exhibiting
normal cellular and nuclear morphology and size (Figure 1B). Although the Hoechst signal
was lost after denaturation, most likely due to the harsh conditions necessary for sample
homogenization, cells remained discernible in transmitted light (Figure 1B). Consistent with
the observed size increase of the gel during denaturation, longitudinal cell size increased
from ca. 30 um to up to 100 um in the gels post-denaturation (Figure 1B). Following the
U-ExM protocol, gels were fully expanded for the first time via incubation in deionized
water overnight and subsequently shrunk again by incubation in PBS to facilitate sample
handling. To minimize reagent usage for staining, we excised 1 cm x 0.5 cm pieces from
the center of the gel for blocking and staining. For initial characterization of cellular and
nuclear morphology, chromatin was stained using Hoechst, and samples were incubated
with BODIPY during the final expansion to visualize lipid membranes, as previously
established [67]. Measurement of gel and coverslip sizes before and after expansion
indicated an expansion factor of ca. 4.3, in line with previous studies in mammalian cells
and other eukaryotes [18,63,67]. After the final expansion, cells showed a normal overall
morphology within the gel, with longitudinal cell sizes often exceeding 100 pm, consistent
with the calculated expansion factor (Figure 1B). It is noteworthy that samples were more
prone to degradation and contamination after expansion; hence, we consistently employed
0.01% sodium azide for any incubation or storage period exceeding one hour.

Next, we assessed whether samples experienced distortion during the expansion
process by directly comparing cells before and after expansion. In traditional pre-expansion
labeling protocols, structures can be imaged both prior to and following expansion, allow-
ing direct comparisons. However, in the case of U-ExM, direct comparisons are more chal-
lenging, as staining typically occurs only after expansion. To identify the same set of cells
before and after expansion as well as to visualize any sample deformation, we employed
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the GelMap system developed by the Kapitein lab [51]. The GelMap consists of a coverslip
printed with a defined fluorescently labeled protein pattern comprising a 20 x 20 um grid
along with numerical and letter markers (Figure S2A). For reference images, we acquired
wide-field images of fixed TZM-bl cells seeded on an 18 mm GelMap coverslip patterned
with a custom R2-myc-his nanobody conjugated to ATTO 647N (Figures 1C and S2B,D).
Subsequently, the whole GelMap coverslip was expanded, and a 1 cm x 0.5 cm gel piece
was excised from the center of the gel before blocking and staining. Although the ATTO
647N fluorescence was lost during the U-ExM procedure, the GelMap grid could be visual-
ized via a-R2-myc immunofluorescence staining in wide-field microscopy after expansion,
allowing for identification of positions that had been imaged before expansion (Figures 1D
and S2C,E).
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Figure 1. U-ExM enables robust 4.3-fold expansion with minor macroscopic distortions. (A) A
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schematic overview illustrating the different steps involved in the U-ExM procedure. (B) TZM-bl
cells, fixed with PFA/GA, stained for chromatin (Hoechst, cyan) and membranes (BODIPY, right
panel, gray) and imaged at different steps of the U-ExM process. Scale bar: 100 pm. (C) TZM-bl cells
seeded onto an 18 mm GelMap slide patterned with R2-myc-his-ATTO 647N (magenta), fixed with
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PFA/GA, and stained for chromatin (Hoechst, cyan). Scale bar overview, 100 pum; scale bar enlarge-
ment, 50 um. Arrowhead marks the position of the same cluster of cells before and after expansion in
(C,D). (D) TZM-bl cells seeded onto an 18 mm GelMap slide, fixed with PFA/GA, expanded by U-
ExM, and stained for chromatin (Hoechst, cyan), membranes (BODIPY, gray), and R2-myc (magenta).
Scale bar, 200 um. (E) Measurement of the Feret diameter of the nuclei of the same set of TZM-bl
cells seeded onto an 18 mm GelMap slide, fixed with PFA/GA and stained for chromatin, before and
after expansion; n = 168; medianyefore = 17.03 um, median, g, = 72.63 um; data plotted according to
Tukey box plot. (F,G) TZM-bl cells stained for chromatin (Hoechst, cyan) and membranes (BODIPY,
gray) exhibiting expansion artifacts. Scale bar, 100 um. All scale bars in expanded samples reflect

post-expansion sizes.

To compare the appearance of cells before and after expansion, we segmented the
same set of nuclei using the cellpose 2 CP algorithm on images taken before and after
expansion, measuring the maximum diameter of these nuclei (Figure S3A,B). Comparison
revealed a maximum diameter of ca. 17 um before and 73 um after expansion, indicating
a nuclear expansion of about 4.3-fold. This finding aligns with our measurements of the
expansion factor based on gel size, suggesting that the observed increase in gel size is
directly translatable to microscopic structures (Figure 1E). Although the overall distribution
of nuclei was retained and cells maintained their relative position, the masks of the seg-
mented nuclei before and after expansion could not be overlaid using rigid transformation
or scaling, indicating local distortion (Figures 1C,D and S3C). This was further confirmed
by inspection of the protein grid, which displayed small local deformations in the grid
lattice and large disruptions in certain areas (Figure S2B-E). Nevertheless, the overall shape
and morphology of individual cells appeared to be well conserved (Figures 1C,D, S2B-E
and S3A,B).

While most cells showed no apparent abnormalities, expansion artifacts were vis-
ible in 5-20% of the cells (Figure 1E,G). These artifacts could be categorized into two
groups: (i) cells that appeared to not have been permeabilized during the expansion
process (Figure 1G), and (ii) cells exhibiting cytoplasmic rupture (Figure 1F). In severe
instances, cytoplasmic rupture resulted in the displacement of visually intact nuclei from
empty and occasionally collapsed cytoplasmic shells (Figure 1F). Non-permeabilized cells
appeared as opaque, cell-shaped structures lacking staining and could be identified already
after denaturation (Figure 1B,G). Although both phenotypes were observed across different
samples, they never occurred simultaneously. The abnormal cells were visually distinct
from properly expanded cells, allowing for their immediate exclusion from further analysis.

3.2. Optimization of Fixation and Imaging Conditions

Although nuclei showed no visible abnormalities even in severe cases of cell rupture,
inspection of the cytoplasmic compartment through Airyscan microscopy occasionally
revealed gaps in the BODIPY membrane staining. This finding indicates compromised
cytoplasmic integrity (Figure S4A). To optimize the preservation of the cytoplasmic com-
partment during expansion, we employed various fixation procedures, expanded TZM-bl
cells, and performed staining using an «-tubulin antibody alongside a membrane marker
(BODIPY) and Hoechst. It is noteworthy that microtubules are prone to fragmentation
under inadequate fixation conditions [50,68], while membrane staining was utilized to
assess overall compartment integrity. We compared several fixation conditions, including
cryofixation [50] in different solutions and chemical fixation with 4% PFA/0.0075% GA us-
ing different buffer conditions optimized for cytoskeletal conservation (Table 2, Figures 2A
and 54B,C).

Regular chemical fixation using a 4% PFA /0.0075% GA in PBS solution resulted in
fragmented microtubules and diffuse membrane signals when observed with Airyscan
microscopy. In contrast, alternative fixation conditions, including chemical fixation in
PHEM buffer and cryofixation in HHBSS/10% glycerol, showed uninterrupted micro-
tubules and distinct membrane networks (Figures 2A and S4B,C). Notably, these different
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fixation conditions did not alter the appearance of the nuclear compartment (Figures 2A
and 54B,C).

Table 2. Different fixation conditions for optimization of sample preservation.

Fixation Condition Buffer Solution
Medium, pH 7.4
Cryofixation Hepes-buffered Hanks’ balanced salt solution
(HHBSS)/10% glycerol, pH 7.4
e PBS buffer, pH 7.4
Chemical fixation ’
o o PHEM bulffer, pH 7.4
(4% PFA /0.0075% GA) PEM buffer, pH 6.8
(0.25% Triton X-100/ 0.3% GA,;
2% GA) Cytoskeleton buffer, pH 6.1

10 -]

BODIPY a-tubulin

a-tubulin BODIPY

Hoechst BODIPY C z=14 ym z=41pm

Figure 2. Sample preparation and imaging optimization are critical for expanded samples. (A) TZM-
bl cells fixed with PFA/GA in either PBS or PHEM bulffer, expanded and stained for chromatin
(Hoechst, cyan), membranes (BODIPY, yellow), and a-tubulin (magenta). Scale bar overview, 20 um;
scale bar enlargements, 10 um. (B) 3D structure of an expanded TZM-bl cell, stained for chromatin
(Hoechst, cyan) and membranes (BODIPY, green). First panel, zy-slice; second panel, xy-slice. The
magenta dashed line denotes the position of the xy slice in z. Scale bar, 10 pm. (C) Single slices of the
same expanded TZM-bl cell as in (B), stained for chromatin (Hoechst). Scale bar, 10 um. All scale
bars in expanded samples reflect post-expansion sizes.



Viruses 2024, 16, 1610

13 of 26

Next, we evaluated the 3D sample structure by employing confocal microscopy and
optical sectioning. We acquired 3D stacks of whole TZM-bl cells after expansion using
Airyscan microscopy, using BODIPY and Hoechst staining to visualize the cellular and
nuclear compartments (Figure 2B, Video S1). Reconstruction of cells showed robust 3D ex-
pansion without apparent distortion of the cell body or the nucleus (Figure 2B, Video S1). As
expected for a 4.3-fold expansion, cells regularly reached heights of over 50 pm (Figure 2B),
which resulted in extended imaging times at maximal resolution. In addition, we observed
a decrease in fluorescence intensity when acquiring 3D volumes and imaging deeper into
the sample (Figure 2B,C, Video S1). This reduction in signal intensity was likely due to a
combination of increased scattering and bleaching, which were particularly pronounced
with fluorophores within the blue light spectrum, including Alex 405 Plus, Hoechst, and
BODIPY (Figure 2B,C, Video S1). Nevertheless, the signal degradation in general stains
like Hoechst and BODIPY was largely negligible for the identification of relevant structures
(Figure 2C). To prevent signal degradation during imaging of immunostained targets, we
also employed fluorophores developed for STED microscopy, including long-stokes shift
dyes, which exhibit greater resistance against bleaching [69].

3.3. U-ExM Achieves Robust Expansion of Different Cell Types

We subsequently investigated the applicability of the expansion procedure established
for the TZM-bl model cell line across different cell types. Here, we focused on cell types
relevant for HIV-1 research, particularly primary cells recognized as significant HIV-1
reservoirs [70]. To this end, we fixed and expanded both resting and activated primary
CD4+ T-cells as well as monocyte-derived macrophages (MDMs). To evaluate the overall
morphology of the expanded cells, we employed a combination of Hoechst and BODIPY
staining. Additionally, we used immunofluorescence staining for the inner nuclear pore
complex (NPC) protein Nup153 to investigate the NPC distribution and morphology. All
cell types were robustly expanded, achieving a ca. 4.3-fold size increase while maintaining
intact cell bodies (Figure 3A).

Airyscan microscopy of expanded cell nuclei revealed distinct chromatin domains,
characterized by varying degrees of Hoechst staining, likely representing euchromatin (low
intensity) and heterochromatin states (high intensity) (Figure 3A). Notably, strong Hoechst
staining was prominent at the nuclear periphery and around nucleoli, which are known
to serve as heterochromatin hubs [71]. Interestingly, while resting CD4+ T-cells exhibited
a high density of condensed chromatin, activated T-cells showed a larger proportion of
euchromatin (Figure 3A). This difference likely reflects the distinct chromatin architecture
resulting from the varying transcriptional programming between the activated and resting
states [72].

Expansion resulted in substantial improvement in rendering the cytoplasmic T-cell
compartment, which is typically challenging to visualize by fluorescence microscopy
(Figure 3A). All cells displayed a complex membranous network throughout the cytoplasm,
with the nucleus containing markedly less BODIPY staining than the cytoplasm (Figure 3A),
consistent with the lower lipid and membranous structure contents in the nucleus. In
contrast, nucleoli showed a relatively high BODIPY intensity (Figure 3A).

Staining for Nup153 revealed numerous distinct spots decorating the nuclear envelope.
The Nup153 foci had a diameter of around 400 nm (corresponding to ca. 100 nm in the
pre-expansion state, as expected for nuclear pores [73]) and were primarily localized at the
periphery of the chromatin staining, indicating that these foci represent individual NPCs
(Figure 3A).
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Figure 3. U-ExM allows expansion of various cell types and cellular structures. (A) TZM-bl cells,
resting and activated CD4+ T-cells, and MDM fixed with PFA/GA, expanded and stained for
chromatin (Hoechst, cyan), membranes (BODIPY, green), and Nup153 (magenta). Scale bar, 10 pm.
(B) Cropped region of the nucleus of an MDM fixed with PFA/GA, expanded and stained for
chromatin (Hoechst, cyan), membranes (BODIPY, green), and Nup153 (magenta) showing double
membrane layers of the nuclear envelope in membrane staining. Scale bar, 2 um. (C) Cropped region
of the nucleus of an MDM fixed with PFA/GA, expanded and stained for chromatin (Hoechst, cyan),
membranes (BODIPY, not shown in merge), and Nup153 (magenta), showing heterochromatin-free
channels beneath the NPCs in the nucleus. Scale bar, 2 pm; arrowheads mark the position of NPC.
(D) A TZM-bl cell fixed with PFA/GA, expanded and stained for chromatin (Hoechst, cyan), protein
density (NHS-ester, green), SRRM2 (yellow), and SON (magenta), showcasing different intranuclear
compartments. Scale bar, 10 um. (E) Enlargements from (D) highlighting nuclear speckles and
nucleolus. Scale bar, 5 pm. All scale bars in expanded samples reflect post-expansion sizes.
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3.4. Different Cellular Structures Are Well Conserved after Expansion

We next focused on the preservation of the nuclear compartment by visualizing differ-
ent, well-characterized nuclear structures. In non-diving cells, the nucleus acts as a closed
compartment, presenting a potential barrier to invading viruses [22,23]. These viruses
must hijack the cellular nuclear import machinery, or the NPC, to gain entry into the
nucleus [22]. To assess whether U-ExM can be used to investigate virus-host interactions at
the nuclear pore, we first probed the ultrastructure of the NPC and nuclear periphery in
their unperturbed state. A structurally conserved and well-defined feature of the nuclear
periphery is the presence of chromatin-free regions below the NPC, which has already
been described in early studies on nuclear architecture using electron microscopy [71]. We
fixed and expanded primary MDMs and visualized the different structures of the nuclear
periphery by using BODPY to stain the nuclear envelope membrane, Hoechst to visualize
the chromatin structure, and Nup153 immunostaining to mark the position of the NPC.
Using Airyscan microscopy, we could clearly observe the individual layers of the nuclear
envelope in some regions where it was oriented perpendicular to the imaging plane due to
the enhanced resolution provided (Figure 3B). Additionally, even in regions where such
distinct visualization of the nuclear envelope layers was not achievable, we consistently
observed heterochromatin-free regions beneath the NPC, as indicated by Nup153 immunos-
taining (Figure 3C). These heterochromatin-free regions appeared as narrow, elongated,
channel-like structures that eventually connected and merged with larger heterochromatin-
free areas further from the nuclear envelope (Figure 3C). These observed structural features
align with the widely accepted model of the chromatin landscape at the nuclear periphery,
where the interchromatin space is characterized by chromatin-free channels below the
NPCs, connecting to a larger, continuous network throughout the nucleus [71].

The interchromatin space of the nucleus also harbors several specialized compart-
ments that may be exploited by viruses for their own purposes [23]. Among these, nuclear
speckles are the most abundant. These chromatin-free, membraneless organelles function
as storage sites for splicing components and play a crucial role in RNA processing [74].
Another prominent nuclear compartment is the nucleolus, which is primarily involved in
ribosome biogenesis [74]. Both nuclear speckles and nucleoli are characterized by low chro-
matin abundance, high protein density, and formation through phase condensation [74].
They can be visually distinguished by their shape and size: nucleoli are larger and spherical,
whereas nuclear speckles are more numerous, smaller, and less defined in structure. Addi-
tionally, both compartments can be distinguished by the localization of the nuclear speckle
structural proteins SRRM2 and SON, which form the main scaffold of nuclear speckles but
are absent in nucleoli [74]. To investigate whether the structural integrity of these compart-
ments is preserved after U-ExM, we fixed and expanded TZM-bl cells, staining them for
chromatin using Hoechst and for the two nuclear speckle proteins SRRM2 and SON. We
also employed fluorescently conjugated N-Hydroxysuccinimide (NHS)-ester to visualize
protein distribution within the nuclear compartment, as this reagent reacts with primary
amines in proteins, providing a general staining for protein density [10,36]. Airyscan mi-
croscopy revealed the presence of multiple chromatin-free regions of different sizes within
the nucleus (Figure 3D). As expected, these chromatin-free regions showed higher protein
density; however, only the smaller regions colocalized with SON and SRRM2, confirming
their identity as nuclear speckles (Figure 3D,E). This finding indicates that the structure
and composition of phase-separated nuclear bodies, such as nuclear speckles and nucleoli,
are well preserved in U-ExM.

3.5. Nanoscopic Targets Are Well Preserved during Expansion

Since virus-host interactions predominantly occur at a nanoscale, we aimed to investi-
gate whether U-ExM alters the structure of well-defined large macromolecular complexes.
The NPC is among the best characterized and structurally defined assemblies within eu-
karyotic cells. Containing more than 500 individual proteins, the NPC forms a channel
with an eight-fold symmetry, consisting of three stacked rings. The diameters of the circular
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NPC structures range from 40 to 60 nm in the inner ring’s channel to 150 nm in the distal
components of the nuclear ring [29,73]. The nuclear basket protein Nup153 is located
on the nuclear side of the NPC. Although the structure of the nuclear basket remains
poorly defined, single-molecule localization data indicate that it occupies an area with a
diameter of ca. 100 nm below the main body of the NPC [73]. When we probed MDM
with immunostaining using a primary and secondary antibody cascade against Nup153,
single NPC could not be resolved in Airyscan microscopy but could be distinguished
using STED microscopy (Figure 4A). In contrast, when applying U-ExM to MDM followed
by immunostaining and Airyscan microscopy, we could clearly distinguish individual,
circular Nup153 signals, representing NPCs (Figure 4A). The combination of U-ExM and
Airyscan microscopy reaches similar resolutions as STED microscopy while also reducing

linkage errors during immunostaining, thereby enhancing the separation of individual
pore complexes (Figure 4A).
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Figure 4. NPC diameter is well conserved after U-ExM. (A) Different MDM fixed with PFA/GA and
either stained for Nup153 and imaged with Airyscan microscopy or STED microscopy or expanded,
stained for Nup153 and imaged with Airyscan microscopy. Scale bar of Airyscan and STED panel,
1 um; scale bar U-ExM panel, 4 um. (B) Maximum intensity projection (MIP) of the bottom of an
expanded U20S cell nucleus, stained for chromatin (Hoechst, gray) and Nup153 (magenta). Scale bar,
10 pm; scale bar enlargement, 1 um. Arrowheads mark the position of select NPC. (C) Analysis of
NUP153 signal to determine NPC dimension, measured as maximum and minimum Feret diameters.
Sample size (1 = 222); median,ax diameter = 109 nm, median,iy qiameter = 91 NM; data blotted according

to Tukey box plot with outliers shown as single data points. All scale bars in expanded samples
reflect post-expansion sizes.

To further probe the morphology of the NPC, we subjected U20S cells to U-ExM
and performed Nup153 immunostaining alongside Hoechst staining to characterize the
nanoscopic environment of the pore. We then acquired Nyquist-optimized 3D volumes of
the nuclei close to the sample carrier using Airyscan microscopy (Figure 4B, Video S2). In
maximum intensity projections of 3D volumes, NPC appeared as distinct, round structures,
again associating with heterochromatin-free regions (Figure 4B). To further explore the
structure of the NPC after expansion, we measured the minimum and maximum diameter
of the Nup153 signals in the expanded sample (Figures 4C and S5A). Considering the
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expansion factor of 4.3, we determined that the minimum and maximum diameters of
Nup153 ranged from ca. 90-110 nm across a wide range of foci, with an aspect ratio of 1.2
between minimum and maximum diameter. These data indicate that nuclear pores were
well conserved at the nanoscale (Figures 4C and S5B).

To push the limit of resolution that can be obtained with widely available imaging
methods such as Airyscan microscopy, we stained expanded TZM-bl cells for the distal
inner NPC component ELYS. This protein forms a ring structure composed of eight subunits,
previously measured to have a diameter of ca. 150 nm using SMLM, making it one of the
largest diameters of the NPC [73]. In maximum intensity projections of Nyquist-optimized
3D volumes at the bottom of nuclei stained using a primary and secondary antibody
cascade, we successfully visualized some ring-like structures, although most ELYS signals
appeared as punctuate structures (Figure 5A). This indicates that U-ExM, in combination
with Airyscan microscopy, can resolve the subunit arrangement of structures with a total
diameter of as small as 150 nm, even when employing common immunofluorescence
strategies. We also probed the spatial separation of the distal cytoplasmic and nuclear
components of the NPC after expansion, which are only separated by the length of the NPC
itself. Using immunostaining against the peripheral cytoplasmic NPC proteins Nup88 and
ELYS, we found a clear separation of both targets across the nuclear envelope in imaging
planes perpendicular to the nuclear envelope when using Airyscan microscopy (Figure 5B).
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Figure 5. U-ExM allows visualization of nanoscopic structures. (A) MIP of a TZM-bl cell fixed with
PFA/GA, expanded and stained for ELYS (magenta), showing ring-like structures (enlargements).
Scale bar overview, 10 um; scale bar enlargement, 1 um. (B) Single z-slice of a TZM-bl cell fixed with
PFA/GA, expanded and stained for chromatin (Hoechst, cyan), membranes (BODIPY, green), Nup88
(yellow), and ELYS (magenta). Scale bar overview, 10 um; scale bar enlargement, 1 um. (C) U20S
cells stably expressing Nup96-SNAP fixed with PFA/GA, permeabilized with saponine, and stained
with BG-Biotin before expansion and staining for chromatin (Hoechst, cyan), membranes (BODIPY,
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green), Nup153 (yellow), and biotin-labeled Nup96 via fluorescently conjugated Streptavidin (ma-
genta). Scale bar, 20 um. (D) Enlargement from (C) showing a portion of the nuclear envelope. Scale
bar, 5 um. (E) Composite image of the region shown in (D). Scale bar: 5 um; line denotes position of
line profile for (F) normalized signal intensity of the Nup153 (yellow) and Nup96-SNAP (magenta,
dotted line) signal over the line shown in (E). Line profiles were aligned to the maximum peak. All
scale bars in expanded samples reflect post-expansion sizes.

Although the relative linkage error in U-ExM is reduced compared to both pre-
expansion staining expansion workflows and conventional immunofluorescence anal-
ysis (ca. 7 nm compared to 30 nm), some uncertainty remains when probing nanoscopic
structures. To further minimize linkage errors, several approaches have been developed,
including the self-labeling protein tags such as SNAP-, CLIP-, or HaloTag. These tags bind
directly and irreversibly to their substrates, resulting in a linkage error equivalent to the
size of the tag itself (i.e., ca. 5 nm) [75]. Therefore, we aimed to evaluate the application
of such tags in U-ExM using U20S cells stably expressing the NPC protein Nup96 fused
to the SNAP-tag [40]. While the fluorescence of SNAP substrates was lost when ligands
were applied prior to expansion, we successfully visualized SNAP-tagged Nup96 by ap-
plying a biotin-coupled SNAP substrate to permeabilized cells before U-ExM, followed
by detection using fluorescently labeled streptavidin after expansion (Figures 5C and S6).
Although streptavidin adds an additional 5 nm linkage error to the detection assembly;, it
still offers improved localization accuracy compared to antibodies [76]. The combination
of biotin-coupled SNAP substrates and fluorescent streptavidin showed more unspecific
fluorescence compared to indirect immunostaining against Nup153. However, nuclear
envelope-associated Nup96-SNAP signals colocalized well with the Nup153 signal, indicat-
ing that this strategy allows the detection of any target that can be linked to biotin with low
linkage error (Figures 5C,D and 56).

3.6. U-ExM Can Be Used to Probe Different Steps of the HIV-1 Replication Cycle

Having explored sample preservation during U-ExM with a focus on HIV-1-related
structures, we finally aimed to probe different steps in the post-entry phase of the HIV-1
replication cycle. To this end, we first investigated if we could detect HIV-1 capsids or
capsid protein (CA)-containing structures in infected cells following expansion. We infected
TZM-bl cells with the non-integration competent HIV-1 NL4-3 derivative, NNHIV, which
carries both a deletion in Tat and several point mutations in the integrase [29,30]. At16 h
post-infection, the cells were fixed and subjected to U-ExM and indirect immunostaining
using two different antisera against CA [41,77], along with immunostaining against Nup153
and BODIPY staining (Figure 6A,B). To avoid bleedthrough, we used secondary antibod-
ies coupled to spectrally well-separated fluorophores (Alexa 405 Plus and Alexa-647) to
visualize the signals of both CA antisera. The robust colocalization of signals of both CA
antisera confirmed their specificity and functionality in U-ExM (Figure 6A,B). By focusing
on individual CA foci, we identified structures likely representing different stages of the
HIV-1 replication cycle. Specifically, on the cytoplasmic side of the nuclear envelope, we
detected small, circular CA-containing foci of high intensity in close proximity to Nup153
signals, presumably representing capsids interacting with nuclear pores before transit
through the NPC (Figure 6A). The diameter of nuclear envelope-associated CA signals was
similar to that of Nup153 foci, indicating they may represent individual viral capsids ca.
100 nm in size. Within the nucleus, we found larger, more diffuse areas of CA signals with a
lower degree of colocalization between the two CA antisera (Figure 6B,C). These structures
presumably represent accumulations of (possibly disintegrating) viral cores, which have
previously been observed within nuclear speckles by electron tomography [30].
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Figure 6. U-ExM can visualize HIV-1 CA-containing structures upon nuclear entry and within the
nucleus. (A) A TZM-bl cell infected with NNHIV, fixed with PFA/GA at 16 h.p.i., expanded and
stained for CA with two different antisera (rabbit x-CA, cyan; sheep x-CA, magenta) as well as Nup153

SRRM2 BODIPY

(yellow) and membranes (BODIPY, green). The sheep x-CA channel was corrected for bleedthrough
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from the Nup153 channel. Scale bar overview, 20 um. Enlargements show HIV-1 CAs (cyan/magenta)
interacting with NPC complexes (yellow), marked by arrowheads. Scale bar enlargements, 2 pm.
(B) Enlargements from (A) showing intranuclear CA signals (rabbit x-CA, cyan; sheep «-CA, ma-
genta). Scale bar, 1 um. (C,D) TZM-bl cells, infected with NNHIV, fixed with PFA/GA at 16 h.p.i,,
expanded and stained for the nuclear speckle marker SRRM2 (cyan), membranes (BODIPY, green),
CPSF6 (yellow), and CA (sheep x-CA, magenta). Scale bar overview, 20 um. (C) Enlargements show
intranuclear CA signals (magenta) showing colocalization with SRRM2 (cyan) and CPSF6 (yellow).
The CA channel and the SRRM2 channel were corrected for bleedthrough from the BODIPY channel.
Scale bar enlargements, 2 pum. (D) Enlargement shows intranuclear CA signals (magenta) with CPSF6
(yellow) close to nuclear envelope marked with BODIPY (green). Scale bar enlargements, 1 um. All
scale bars in expanded samples reflect post-expansion sizes.

To further characterize the nuclear CA-containing structures, we stained samples for
membranes using BODIPY, as well as for the nuclear speckle marker SRRM2, the nuclear
protein cleavage and polyadenylation-specific factor 6 (CPSF6), and HIV-1 CA. Upon entry
into the nucleoplasm, HIV-1 capsids are tightly decorated by CPSF6, which masks CA
epitopes in conventional immunostaining [30]. Through indirect immunostaining after
U-ExM, we successfully detected both CPSF6 and CA with a high degree of colocalization,
appearing as punctate structures presumably representing single viral cores, as well as
larger diffuse signals indicative of clusters of (disassembling) capsids (Figure 6B,C). Both
structures colocalized with the nuclear speckle marker SRRM2, confirming their identity
as nuclear HIV-1 CA-containing structures (and possibly intact viral cores) that have
translocated to nuclear speckles (Figure 6C). In one instance, we observed a punctate CA
signal close to the nuclear envelope, marked by BODIPY, which presumably represents
an HIV-1 capsid that had just traversed the NPC (Figure 6D). Despite its proximity to the
nuclear envelope, this CA signal exhibited strong colocalization with CPSF6, consistent with
reports of CPSF6 associating with capsids immediately upon nuclear entry [41]. In contrast
to CA foci in the inner nucleus, this particular CA focus did not show colocalization with
SRRM2 (Figure 6D). These results demonstrate that U-ExM is a valuable tool for identifying
and characterizing different stages in the HIV-1 replication cycle.

4. Discussion

In this study, we evaluated the usage of the U-ExM protocol to investigate host-virus
interactions, focusing specifically on the post-entry stages of the HIV-1 replication cycle.
U-ExM allows a four-fold sample expansion in combination with post-expansion label-
ing, enabling lower relative linkage errors and increased labeling efficiency. While other
protocols achieve around 10-fold expansion, they typically require proteolytic digestion,
making them incompatible with post-expansion labeling [13,78]. Despite these limitations,
higher expansion factors have been achieved by adaptation of gel recipes for a ca. 10-fold
expansion [11] or using iterative expansion microscopy for a 14-26-fold expansion [10,12].
However, adapting gel recipes usually requires careful optimization depending on the
sample type, complicating their usage [9,11]. Additionally, 10-fold expansion processes
that employ alternative gel chemistries often necessitate specialized equipment to eliminate
oxygen during the gel polymerization process [78]. Notably, very recent results show
promising advances for the development of novel one-step gelation strategies that allow
robust expansion up to 12-fold, which can be used to probe chromatin architecture, NPC
structure, as well as virion morphology in 3D [79]. However, the wider feasibility of these
approaches remains to be seen. In iterative expansion microscopy, gels are re-embedded
into a secondary gel following an initial expansion step, enabling a subsequent round
of expansion [10,12]. While these approaches enable visualization of molecular details
at a resolution below 20 nm, they are considerably more time-consuming and complex
than one-step expansion protocols. In addition, a second expansion may compromise the
robustness of the protocol, leading to greater variability in final expansion compared to
one-step expansion [12].
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By integrating U-ExM with Airyscan microscopy, which delivers improved resolution
while being more user-friendly than STED or SMLM [20], we successfully resolved the
subunit arrangement of structures with diameters under 150 nm, despite the usage of
indirect immunofluorescence staining (Figure 5A,B). Although U-ExM inherently results
in low relative linkage errors when using primary and secondary antibodies, localization
precision can be further improved by the use of self-labeling tags, such as the SNAP-
tag [75] (Figures 5C-F and S6). Our findings demonstrate that by employing biotin-coupled
reporters, we can effectively detect self-labeling protein tags after expansion. This strategy
has been successfully applied to various targets [80,81] and can be adapted for the detection
of any biomolecule tagged with biotin.

Although biotin labeling represents an approach that minimizes linkage errors, it may
require cell permeabilization to introduce biotin-coupled moieties and appears to be more
prone to background signal compared to traditional immunostaining (Figures 5C-F and
56). This increased background is likely due to the presence of endogenous biotinylated
molecules. Consequently, antibody labeling remains the most accessible avenue for target
detection in U-ExM. In our study, we evaluated a panel of antibodies against viral and
cellular targets for use in U-ExM and found that most were compatible with post-expansion
staining, consistent with previous reports [36]. However, we faced challenges in establish-
ing reliable conditions for antibody staining of GFP tags and lamin, despite other studies
successfully visualizing GFP after U-ExM [36,82].

We observed that the nuclear compartment was well preserved after U-ExM, while
the cytoplasmic compartment needed optimization of fixation for adequate sample preser-
vation, a phenomenon that has been well documented [50]. While cryofixation effectively
preserves sample integrity, it requires specialized equipment and prolongs the U-ExM sam-
ple preparation process by an additional day [50]. Additionally, previous studies indicate
that cryofixation may need further optimization to enhance antibody-mediated detection of
NPC structures in expansion microscopy [12]. We found that substituting PBS with differ-
ent buffer solutions optimized for sample preservation markedly improved post-expansion
results, achieving outcomes comparable to those with cryofixation (Figures 2A and S4B,C).

Using U-ExM, we probed the HIV-1 nuclear replication cycle and readily detected
HIV-1 viral cores in different stages of the post-entry process (Figure 6). Within the nucleus,
individual particles exhibited strong colocalization with the nuclear protein CPSF6, even
when positioned adjacent to the nuclear envelope, suggesting they had just entered the
nucleus (Figure 6C,D). This finding is consistent with reports showing that capsids are im-
mediately decorated with CPSF6 upon arrival in the nucleoplasm [41,83]. Additionally, we
identified more diffuse CA signal areas within the nucleus that colocalized with the nuclear
speckle marker SRRM?2, presumably representing accumulated and possibly degrading
viral cores (Figure 6B,C). These observations support other reports indicating that multiple,
apparently morphologically intact capsids gather within nuclear speckles prior to viral
genome uncoating and integration into speckle-associated domains [30-32,34].

Of note, we could readily observe both CA and CPSF6 signals in regions that pre-
sumably represented intact viral cores (Figure 6C,D). Previously, due to the masking of
CA epitopes by the CPSF6 coat, simultaneous detection of CA and CPSF6 was often only
possible in classical immunofluorescence after chemical extraction [30]. Here, however,
both targets were accessible in parallel with high fidelity, likely due to the exposure of
epitopes during expansion. To our knowledge, this is the first clear demonstration of
epitope unmasking during U-ExM. This decrowding of dense environments is especially
valuable, as it not only enables investigation of viral structures at higher resolution but also
unlocks new possibilities for the detection of features that have previously been masked.

Due to their size, singular capsids cannot be faithfully resolved in conventional fluo-
rescence microscopy. At the same time, methods that allow visualization of capsid with
appropriate resolution, such as STED and SMLM, are technically challenging and time-
consuming—especially when scanning larger volumes—which particularly complicates
detection of rare events. In this context, we demonstrate that using U-ExM in combination
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with Airyscan microscopy allows for clear differentiation of individual capsids as punctate
CA signals (Figure 6). This combination facilitates targeted investigations of virus-host
interactions at the nanoscale. At the same time, Airyscan microscopy of expanded samples
allows fast image acquisition and scanning of large 3D volumes. By combining U-ExM with
Airyscan microscopy or other microscopy techniques that achieve similar resolution [84,85],
we can identify rare events with high resolution, opening up new avenues for detection of
specific host—virus interactions at super-resolution.

5. Conclusions

Here, using the visualization of HIV-1 post-entry events as an example, we illustrate
that expansion microscopy is a promising method for the investigation of virus-cell in-
teractions, especially within the nuclear compartment. U-ExM is a robust and versatile
protocol applicable to various cell types and structures, effectively bridging the gap be-
tween fluorescence and electron microscopy while enhancing the resolution without the
need for specialized equipment. As with any super-resolution technique, labeling becomes
critical in expansion microscopy due to the linkage errors conferred by different molecu-
lar visualization tools. Although post-expansion labeling protocols like U-ExM improve
localization accuracy, the impact of antibody size on linkage error remains significant.
Thus, we recommend adopting more direct labeling methods, such as self-labeling tags,
moving forward [75]. Additionally, alternative labeling strategies that minimize linkage
errors, such as directly labeled camelid antibodies [86] or genetic code expansion with click
labeling [87], could enhance the localization accuracy in expansion microscopy. By further
increasing the expansion factor and integrating super-resolution imaging methods such as
Airyscan microscopy, structured illumination microscopy (SIM), and STED, we can explore
virus-host interactions at unprecedented scales.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v16101610/s1. File S1: U-ExM protocol. Figure S1: Overview
of bleedthrough correction process. Figure S2: Distortion during U-ExM. Figure S3: Pre- and post-
expansion measurements of the same set of nuclei. Figure S4: Different fixation conditions affect
the integrity of the cytoplasm during U-ExM. Figure S5: Measurement of NPC diameter. Figure
S6: SNAP-tagged targets can be visualized in cells permeabilized with Triton-X100. Video S1: 3D
structure of an expanded TZM-bl cell as seen in Figure 2B. Video S2: 3D volume of Nup153 signals
and Hoechst staining as seen in Figure 4B. Reference [88] are cited in the supplementary materials.

Author Contributions: Conceptualization, G.M.H., B.M., H.-G.K. and S.K.; methodology, A.P., GM.H.
and S.K.; software, G.M.H. and S.K; validation, A.P,, L.L.R., M.H. and G.M.H.; formal analysis, S.K.;
investigation, A.P., GM.H., LL.R.,, M.H. and S.K,; resources, M.A.-O., VS.-B.,, A-M.H., VL., BM.
and H.-G.K,; data curation, A.P,, GM.H. and S.K.; writing—original draft preparation, G.M.H.,
B.M., H-GK. and S.K.; writing—review and editing, GM.H., AP, BM,, VL., H-GK. and S.K;
visualization, G.M.H. and S.K,; supervision, A.P,, VL., BM., H.-G.K. and S K,; project administration,
S.K.; funding acquisition, V.L., BM. and H.-G.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—Projektnummer 240245660—SFB 1129 (project 5 for H.G.K. and project 6 for B.M.) and
grant number KR 906/7-1 (H-G.K.) by Deutsches Zentrum fuer Infektionsforschung (DZIF), grant
number TTU 04.710 (V.L. and H-G.K.).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We are grateful to the Fackler group (University Hospital Heidelberg, Germany)
and the Lusic group (University Hospital Heidelberg, Germany) for providing resting and activated
CD4+ T-cells for expansion. We would also like to thank Annika Binder (Frischknecht group,
University Hospital Heidelberg, Germany), Caroline Simon and Felix Mikus (Dey group, EMBL
Heidelberg, Germany), as well as Yannik Voss (Frischknecht lab, University Hospital Heidelberg,
Germany) and Julien Guizetti (Guizetti lab, University Hospital Heidelberg, Germany) for their help


https://www.mdpi.com/article/10.3390/v16101610/s1
https://www.mdpi.com/article/10.3390/v16101610/s1

Viruses 2024, 16, 1610 23 of 26

and the many fruitful discussions about expansion microscopy. We also thank De-en Sun (Wombacher
group and Johnsson group, Max Planck Institute for Medical Research, Germany) for his helpful
suggestions regarding visualization of SNAP-tags in expansion microscopy. Finally, we would like to
acknowledge the microscopy support from the Infectious Diseases Imaging Platform (IDIP) at the
Center for Integrative Infectious Disease Research, Heidelberg, Germany.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of this study, in the collection, analysis, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References

1. Briggs, ].A.G.; Wilk, T.; Welker, R.; Krdusslich, H.G.; Fuller, S.D. Structural organization of authentic, mature HIV-1 virions and
cores. EMBO J. 2003, 22, 1707. [CrossRef] [PubMed]

2. Prakash, K.; Diederich, B.; Heintzmann, R.; Schermelleh, L. Super-resolution microscopy: A brief history and new avenues. Philos.
Trans. R. Soc. A 2022, 380, 20210110. [CrossRef] [PubMed]

3. Robb, N.C. Virus morphology: Insights from super-resolution fluorescence microscopy. Biochim. Biophys. Acta (BBA)—Mol. Basis
Dis. 2022, 1868, 166347. [CrossRef] [PubMed]

4. Miiller, B;; Heilemann, M. Shedding new light on viruses: Super-resolution microscopy for studying human immunodeficiency
virus. Trends Microbiol. 2013, 21, 522-533. [CrossRef]

5. Laketa, V. Microscopy in Infectious Disease Research—Imaging Across Scales. ]. Mol. Biol. 2018, 430, 2612-2625. [CrossRef]

6.  Chen, H; Yan, G.; Wen, M.H.; Brooks, K.N.; Zhang, Y.; Huang, P.S.; Chen, T.Y. Advancements and Practical Considerations for
Biophysical Research: Navigating the Challenges and Future of Super-resolution Microscopy. Chem. Biomed. Imaging 2024, 2,
331-344. [CrossRef]

7. Chen, F; Tillberg, PW.; Boyden, E.S. Expansion Microscopy. Science 2015, 347, 543. [CrossRef]

8.  Humpfer, N.; Thielhorn, R.; Ewers, H. Expanding boundaries—A cell biologist’s guide to expansion microscopy. J. Cell Sci. 2024,
137, jes260765. [CrossRef]

9.  Wen, G, Leen, V,; Rohand, T.; Sauer, M.; Hofkens, J. Current Progress in Expansion Microscopy: Chemical Strategies and
Applications. Chem. Rev. 2023, 123, 3299-3323. [CrossRef]

10. M’'Saad, O.; Bewersdorf, J. Light microscopy of proteins in their ultrastructural context. Nat. Commun. 2020, 11, 3850. [CrossRef]

11. Klimas, A.; Gallagher, B.R.; Wijesekara, P.; Fekir, S.; DiBernardo, E.F.,; Cheng, Z.; Stolz, D.B.; Cambi, F.; Watkins, S.C.; Brody, S.L.;
et al. Magnify is a universal molecular anchoring strategy for expansion microscopy. Nat. Biotechnol. 2023, 41, 858-869. [CrossRef]

12.  Louvel, V.;; Haase, R.; Mercey, O.; Laporte, M.H.; Eloy, T.; Baudrier, E.; Fortun, D.; Soldati-Favre, D.; Hamel, V.; Guichard, P.
iU-ExM: Nanoscopy of organelles and tissues with iterative ultrastructure expansion microscopy. Nat. Commun. 2023, 14, 7893.
[CrossRef] [PubMed]

13. Damstra, H.G.; Mohar, B.; Eddison, M.; Akhmanova, A.; Kapitein, L.C.; Tillberg, P.W. Visualizing cellular and tissue ultrastructure
using Ten-fold Robust Expansion Microscopy (TREx). eLife 2022, 11, €73775. [CrossRef] [PubMed]

14. Chozinski, T.J.; Halpern, A.R.; Okawa, H.; Kim, H.J.; Tremel, G.J.; Wong, R.O.; Vaughan, J.C. Expansion microscopy with
conventional antibodies and fluorescent proteins. Nat. Methods 2016, 13, 485-488. [CrossRef] [PubMed]

15. Tillberg, PW.; Chen, E; Piatkevich, K.D.; Zhao, Y.; Yu, C.C.; English, B.P; Gao, L.; Martorell, A.; Suk, H.J.; Yoshida, F; et al.
Protein-retention expansion microscopy of cells and tissues labeled using standard fluorescent proteins and antibodies. Nat.
Biotechnol. 2016, 34, 987-992. [CrossRef]

16. Ku, T.; Swaney, J.; Park, ].Y.; Albanese, A.; Murray, E.; Cho, ].H.; Park, Y.G.; Mangena, V.; Chen, ]J.; Chung, K. Multiplexed and
scalable super-resolution imaging of three-dimensional protein localization in size-adjustable tissues. Nat. Biotechnol. 2016, 34,
973-981. [CrossRef]

17.  Zwettler, EU.; Reinhard, S.; Gambarotto, D.; Bell, T.D.; Hamel, V.; Guichard, P.; Sauer, M. Molecular resolution imaging by
post-labeling expansion single-molecule localization microscopy (Ex-SMLM). Nat. Commun. 2020, 11, 3388. [CrossRef]

18.  Gambarotto, D.; Zwettler, FU.; Le Guennec, M.; Schmidt-Cernohorska, M.; Fortun, D.; Borgers, S.; Heine, ].; Schloetel, ].G.;
Reuss, M.; Unser, M,; et al. Imaging cellular ultrastructures using expansion microscopy (U-ExM). Nat. Methods 2019, 16, 71-74.
[CrossRef]

19. Hamel, V.; Guichard, P. Improving the resolution of fluorescence nanoscopy using post-expansion labeling microscopy. Methods
Cell Biol. 2021, 161, 297-315. [CrossRef]

20. Huff, ]J. The Airyscan detector from ZEISS: Confocal imaging with improved signal-to-noise ratio and super-resolution. Nat.
Methods 2015, 12, i—ii. [CrossRef]

21. Hell, SW.; Wichmann, ]. Breaking the diffraction resolution limit by stimulated emission: Stimulated-emission-depletion
fluorescence microscopy. Opt. Lett. 1994, 19, 780. [CrossRef] [PubMed]

22.  Lucic, B,; de Castro, L].; Lusic, M. Viruses in the Nucleus. Cold Spring Harb. Perspect. Biol. 2021, 13. [CrossRef]

23. Charman, M.; Weitzman, M.D. Replication Compartments of DNA Viruses in the Nucleus: Location, Location, Location. Viruses

2020, 12, 151. [CrossRef] [PubMed]


https://doi.org/10.1093/EMBOJ/CDG143
https://www.ncbi.nlm.nih.gov/pubmed/12660176
https://doi.org/10.1098/rsta.2021.0110
https://www.ncbi.nlm.nih.gov/pubmed/35152764
https://doi.org/10.1016/j.bbadis.2022.166347
https://www.ncbi.nlm.nih.gov/pubmed/35032594
https://doi.org/10.1016/j.tim.2013.06.010
https://doi.org/10.1016/j.jmb.2018.06.018
https://doi.org/10.1021/cbmi.4c00019
https://doi.org/10.1126/SCIENCE.1260088
https://doi.org/10.1242/jcs.260765
https://doi.org/10.1021/acs.chemrev.2c00711
https://doi.org/10.1038/s41467-020-17523-8
https://doi.org/10.1038/s41587-022-01546-1
https://doi.org/10.1038/s41467-023-43582-8
https://www.ncbi.nlm.nih.gov/pubmed/38036510
https://doi.org/10.7554/eLife.73775
https://www.ncbi.nlm.nih.gov/pubmed/35179128
https://doi.org/10.1038/nmeth.3833
https://www.ncbi.nlm.nih.gov/pubmed/27064647
https://doi.org/10.1038/nbt.3625
https://doi.org/10.1038/nbt.3641
https://doi.org/10.1038/s41467-020-17086-8
https://doi.org/10.1038/S41592-018-0238-1
https://doi.org/10.1016/BS.MCB.2020.07.002
https://doi.org/10.1038/nmeth.f.388
https://doi.org/10.1364/OL.19.000780
https://www.ncbi.nlm.nih.gov/pubmed/19844443
https://doi.org/10.1101/cshperspect.a039446
https://doi.org/10.3390/v12020151
https://www.ncbi.nlm.nih.gov/pubmed/32013091

Viruses 2024, 16, 1610 24 of 26

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Muller, T.G.; Zila, V.; Muller, B.; Krausslich, H.G. Nuclear Capsid Uncoating and Reverse Transcription of HIV-1. Annu. Rev. Virol.
2022, 9, 261-284. [CrossRef] [PubMed]

Yamashita, M.; Emerman, M. Retroviral infection of non-dividing cells: Old and new perspectives. Virology 2006, 344, 88-93.
[CrossRef]

McDonald, D.; Vodicka, M.A.; Lucero, G.; Svitkina, T.M.; Borisy, G.G.; Emerman, M.; Hope, T.]. Visualization of the intracellular
behavior of HIV in living cells. J. Cell Biol. 2002, 159, 441-452. [CrossRef] [PubMed]

Badieyan, S.; Lichon, D.; Andreas, M.P,; Gillies, ].P,; Peng, W.; Shi, ].; DeSantis, M.E.; Aiken, C.R.; Bocking, T.; Giessen, T.W.; et al.
HIV-1 binds dynein directly to hijack microtubule transport machinery. bioRxiv 2023. [CrossRef]

Naghavi, M.H. HIV-1 capsid exploitation of the host microtubule cytoskeleton during early infection. Retrovirology 2021, 18, 19.
[CrossRef]

Zila, V.; Margiotta, E.; Turoriov4, B.; Miiller, T.G.; Zimmerli, C.E.; Mattei, S.; Allegretti, M.; Borner, K.; Rada, J.; Miiller, B.; et al.
Cone-shaped HIV-1 capsids are transported through intact nuclear pores. Cell 2021, 184, 1032-1046.e18. [CrossRef]

Miiller, T.G.; Zila, V.; Peters, K.; Schifferdecker, S.; Stanic, M.; Lucic, B.; Laketa, V.; Lusic, M.; Miiller, B.; Krdusslich, H.G. Hiv-1
uncoating by release of viral cdna from capsid-like structures in the nucleus of infected cells. eLife 2021, 10, e64776. [CrossRef]
Burdick, R.C.; Li, C.; Munshi, M.; Rawson, ]. M.O.; Nagashima, K.; Hu, W.S,; Pathak, V.K. HIV-1 uncoats in the nucleus near sites
of integration. Proc. Natl. Acad. Sci. USA 2020, 117, 5486-5493. [CrossRef]

Schifferdecker, S.; Zila, V.; Miiller, T.G.; Sakin, V.; Anders-Osswein, M.; Laketa, V.; Kriusslich, H.G.; Miiller, B. Direct Capsid
Labeling of Infectious HIV-1 by Genetic Code Expansion Allows Detection of Largely Complete Nuclear Capsids and Suggests
Nuclear Entry of HIV-1 Complexes via Common Routes. mBio 2022, 13, €01959-22. [CrossRef]

Francis, A.C.; Marin, M,; Singh, PK.; Achuthan, V.; Prellberg, M.].; Palermino-Rowland, K.; Lan, S.; Tedbury, PR.; Sarafianos, S.G.;
Engelman, A.N,; et al. HIV-1 replication complexes accumulate in nuclear speckles and integrate into speckle-associated genomic
domains. Nat. Commun. 2020, 11, 3505. [CrossRef]

Rensen, E.; Mueller, E; Scoca, V.; Parmar, ].].; Souque, P.; Zimmer, C.; Di Nunzio, F. Clustering and reverse transcription of HIV-1
genomes in nuclear niches of macrophages. EMBO ]. 2021, 40, €105247. [CrossRef]

Kreysing, J.P.; Heidari, M.; Zila, V.; Cruz-Leon, S.; Obarska-Kosinska, A.; Laketa, V.; Welsch, S.; Koefinger, J.; Turonova, B.;
Hummer, G.; et al. Passage of the HIV capsid cracks the nuclear pore. bioRxiv 2024. [CrossRef]

Gambarotto, D.; Hamel, V.; Guichard, P. Ultrastructure expansion microscopy (U-ExM). Methods Cell Biol. 2021, 161, 57-81.
[CrossRef]

Platt, E.J.; Wehrly, K.; Kuhmann, S.E.; Chesebro, B.; Kabat, D. Effects of CCR5 and CD4 cell surface concentrations on infections
by macrophagetropic isolates of human immunodeficiency virus type 1. J. Virol. 1998, 72, 2855-2864. [CrossRef]

Wei, X.; Decker, ].M.; Liu, H.; Zhang, Z.; Arani, R.B.; Kilby, ].M.; Saag, M.S.; Wu, X.; Shaw, G.M.; Kappes, J.C. Emergence of
Resistant Human Immunodeficiency Virus Type 1 in Patients Receiving Fusion Inhibitor (T-20) Monotherapy. Antimicrob. Agents
Chemother. 2002, 46, 1896. [CrossRef]

Pear, W.S.; Nolan, G.P; Scott, M.L.; Baltimore, D. Production of high-titer helper-free retroviruses by transient transfection. Proc.
Natl. Acad. Sci. USA 1993, 90, 8392-8396. [CrossRef]

Thevathasan, J.V.; Kahnwald, M.; Ciesliniski, K.; Hoess, P,; Peneti, S.K.; Reitberger, M.; Heid, D.; Kasuba, K.C.; Hoerner, S.J.; Li, Y.;
et al. Nuclear pores as versatile reference standards for quantitative superresolution microscopy. Nat. Methods 2019, 16, 1045.
[CrossRef]

Bejarano, D.A.; Peng, K.; Laketa, V.; Borner, K.; Jost, K.L.; Lucic, B.; Glass, B.; Lusic, M.; Miiller, B.; Krdusslich, H.G. HIV-1 nuclear
import in macrophages is regulated by CPSF6-capsid interactions at the nuclear pore complex. eLife 2019, 8, e41800. [CrossRef]
Albanese, A.; Arosio, D.; Terreni, M.; Cereseto, A. HIV-1 Pre-Integration Complexes Selectively Target Decondensed Chromatin
in the Nuclear Periphery. PLoS ONE 2008, 3, 2413. [CrossRef]

Stewart, S.A.; Dykxhoorn, D.M,; Palliser, D.; Mizuno, H.; Yu, E.Y.; An, D.S.; Sabatini, D.M.; Chen, L.S.; Hahn, W.C.; Sharp, PA;
et al. Lentivirus-delivered stable gene silencing by RNAIi in primary cells. RNA 2003, 9, 493-501. [CrossRef] [PubMed]

Pizzato, M.; Erlwein, O.; Bonsall, D.; Kaye, S.; Muir, D.; McClure, M.O. A one-step SYBR Green I-based product-enhanced reverse
transcriptase assay for the quantitation of retroviruses in cell culture supernatants. J. Virol. Methods 2009, 156, 1-7. [CrossRef]
[PubMed]

Leyton-Puig, D.; Kedziora, K.M.; Isogai, T.; Den Van Broek, B.; Jalink, K.; Innocenti, M. PFA fixation enables artifact-free
super-resolution imaging of the actin cytoskeleton and associated proteins. Biol. Open 2016, 5, 1001. [CrossRef]

Sobue, K.; Fujio, Y.; Kanda, K. Tumor promoter induces reorganization of actin filaments and calspectin (fodrin or nonerythroid
spectrin) in 3T3 cells. Proc. Natl. Acad. Sci. USA 1988, 85, 482. [CrossRef]

Small, J.V.; Rinnerthaler, G.; Hinssen, H. Organization of actin meshworks in cultured cells: The leading edge. Cold Spring Harb.
Symp. Quant. Biol. 1982, 46, 599-611. [CrossRef]

Lickert, S.; Sorrentino, S.; Studt, ]J.D.; Medalia, O.; Vogel, V.; Schoen, I. Morphometric analysis of spread platelets identifies
integrin «IIbf3-specific contractile phenotype. Sci. Rep. 2018, 8, 5428. [CrossRef]

Xu, K.; Babcock, H.P; Zhuang, X. Dual-objective STORM reveals three-dimensional filament organization in the actin cytoskeleton.
Nat. Methods 2012, 9, 185. [CrossRef]

Laporte, M.H.; Klena, N.; Hamel, V.; Guichard, P. Visualizing the native cellular organization by coupling cryofixation with
expansion microscopy (Cryo-ExM). Nat. Methods 2022, 19, 216-222. [CrossRef]


https://doi.org/10.1146/annurev-virology-020922-110929
https://www.ncbi.nlm.nih.gov/pubmed/35704745
https://doi.org/10.1016/J.VIROL.2005.09.012
https://doi.org/10.1083/jcb.200203150
https://www.ncbi.nlm.nih.gov/pubmed/12417576
https://doi.org/10.1101/2023.08.29.555335
https://doi.org/10.1186/s12977-021-00563-3
https://doi.org/10.1016/j.cell.2021.01.025
https://doi.org/10.7554/eLife.64776
https://doi.org/10.1073/pnas.1920631117
https://doi.org/10.1128/mbio.01959-22
https://doi.org/10.1038/s41467-020-17256-8
https://doi.org/10.15252/embj.2020105247
https://doi.org/10.1101/2024.04.23.590733
https://doi.org/10.1016/BS.MCB.2020.05.006
https://doi.org/10.1128/JVI.72.4.2855-2864.1998
https://doi.org/10.1128/AAC.46.6.1896-1905.2002
https://doi.org/10.1073/pnas.90.18.8392
https://doi.org/10.1038/S41592-019-0574-9
https://doi.org/10.7554/eLife.41800
https://doi.org/10.1371/journal.pone.0002413
https://doi.org/10.1261/rna.2192803
https://www.ncbi.nlm.nih.gov/pubmed/12649500
https://doi.org/10.1016/j.jviromet.2008.10.012
https://www.ncbi.nlm.nih.gov/pubmed/19022294
https://doi.org/10.1242/BIO.019570
https://doi.org/10.1073/pnas.85.2.482
https://doi.org/10.1101/SQB.1982.046.01.056
https://doi.org/10.1038/s41598-018-23684-w
https://doi.org/10.1038/nmeth.1841
https://doi.org/10.1038/s41592-021-01356-4

Viruses 2024, 16, 1610 25 of 26

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Damstra, H.G.J.; Passmore, ].B.; Serweta, A.K.; Koutlas, I.; Burute, M.; Meye, E].; Akhmanova, A.; Kapitein, L.C. GelMap: Intrinsic
calibration and deformation mapping for expansion microscopy. Nat. Methods 2023, 20, 1573. [CrossRef] [PubMed]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]

Zimmermann, T. Spectral Imaging and Linear Unmixing in Light Microscopy. In Microscopy Techniques; Springer:
Berlin/Heidelberg, Germany, 2005. [CrossRef]

Pachitariu, M.; Stringer, C. Cellpose 2.0: How to train your own model. Nat. Methods 2022, 19, 1634-1641. [CrossRef] [PubMed]
Ollion, J.; Cochennec, J.; Loll, F; Escudé, C.; Boudier, T. TANGO: A generic tool for high-throughput 3D image analysis for
studying nuclear organization. Bioinformatics 2013, 29, 1840-1841. [CrossRef] [PubMed]

Acke, A.; Van Belle, S.; Louis, B.; Vitale, R.; Rocha, S.; Voet, T.; Debyser, Z.; Hofkens, J. Expansion microscopy allows high
resolution single cell analysis of epigenetic readers. Nucleic Acids Res. 2022, 50, €100. [CrossRef]

Amodio, A.; Cassani, M.; Mummolo, L.; Cortez-Jugo, C.; Bhangu, S.K.; Symons, J.; Ahlenstiel, C.L.; Forte, G.; Ricci, F.; Kelleher,
A.D,; et al. Nanoscale probing and imaging of HIV-1 RNA in cells with a chimeric LNA-DNA sensor. Nanoscale 2022, 14,
3049-3061. [CrossRef]

Mascheroni, L.; Scherer, K.M.; Manton, ].D.; Ward, E.; Dibben, O.; Kaminski, C.F. Combining sample expansion and light sheet
microscopy for the volumetric imaging of virus-infected cells with super-resolution. Biomed. Opt. Express 2020, 11, 5032-5044.
[CrossRef]

Nijenhuis, W.; Damstra, H.G.J.; van Grinsven, E.J.; Iwanski, M.K.; Praest, P; Soltani, Z.E.; van Grinsven, M.M.P,; Brunsveld, ].E.;
de Kort, T.; Rodenburg, L.W,; et al. Optical nanoscopy reveals SARS-CoV-2-induced remodeling of human airway cells. bioRxiv
2021. [CrossRef]

Rozario, A.M.; Zwettler, F.; Duwé, S.; Hargeaves, R.B.; Brice, A.; Dedecker, P.; Sauer, M.; Moseley, G.W.; Whelan, D.R.; Bell,
T.D.M. ‘Live and Large’: Super-Resolution Optical Fluctuation Imaging (SOFI) and Expansion Microscopy (ExM) of Microtubule
Remodelling by Rabies Virus P Protein. Aust. J. Chem. 2020, 73, 686—-692. [CrossRef]

Matschke, J.; Hartmann, K.; Pfefferle, S.; Wang, Y.; Valdes, P.A.; Thies, E.; Schweizer, M.; Liitgehetmann, M.; Schmiedel, S.;
Bernreuther, C.; et al. Inefficient tissue immune response against MPXV in an immunocompromised mpox patient. . Med. Virol.
2024, 96, €29811. [CrossRef]

Chan, A.W,; Broncel, M; Yifrach, E.; Haseley, N.R.; Chakladar, S.; Andree, E.; Herneisen, A.L.; Shortt, E.; Treeck, M.; Lourido, S.
Analysis of CDPK1 targets identifies a trafficking adaptor complex that regulates microneme exocytosis in Toxoplasma. eLife 2023,
12, RP85654. [CrossRef] [PubMed]

Bertiaux, E.; Balestra, A.C.; Bournonville, L.; Louvel, V.; Maco, B.; Soldati-Favre, D.; Brochet, M.; Guichard, P.; Hamel, V. Expansion
microscopy provides new insights into the cytoskeleton of malaria parasites including the conservation of a conoid. PLoS Biol.
2021, 19, €3001020. [CrossRef]

Schweizer, N.; Haren, L.; Dutto, I; Viais, R.; Lacasa, C.; Merdes, A.; Liiders, J. Sub-centrosomal mapping identifies augmin-yTuRC
as part of a centriole-stabilizing scaffold. Nat. Commun. 2021, 12, 6042. [CrossRef]

Zwettler, FU.; Spindler, M.C.; Reinhard, S.; Klein, T.; Kurz, A.; Benavente, R.; Sauer, M. Tracking down the molecular architecture
of the synaptonemal complex by expansion microscopy. Nat. Commun. 2020, 11, 3222. [CrossRef]

Le Borgne, P.; Greibill, L.; Laporte, M.H.; Lemullois, M.; Bouhouche, K.; Temagoult, M.; Rosnet, O.; Le Guennec, M.; Ligniéres, L.;
Chevreux, G.; et al. The evolutionary conserved proteins CEP90, FOPNL, and OFD1 recruit centriolar distal appendage proteins
to initiate their assembly. PLoS Biol. 2022, 20, €3001782. [CrossRef]

Liffner, B.; Absalon, S. Expansion microscopy reveals plasmodium falciparum blood-stage parasites undergo anaphase with
a chromatin bridge in the absence of mini-chromosome maintenance complex binding protein. Microorganisms 2021, 9, 2306.
[CrossRef] [PubMed]

Leduc, C.; Salles, A.; Shorte, S.L.; Etienne-Manneville, S. Imaging Intermediate Filaments and Microtubules with 2-dimensional
Direct Stochastic Optical Reconstruction Microscopy. J. Vis. Exp. 2018, 2018, 57087. [CrossRef]

Wurm, C.A.; Kolmakov, K.; Géttfert, F,; Ta, H.; Bossi, M.; Schill, H.; Berning, S. Novel red fluorophores with superior performance
in STED microscopy. Opt. Nanoscopy 2012, 1, 7. [CrossRef]

Garcia, M.; Buzén, M.].; Benito, ].M.; Rallén, N. Peering into the HIV reservoir. Rev. Med. Virol. 2018, 28, e1981. [CrossRef]
Cremer, T.; Cremer, M.; Hiibner, B.; Strickfaden, H.; Smeets, D.; Popken, J.; Sterr, M.; Markaki, Y.; Rippe, K.; Cremer, C. The 4D
nucleome: Evidence for a dynamic nuclear landscape based on co-aligned active and inactive nuclear compartments. FEBS Lett.
2015, 589, 2931-2943. [CrossRef]

Bediaga, N.G.; Coughlan, H.D.; Johanson, TM.; Garnham, A.L.; Naselli, G.; Schroder, J.; Fearnley, L.G.; Bandala-Sanchez, E.;
Allan, R.S.; Smyth, G.K; et al. Multi-level remodelling of chromatin underlying activation of human T cells. Sci. Rep. 2021, 11,
528. [CrossRef] [PubMed]

Sabinina, V.J.; Hossain, M.J.; Hériché, ].K.; Hoess, P.; Nijmeijer, B.; Mosalaganti, S.; Kueblbeck, M.; Callegari, A.; Szymborska,
A.; Beck, M,; et al. Three-dimensional superresolution fluorescence microscopy maps the variable molecular architecture of the
nuclear pore complex. Mol. Biol. Cell 2021, 32, 1523-1533. [CrossRef] [PubMed]

Hirose, T.; Ninomiya, K.; Nakagawa, S.; Yamazaki, T. A guide to membraneless organelles and their various roles in gene
regulation. Nat. Rev. Mol. Cell Biol. 2022, 24, 288-304. [CrossRef]


https://doi.org/10.1038/s41592-023-02001-y
https://www.ncbi.nlm.nih.gov/pubmed/37723243
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1007/b102216
https://doi.org/10.1038/s41592-022-01663-4
https://www.ncbi.nlm.nih.gov/pubmed/36344832
https://doi.org/10.1093/bioinformatics/btt276
https://www.ncbi.nlm.nih.gov/pubmed/23681123
https://doi.org/10.1093/nar/gkac521
https://doi.org/10.1039/D1NR08418F
https://doi.org/10.1364/BOE.399404
https://doi.org/10.1101/2021.08.05.455126
https://doi.org/10.1071/CH19571
https://doi.org/10.1002/JMV.29811
https://doi.org/10.7554/eLife.85654.3
https://www.ncbi.nlm.nih.gov/pubmed/37933960
https://doi.org/10.1371/JOURNAL.PBIO.3001020
https://doi.org/10.1038/s41467-021-26252-5
https://doi.org/10.1038/s41467-020-17017-7
https://doi.org/10.1371/journal.pbio.3001782
https://doi.org/10.3390/microorganisms9112306
https://www.ncbi.nlm.nih.gov/pubmed/34835432
https://doi.org/10.3791/57087
https://doi.org/10.1186/2192-2853-1-7
https://doi.org/10.1002/RMV.1981
https://doi.org/10.1016/J.FEBSLET.2015.05.037
https://doi.org/10.1038/s41598-020-80165-9
https://www.ncbi.nlm.nih.gov/pubmed/33436846
https://doi.org/10.1091/mbc.E20-11-0728
https://www.ncbi.nlm.nih.gov/pubmed/34191541
https://doi.org/10.1038/s41580-022-00558-8

Viruses 2024, 16, 1610 26 of 26

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

Erdmann, R.S.; Baguley, S.W.; Richens, ]. H.; Wissner, RE; Xi, Z.; Allgeyer, E.S.; Zhong, S.; Thompson, A.D.; Lowe, N.; Butler, R,;
et al. Labeling Strategies Matter for Super-Resolution Microscopy: A Comparison between HaloTags and SNAP-tags. Cell Chem.
Biol. 2019, 26, 584. [CrossRef]

Lukinavidius, G.; Alvelid, J.; Gerasimaite, R.; Rodilla-Ramirez, C.; Nguyén, V.T.; Vicidomini, G.; Bottanelli, F.; Han, K.Y.; Testa, I.
Stimulated emission depletion microscopy. Nat. Rev. Methods Primers 2024, 4, 56. [CrossRef]

Hanne, J.; Gottfert, F.; Schimer, J.; Anders-Osswein, M.; Konvalinka, J.; Engelhardt, J.; Miiller, B.; Hell, S.W.; Krédusslich, H.G.
Stimulated Emission Depletion Nanoscopy Reveals Time-Course of Human Immunodeficiency Virus Proteolytic Maturation.
ACS Nano 2016, 10, 8215-8222. [CrossRef]

Truckenbrodt, S.; Maidorn, M.; Crzan, D.; Wildhagen, H.; Kabatas, S.; Rizzoli, S.0. x 10 expansion microscopy enables 25-nm
resolution on conventional microscopes. EMBO Rep. 2018, 19, 45836. [CrossRef] [PubMed]

Norman, R.X.; Chen, Y.C.; Recchia, E.E.; Loi, J.; Rosemarie, Q.; Lesko, S.L.; Patel, S.; Sherer, N.; Takaku, M.; Burkard, M.E.; et al.
One step 4 x and 12 x 3D-ExM: Robust super-resolution microscopy in 1 cell biology. bioRxiv 2024. [CrossRef]

Sun, D.E,; Fan, X,; Shi, Y.; Zhang, H.; Huang, Z.; Cheng, B.; Tang, Q.; Li, W.; Zhu, Y.; Baj, ].; et al. Click-ExM enables expansion
microscopy for all biomolecules. Nat. Methods 2020, 18, 107-113. [CrossRef]

Shi, X.; Li, Q.; Dai, Z,; Tran, A.A.; Feng, S.; Ramirez, A.D.; Lin, Z.; Wang, X.; Chow, T.T.; Chen, J.; et al. Label-retention expansion
microscopy. J. Cell Biol. 2021, 220, €202105067. [CrossRef]

Liffner, B.; Cepeda Diaz, A K,; Blauwkamp, J.; Anaguano, D.; Frolich, S.; Muralidharan, V.; Wilson, D.W.; Dvorin, J.D.; Absalon, S.
Atlas of Plasmodium falciparum intraerythrocytic development using expansion microscopy. eLife 2023, 12, RP88088. [CrossRef]
[PubMed]

Zila, V.,; Miiller, T.G.; Laketa, V.; Miiller, B.; Krdusslich, H.G. Analysis of CA Content and CPSF6 Dependence of Early HIV-1
Replication Complexes in SupT1-R5 Cells. mBio 2019, 10, €02501-19. [CrossRef] [PubMed]

Heintzmann, R.; Huser, T. Super-Resolution Structured Illumination Microscopy. Chem. Rev. 2017, 117, 13890-13908. [CrossRef]
[PubMed]

Delattre, S. Igniting New Confocal Imaging Potential—Nikon AX R Series with NSPARC. Micros. Today 2023, 31, 23-27. [CrossRef]
Ries, J.; Kaplan, C.; Platonova, E.; Eghlidi, H.; Ewers, H. A simple, versatile method for GFP-based super-resolution microscopy
via nanobodies. Nat. Methods 2012, 9, 582-584. [CrossRef]

Miiller, T.G.; Sakin, V.; Miiller, B. A Spotlight on Viruses—Application of Click Chemistry to Visualize Virus-Cell Interactions.
Molecules 2019, 24, 481. [CrossRef] [PubMed]

Hanne, J.; Zila, V.; Heilemann, M.; Miiller, B.; Krausslich, H.G. Super-resolved insights into human immunodeficiency virus
biology. FEBS Lett. 2016, 590, 1858-1876. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.chembiol.2019.01.003
https://doi.org/10.1038/s43586-024-00335-1
https://doi.org/10.1021/acsnano.6b03850
https://doi.org/10.15252/embr.201845836
https://www.ncbi.nlm.nih.gov/pubmed/29987134
https://doi.org/10.1101/2024.08.13.607782
https://doi.org/10.1038/s41592-020-01005-2
https://doi.org/10.1083/jcb.202105067
https://doi.org/10.7554/eLife.88088.3
https://www.ncbi.nlm.nih.gov/pubmed/38108809
https://doi.org/10.1128/mBio.02501-19
https://www.ncbi.nlm.nih.gov/pubmed/31690677
https://doi.org/10.1021/acs.chemrev.7b00218
https://www.ncbi.nlm.nih.gov/pubmed/29125755
https://doi.org/10.1093/MICTOD/QAAD088
https://doi.org/10.1038/nmeth.1991
https://doi.org/10.3390/molecules24030481
https://www.ncbi.nlm.nih.gov/pubmed/30700005
https://doi.org/10.1002/1873-3468.12186
https://pubmed.ncbi.nlm.nih.gov/27117435/

	Introduction 
	Materials and Methods 
	Cell Culture and Virus Preparation 
	Cell Seeding and Fixation 
	Ultrastructure Expansion Microscopy (U-ExM) 
	Sample Mounting 
	Expansion Factor Measurement 

	Fluorescence Microscopy 
	Image Selection, Processing, and Analysis 
	Stitching 
	Bleedthrough Correction 
	Nucleus Segmentation and Nuclear Diameter Measurements 
	NPC Dimension Measurements 
	Nup153 and Nup96-SNAP Signal Intensity Measurement 


	Results 
	The Ultrastructure Expansion Microscopy Protocol Allows Robust Expansion with Good Preservation of Cellular Morphology 
	Optimization of Fixation and Imaging Conditions 
	U-ExM Achieves Robust Expansion of Different Cell Types 
	Different Cellular Structures Are Well Conserved after Expansion 
	Nanoscopic Targets Are Well Preserved during Expansion 
	U-ExM Can Be Used to Probe Different Steps of the HIV-1 Replication Cycle 

	Discussion 
	Conclusions 
	References

