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ABSTRACT Knowledge of the molecular bases underlying the

interaction of fungal pathogens with immune cells is critical to our |
understanding of fungal infections and offers exciting perspectives
for controlling immune responses for therapy. Although fluorescence
microscopy is a valuable tool to visualize pathogen—host interac-
tions, the spatial resolution is low, meaning the fine structural
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details of the interacting cells cannot be observed. Here, we

demonstrate the ability of correlated fluorescence-atomic force microscopy (AFM) to image the various steps of the interaction between fungal

pathogens and macrophages with nanoscale resolution. We focus on Candida albicans, known to grow as two morphological forms (yeast cells, filamentous

hyphae) that play important roles in modulating the interaction with macrophages. We observe the main steps of macrophage infection, including initial

intercellular contact, phagocytosis by internalization of yeast cells, intracellular hyphal growth leading to mechanical stretching, and piercing of the

macrophage membrane resulting in pathogen escape. While fluorescence imaging clearly distinguishes fungal cells from macrophages during the various

steps of the process, AFM captures nanoscale structural features of the macrophage surface that are of high biological relevance, including ruffles,

lamellipodia, filopodia, membrane remnants, and phagocytic cups. As fungal pathogenesis is mainly controlled by the ability of fungi to escape from

immune cells, the nanoimaging platform established here has great potential in nanomedicine for understanding and controlling fungal infections.
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ucosal fungal infections caused
by pathogenic Candida species
represent a serious clinical and
economical problem."? While Candida albi-
cans is the most frequently isolated species,
non-albicans species such as C. glabrata, C.
tropicalis, C. krusei, C. parapsilosis, and C.
lusitaniae are also emerging as important
pathogens.?® During host infection, phago-
cytes from the innate immunity, including
monocytes, macrophages, and neutrophils,
represent the main defense mechanism
against fungal pathogens.* Hence, study-
ing the molecular mechanisms by which C.
albicans interacts with immune cells is a hot
topic in current microbiological research and
may help in the development of new ap-
proaches to modulate immune responses
for therapeutic purposes.
The Candida—macrophage interaction
is initiated by the specific recognition
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between immune receptors expressed by
phagocytes (so-called pathogen recogni-
tion receptors, PRR) and fungal cell wall
components (pathogen associated molecu-
lar pattern, PAMP).*® This recognition step
then leads to activation of pro-inflammatory
pathways and internalization of the fungal
cells.® The resulting phagosome further fuses
with the subcellular compartments, such as
lysosomes, to form the phagolysosome in
which the yeast is exposed to the host
antimicrobial arsenal.” Despite the hostile
environment of the phagolysosome, nu-
merous studies have demonstrated that
Candida species have the ability to persist
within macrophages and to resist antimi-
crobial defenses often leading to phagocyte
death and yeast dissemination.® In addi-
tion, pathogenic yeasts have developed various
strategies to escape macrophage killing.8°
Nonfilamentous species like C. glabrata use
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simple mechanisms such as intracellular multiplication
to induce macrophage burst.'®'! By contrast, C. albi-
cans takes advantage of the yeast-to-hyphae transi-
tion to facilitate piercing and escape from phago-
cytes.'%1213 Although the different steps of the
C. albicans—macrophage interaction have been widely
investigated, how the various morphogenetic forms of
the fungus (yeast cells vs hyphae) modulate this inter-
action is poorly understood.

Fluorescence microscopy is traditionally used to
look at the interaction between microbial pathogens
and immune cells."®'*~'8 Although fluorescence tech-
niques enable to stain specific components of the two
partners, and to track the real-time dynamics of their
interaction, the spatial resolution is limited to the
wavelength of the light source. Also, quantitative
information on cell surface nanostructures cannot be
obtained. Electron microscopy techniques have allowed
researchers to obtain much higher resolution views of
pathogen—host interactions,’'*17'8 but these meth-
ods are demanding and require vacuum conditions
during the analysis, meaning cells cannot be observed
in aqueous solution. Here, we use correlated fluores-
cence-atomic force microscopy (AFM)"%?° to track the
different steps of the interaction of C. albicans with
macrophages. While fluorescence imaging clearly dis-
tinguishes fungal cells from macrophages during the
process, AFM visualizes various nanostructures of bio-
logical relevance on the macrophage surface. C. glab-
rata, which only grows as yeast cells, is found to
behave very differently from C. albicans, confirming
the crucial role of morphogenesis in fungus—macrophage
interactions.

RESULTS AND DISCUSSION

Nanoscale Imaging of Noninfected Macrophages: Live Cells vs
Gently Fixed Cells. To visualize the main steps of the
C. albicans—macrophage interaction, we used an inte-
grated platform combining an AFM with an inverted
light microscope (Figure 1a). This setup offers several
benefits, including the possibility to use optical images
to precisely guide AFM imaging and force measure-
ments, and the ability to easily generate correlated
AFM and optical images. We firstimaged living macro-
phages that were not infected. To this end, murine
macrophages were plated in culture medium in a glass
Petri dish, incubated overnight (37 °C, 5% CO,), and
then stained by addition of the carboxyfluorescein
succinimidy! ester (CFSE) fluorescent dye. Once inside
live metabolically active cells, unspecific esterases
cleave the acetate groups of the nonfluorescent CFSE
yielding a green, highly fluorescent carboxyfluorescein
succimidyl ester. In doing so, highly contrasted differ-
ential interference contrast (DIC) and fluorescence
images of individual cells were obtained. Overlapping
these images (Figure 1b) enabled to simultaneously
visualize the AFM cantilever and the cell. We observed
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Figure 1. Nanoscale imaging of living macrophages using
correlated fluorescence-atomic force microscopy. (a) Sche-
matic of the nanoscale imaging platform combining ad-
vanced AFM capabilities with modern optical microscopy.
Transmission, DIC and epifluorescence microscopy images
of the cells are obtained in culture medium or buffer,
together with AFM topographic images of the cell surface.
(b) Overlay of DIC and fluorescence images in RPMI
medium showing the AFM cantilever and a live macro-
phage spread on glass and stained with the green fluor-
escent dye carboxyfluorescein succinimidyl ester (CFSE).
(c—f) AFM height (c, d) and deflection (e, f) images of the
same macrophage shown in (b). Images (d) and (f) are
enlarged views of the cell shown in (c) and (e). (g, h) Vertical
cross sections taken in the height images along the dashed
lines. Labels L and R correspond to lamellipodia and ruffles,
two nanostructural features of the macrophages, while
labels S and C denote streaks and tip convolution imaging
artifacts.

the morphological features that are characteristic of
macrophages:*"*? (i) well-spread, flat cells, or round-
shaped cells with a diameter of ~10 um:; (ii) cellular
protrusions, ~2 um in width and ~15 um in length,
reflecting “lamellipodia”, i.e., membrane distortions
enriched with a network of actin filaments and which
help the cell to migrate.'

To obtain high-resolution views of the macrophage
surface, we recorded simultaneous height (Figure 1¢,d)
and deflection (Figure 1e,f) images of the cells using
contact mode AFM. Due to the large curvature of the
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cells, AFM height mode images had fairly poor resolu-
tion, while deflection mode images were much more
sensitive to the surface relief. Yet, height images were
very useful in providing quantitative measurements of
cell surface features through vertical cross sections
(Figure 1g,h). Some cells were round, with a height of
4—8 um (Figure 1g), while others were flat. Strikingly,
we found that the cell surface was always rough and
decorated with numerous dorsal “ruffles” of 100—
500 nm height. These ruffles, hardly detectable by optical
microscopy, have already been observed in macro-
phages using electron microscopy and AFM.2'~23 Such
nanostructures are of biological relevance as they are
believed to reflect the presence of “podosomes”, ie.,
specialized structures found in macrophages and in-
volved in cell—matrix interactions, matrix degradation,
and migration.?? Importantly, we found that reliable
recording and interpretation of high-resolution images
on live macrophages was complicated by their soft,
deformable properties. The image contrast was fuzzy
and showed streaks in the scanning direction, reflect-
ing strong interactions between the tip and the soft cell
membrane (Figure 1d,e). Also, most cells were de-
tached or pushed aside during scanning.

We therefore postulated that gentle chemical fixa-
tion should enhance the quality of AFM images with-
out modifying the morphological features of the
cells.?*~2> We used a fixation protocol (0.5% glutaral-
dehyde) that has already been successfully applied in
AFM studies,”®>** and which is known to prevent
osmotic and temperature changes, and preserve cel-
lular structures. As expected, correlative fluorescence-
AFM images of gently fixed cells revealed the same
general features as in live cells, including membrane
ruffles and lamellipodia, yet with a much better resolu-
tion and much less tip-induced imaging artifacts
(Figure 2¢,d). We note that fixation with paraformalde-
hyde, instead of glutaraldehyde, yielded images of
poor quality. Quantitative height measurements on
these cellular structures (Figure 2e/f) yielded critical
dimensions that were in the same range as those
measured on live cells, thus confirming they were
actual features of the cell surface and not artifacts.
Moreover, the images revealed structural details of the
cell surface that were hardly detected on live cells,
including thin filamentous structures, 50—300 nm in
diameter, that we attribute to “filopodia”, i.e., protru-
sions which contain parallel bundles of actin fila-
ments.?" Overall, these observations show that gentle
fixation not only preserves the native ultrastructure of
the macrophages, but dramatically enhances the im-
age quality, thus revealing subtle details hardly visible
on live cells.

Unravelling the Early Stages of Infection. We imaged the
early stages of macrophage infection, i.e., initial contact
of C. albicans yeast cells with the macrophage surface,
followed by their engulfment, or “phagocytosis”, which
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Figure 2. Nanoscale imaging of gently fixed macrophages.
(a, b) Fluorescence (a) and DIC (b) images, in PBS, of a
macrophage stained in green with CFSE and fixed with 0.5%
glutaraldehyde. (c) Correlative AFM deflection image of the
same macrophage (inset: corresponding height image). (d)
Enlarged view (deflection) of the macrophage correspond-
ing to the white dashed box shown in (c). (e, f) Vertical cross
sections taken along the dashed lines in the height images
corresponding to (c) and (d). Labels L, F and R correspond to
lamellipodia, fillopodia and ruffles, three nanostructural
features of the macrophages.

usually takes place within the first 15 min of infec-
tion."®"> Figure 3 shows representative sets of corre-
lative fluorescence-AFM images recorded for macro-
phages that were incubated with yeast cells for 30 min.
While macrophages were labeled in green using CFSE,
yeast cells were specifically stained in blue using Calco-
fluor White (CFW). In several images, the macrophage
surface was in close contact with spherical yeast cells
displaying a smooth, featureless surface (roughness
<1 nm) (Figure 3e), consistent with earlier reports.?®*’
The cells were generally in close contact with lamelli-
podia extensions (Figure 3a,b), suggesting that macro-
phages projected these filaments to bind and ingest
yeast cells. Another set of images showed multiple
yeast cells engulfed or “internalized” inside macro-
phages (Figure 3c,d). In this early stage of the infection
process, AFM images of the phagocytes did not show
any evidence for the presence of yeast cells, confirming
these were trapped inside the macrophage without
altering its morphology. Also, the infected macro-
phages were still decorated by multiple filopodia
(Figure 3d,f), suggesting they were strongly anchored
to the surface. We note that while optical images alone
(Figure 3a,c) were enabled to discriminate between
free and internalized yeast cells, this distinction could
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Figure 3. Fluorescence-AFM imaging captures the early
stages of macrophage infection, i.e., initial intercellular
contact followed by internalization (phagocytosis). (a, c)
Fluorescence images (insets: corresponding DIC images)
and (b, d) correlative AFM deflection images, in PBS, of
single macrophages incubated for 30 min with C. albicans
yeast-form cells in DMEM medium, labeled with the fluor-
escent dyes CFSE (green color) and Calcofluor White (CFW,
blue color specific to fungal cells), and gently fixed (0.5%
glutaraldehyde). The inset in (b) is an enlarged view of the
dashed area shown in the AFM image (b), while image (d) is
an enlarged view of the dashed area shown in the fluores-
cence image (c). (e, f) Vertical cross sections taken along
the dashed lines in the height images corresponding to
(b, inset) and (d). Labels Y, L and F correspond to yeast cells,
lamellipodia, and fillopodia.

easily be made by AFM which revealed major differ-
ences in cell surface ultrastructure (smooth yeast sur-
face vs rough macrophage surface). This demonstrates
the strong complementarity of the techniques: while
fluorescence provides microscale images of the whole
cell volume, AFM unravels the nanoscale details of the
cell surface.

Fungal Morphogenesis Induces Major Changes in Macrophage
Morphology. Next, we investigated the intracellular mor-
phogenetic switch of the fungus, which typically oc-
curs within 90 min.'®'® Figures 4 and 5 show repre-
sentative sets of correlative fluorescence-AFM images
of macrophages containing both nongerminated yeast
cells and hyphae after 90 min of infection. While DIC
images revealed elongated structures associated with
the macrophages (Figures 4b and 5b), the correspond-
ing fluorescence images confirmed these were indeed
due to C. albicans hyphae (Figures 4a and 5a). Optical
images could not unambiguously demonstrate that
yeast and hyphal cells were internalized, whereas
correlative AFM images (Figures 4c,d and 5¢,d) clearly
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Figure 4. Hyphal growth triggers mechanical stretching of
the macrophage membrane. (a, b) Fluorescence (a) and DIC
(b) images, in PBS, of a single macrophage incubated for
90 min with C. albicans cells, labeled with CFSE and CFW,
and gently fixed. (c) Correlative AFM deflection image of the
same macrophage. (d) Enlarged view of the macrophage
corresponding to the dashed area shown in (c). (e, f) Vertical
cross sections taken along the dashed lines in the height
images corresponding to (c) and (d). Labels Y, H and R
correspond to yeast cells, hyphal cells and macrophage
ruffles.

showed that this was indeed the case for most cells.
Since only yeast-form cells were present at the begin-
ning of the infection and were mostly internalized, we
conclude that the observed hyphae result from an
intracellular morphological switch within the hostile
environment of the macrophage.®?'? We note that
free yeast cells in close contact with the macrophage
surface were sometimes seen (Figure 5d), suggesting
that phagocytes were still catching and internalizing
yeast cells even when they already contained hyphae.

Remarkably, we also found that germ tube forma-
tion was accompanied by major changes in macro-
phage morphology (Figures 4 and 5). For several
reasons, we believe this phenomenon results from
the mechanical stretching of the cell membrane
through hyphal growth: first, the plasma membrane
perfectly contoured the hyphae; second, membrane
portions covering the hyphae showed much less ruf-
fles compared to other regions of the macrophage;
third, no (very few) filopodia and lamellipodia were
observed around the deformed areas. This suggests
that the cell extensions resulted from hyphal growth
rather than from macrophage migration. Accordingly,
our correlated images demonstrate that the intra-
cellular hyphal growth stretches the phagocyte

VOL.6 = NO.12 = 10792-10799 = 2012 AC\JAP

a

N\

WWww.acsnhano.org

10795



Figure 5. AFM discriminates between free and internalized
fungal cells. (a, b) Fluorescence (a) and DIC (b) images, in
PBS, of a single macrophage incubated for 90 min with C.
albicans cells, labeled with CFSE and CFW, and gently fixed.
(c) Correlative AFM deflection image of the same macro-
phage. (d) Enlarged view (inset: corresponding height
image) of the macrophage corresponding to the dashed
area shown in (c). Labels Y and H correspond to yeast and
hyphal cells. The red and yellow dashed lines in (b) indicate
aninternalized hyphal cell and a free yeast cell, respectively.
Only the free yeast cell is seen in the AFM image (d, see
yellow dashed line).

membrane. Our observations are fully consistent with
optical video microscopy data,'®'® but, for the first
time, provide quantitative, high-resolution information
on structural changes associated with the process.
Hyphal Growth Leads to Macrophage Piercing and Fungal
Escape. As shown in Figures 6 and 7, we also captured
the last step of the Candida—macrophage interaction,
i.e., escape of the fungus from the macrophage leading
to its externalization,®~'%"® which usually occurs with-
in 3 h. Figure 6a shows a macrophage associated with
four long hyphae with a star-like orientation. Fluores-
cence images provided remarkable contrast enabling
to clearly distinguish between hyphae and macro-
phage regions, but did not provide information on cell
surface nanostructures. As can be seen in Figure 6b,d,
AFM complemented these data by unravelling major
variations of cell surface supramolecular structure.
Some hyphae (Figure 6b, upper image) showed a very
smooth morphology, very similar to that reported for
free C. albicans hyphae,”” indicating they were “naked”
hyphae that escaped macrophage phagolysis. Sup-
porting this interpretation, we observed local patches
of extracellular material, not visible in fluorescence,
that we believe represent macrophage membrane
remnants as these structures were never observed on
free fungal cells.”” The presence of residual macro-
phage components on externalized hyphae could
represent a fungal strategy to mask its PAMPs to avoid
recognition by the immune system.?®?? Other hyphal
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Figure 6. Unravelling macrophage piercing and fungal
escape. (a, c) Fluorescence images (insets: corresponding
DIC images) and (b, d) correlative AFM deflection images, in
PBS, of macrophages incubated for 3 h with C. albicans cells
labeled with CFSE and CFW, and gently fixed. The two
images in (b) and the image in (d) are enlarged views of
the dashed areas shown in the fluorescence images (a) and
(c), respectively. Insets in image (d) are enlarged views of
the dashed areas. Labels H, M, C and P correspond to hyphal
cells, macrophage membrane, tip convolution artifacts, and
phagocytic cup.
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Figure 7. Capturing the externalization of hyphal cells. (a, c)
Fluorescence images and (b, d) correlative AFM deflection
images, in PBS, of macrophages incubated for 3 h with C.
albicans cells labeled with CFSE and CFW, and gently fixed.
Images (b) and (d) are enlarged views of the dashed areas
shown in the fluorescence images (a) and (c), respectively.
(e) Vertical cross sections taken along the dashed lines in the
height image corresponding to (d). Labels H and M corre-
spond to hyphal cells and macrophage membrane.

cells (Figure 6b, bottom image) showed a much rougher
surface, very different from that of free hyphae, that pre-
sumably corresponds to internalized hyphae covered
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with the phagocyte membrane. Figure 6¢ and d pre-
sent a similar, yet peculiar organization, i.e., two macro-
phages ongoing phagocytosis of the same hypha. Was
this hypha inside or outside the macrophages? Again,
high-resolution AFM clearly demonstrated that the
hypha surface was completely covered by the macro-
phage membrane (Figure 6d, right inset), thus that it
was internalized. In addition, macrophages sometimes
presented membrane projections (Figure 6d, left inset)
not seen in fluorescence, that we believe reflect pha-
gocytic cups, i.e., membrane extensions that partially
encircle the phagocytic target during the early stage of
phagocytosis.?'

Figure 7 presents further evidence that hyphal
growth led to mechanical piercing of the phagocyte
membrane. The images show two hyphae protruding
from different macrophages and that are partially
externalized. While fluorescence imaging could not
discriminate between internalized vs externalized fun-
gal cells, AFM showed that a portion of the protruding
hyphae was partially covered with the macrophage
while their most external portion was completely
smooth and devoid of such macrophage material.
Quantitative height measurements (Figure 7e) re-
vealed that the thickness of the macrophage material
surrounding the hyphae was up to ~100 nm, thus
much thicker than the membrane.

In summary, fluorescence-AFM imaging unravelled
mechanical piercing of macrophages by C. albicans
and the externalization of hyphal structures with an
unprecedented level of details. Specifically, AFM could
distinguish between internalized and externalized hy-
phal cells, visualize subtle structural details like macro-
phage membranes and cups, and measure their critical
dimensions. As C. albicans pathogenesis is mainly
controlled by its ability to escape from the immune
system, 2713 the imaging platform established here
has great potential in future research to better under-
stand the molecular details of C. albicans infections.

Nonfilamentous Candida Species Do Not Cause Macrophage
Stretching and Piercing. Since the most remarkable mor-
phological changes observed during the C. albicans—
macrophage interaction were associated with the
yeast to hypha transition, we speculated that patho-
genic Candida species that do not show such transition
should not lead to the same behavior. To test this idea,
we analyzed the interaction between macrophages
and C. glabrata, a frequently isolated pathogen that
only grows as yeast."*° C. glabrata is known to be easily
phagocytosed,®' to persist and to multiply by budding
until macrophage burst.'®*2 The whole process typi-
cally takes 12—24 h, thus much longer that the time for
C. albicans escape. Figure 8 shows representative
fluorescence-AFM images obtained for this interaction
after 12 h infection. Optical images (Figure 8a,b) docu-
ment the round shape of the macrophages and the
presence of multiple yeast cells. As a complement, AFM
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Figure 8. Nonfilamentous C. glabrata species multiplies
inside macrophages without stretching/piercing of the
membrane. (a, b) Fluorescence (a) and DIC (b) images, in
PBS, of a single macrophage incubated for 12 h with C.
glabrata cells, labeled with CFSE and CFW, and gently fixed.
(c) Correlative AFM deflection image of the same infected
macrophage. (d) Enlarged view of the macrophage corre-
sponding to the dashed area shown in (c). (e, f) Vertical cross
sections taken along the dashed lines in the height images
corresponding to (c) and (d). Labels Y and R correspond to
yeast cells and membrane ruffles.

images (Figure 8c,d) show that all yeast cells were
internalized and reveal ruffle structures that were
unexpectedly large, up to 500 nm in height and width,
suggesting a cell stress response to the surface detach-
ment occurring.?’?? Also, the macrophage height
(8 um, Figure 8e) was larger than that observed with
C. albicans (5 um), in agreement with the notion that
they were filled with yeast cells and no longer spread.
We note that images obtained for the early stages of
infection were similar to those recorded for C. albicans,
while the ultimate stage, macrophage burst, could not
be captured because of its very transient nature.

CONCLUSIONS

Fungal pathogens have developed impressive ways
to resist immune cells. A prominent example is C.
albicans, which uses the yeast-to-hyphae transition to
escape from macrophages®'%'2'3 To date, the mo-
lecular details of this phenomenon remain poorly
understood, mainly owing to the lack of high-resolu-
tion imaging techniques. We have shown that corre-
lated fluorescence-AFM is a powerful platform for
imaging the Candida—macrophage interaction on
the nanoscale. Our main findings are as follows.
First, imaging of gently fixed macrophages revealed
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structural details of the cell surface with unprece-
dented resolution, including nanoscale ruffles, lamelli-
podia, and filopodia, all of which are of high biological
relevance (migration, phagocytosis). Second, we tracked
the main steps of the C. albicans—macrophage inter-
action, including initial contact between the partners,
internalization of yeast cells, intracellular hyphal for-
mation leading to mechanical stretching of the macro-
phage membrane, and hyphal elongation resulting in
membrane piercing and escape from the macrophage.

METHODS

Strains, Media, Growth Conditions and Infection of Macrophages.
Candida albicans SC5314 and Candida glabrata ATCC 90030
wild type strains were grown in standard medium YPD (1% yeast
extract, 2% bactopeptone, 2% glucose). The murine macro-
phage cell line J774A.1 (ATCC TIB-67) was cultured in DMEM
(Gibco) containing 10% decomplemented fetal bovine serum
(FBS, Gibco), 1T mM sodium pyruvate, 50 U/mL penicillin-G and
50 ug/mL streptomycin, at 37 °Ciin 5% CO,. Infections of macro-
phages were done at a multiplicity of infection (MOI) of 1 yeast:
1 macrophage, by adding 1 x 10° Candida cells from stationary
growth phase to 1 x 10° J774 cells plated 16 h before in a glass
bottom Petri dish (Willco wells, The Netherlands) containing
2 mL of complete DMEM. The cell mixtures were incubated at
37 °Cin 5% CO, for 30 min, 1 h 30 min and 3 h for C. albicans, or
12 h for C. glabrata. For noninfected macrophage experiments,
phagocytes were treated in the same conditions without add-
ing yeast cells.

Correlative Fluorescent-Atomic Force Microscopy. For yeast fluores-
cent staining, 5 ug/mL of Calcofluor White (CFW blue, excitation
350 nm/emission 460 nm, Sigma) were added at the beginning
of the interaction. For staining of live cells, 10 uM of carboxy-
fluorescein succinimidyl ester (CFSE green, excitation 492 nm/
emission 517 nm, Molecular Probes) were added 30 min before
the end of interaction following the supplier recommendations.
Live cells were directly imaged after replacement of the med-
ium by prewarmed RPMI 1640 (Sigma) supplemented with 10%
decomplemented FBS, 1T mM sodium pyruvate and 2 g/L
sodium bicarbonate (pH 7.4). For fixed cells, 0.5% of glutaralde-
hyde (Sigma) was added into the medium and fixation was
achieved during 1 h at 37 °C in 5% CO, before changing the
fixation medium with PBS buffer. Correlative microscopy
images were acquired with a Bioscope Catalyst microscope
(Bruker corporation, Santa Barbara, CA), a fully integrated sys-
tem consisting of an inverted optical microscope (Zeiss Axio
Observer Z1) equipped with a Hamamatsu camera C10600
coupled with an AFM. Acquisition and analysis of fluorescence
images were done using the AxioVision Rel. 4.8.2 software. AFM
contact mode images were obtained using SisN,4 cantilevers
with a nominal spring constant of ~0.01 N/m (MLCT, Bruker,
Santa Barbara, CA), an applied force of ~500 pN, and a scan rate
of 1 Hz. AFM images were analyzed with the Nanoscope 8.10
software (Bruker, Santa Barbara, CA). Each set of fluorescence-
AFM images was obtained at least in duplicate, using indepen-
dent cell preparations.
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