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ABSTRACT Influenza A virus (IAV) is a global health threat. The cellular endocytic
machineries harnessed by IAV remain elusive. Here, by tracking single IAV particles
and quantifying the internalized 1AV, we found that sphingomyelin (SM)-sequestered
cholesterol, but not accessible cholesterol, is essential for the clathrin-mediated
endocytosis (CME) of IAV. The clathrin-independent endocytosis of IAV is cholesterol
independent, whereas the CME of transferrin depends on SM-sequestered choles-
terol and accessible cholesterol. Furthermore, three-color single-virus tracking and
electron microscopy showed that the SM-cholesterol complex nanodomain is
recruited to the |AV-containing clathrin-coated structure (CCS) and facilitates neck
constriction of the IAV-containing CCS. Meanwhile, formin-binding protein 17
(FBP17), a membrane-bending protein that activates actin nucleation, is recruited to
the IAV-CCS complex in a manner dependent on the SM-cholesterol complex. We
propose that the SM-cholesterol nanodomain at the neck of the CCS recruits FBP17
to induce neck constriction by activating actin assembly. These results unequivocally
show the physiological importance of the SM-cholesterol complex in IAV entry.

IMPORTANCE AV infects cells by harnessing cellular endocytic machineries. A better
understanding of the cellular machineries used for its entry might lead to the develop-
ment of antiviral strategies and would also provide important insights into physiological
endocytic processes. This work demonstrated that a special pool of cholesterol in the
plasma membrane, SM-sequestered cholesterol, recruits FBP17 for the constriction of cla-
thrin-coated pits in IAV entry. Meanwhile, the clathrin-independent cell entry of IAV is
cholesterol independent. The internalization of transferrin, the gold-standard cargo
endocytosed solely via CME, is much less dependent on the SM-cholesterol complex.
These results provide new insights into 1AV infection and the pathway/cargo-specific
involvement of the cholesterol pool(s).

KEYWORDS sphingomyelin-cholesterol nanodomain, ostreolysin A (OlyA), formin-
binding protein FBP17, clathrin-mediated endocytosis, single-virus tracking

nfluenza A virus (IAV) is a global health threat. It infects cells by harnessing the cellular
endocytic pathways clathrin-mediated endocytosis (CME) and caveolin-independent,
clathrin-independent endocytosis (CIE) (1-3). Therefore, understanding the endocytic
machineries harnessed by IAV is important for developing antiviral strategies to block
IAV infection. In addition, it would provide important insights into physiological
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endocytic processes (4, 5). For example, unlike the well-studied endogenous cargo of
CME, transferrin (Tf), IAV exploits different protein machineries for its cell entry (6-8). This
difference might be caused by the larger size of IAV. The diameter of IAV, which is
approximately 100 nm, is comparable to the sizes of the clathrin-coated pits (CCPs). This
might induce greater membrane tension and lead to the alteration of lipid compositions
in the membrane (9). To investigate this possibility, here, we focused on the cholesterol
requirements for IAV internalization because cholesterol in the plasma membrane (PM)
is required for a variety of endocytic pathways (10-14).

The requirement of cholesterol for IAV internalization is not well understood, prob-
ably due to the confusion caused by three difficulties. First, quantification of internal-
ized IAV was quite challenging (15): most methods measured the extent of IAV cell
entry at much later stages and thus failed to accurately estimate the amounts of inter-
nalized 1AV (16-19). Second, experimental results were often obtained without rigor-
ously differentiating CME and CIE. Third, the existence of three separate pools of cho-
lesterol (accessible, sphingomyelin [SM]-sequestered, and essential cholesterol pools)
has been discovered only recently (20), and thus, it was neglected in previous studies.

The accessible cholesterol pool is detectable by domain 4 (D4) of perfringolysin O
(21, 22) (also by D4 of anthrolysin O) (23). The SM-sequestered pool of cholesterol (also
called the SM-cholesterol complex) can be identified by ostreolysin A (OlyA) (24, 25).
The essential cholesterol pool is protected from D4 binding and OlyA binding, which
can be removed only by methyl-8-cyclodextrin (M BCD) treatment after the accessible
and SM-sequestered pools are depleted (20). The accessible pool of cholesterol is
involved in many cellular processes, including hedgehog signaling (26), resistance to
cytolysin formation (27), and blocking bacterial infection (28), whereas the biological
function of the SM-sequestered pool of cholesterol has remained enigmatic.

In the present research, we investigated whether and how these three pools of cho-
lesterol are involved in the internalizations of IAV and Tf. Surprisingly, we found that
SM-sequestered cholesterol was essential for the CME of IAV, which represents ~75%
of IAV internalization, whereas the CIE of IAV was cholesterol independent. The inter-
nalization of Tf, which is the gold standard of the cargoes endocytosed via CME, was
much less dependent on the SM-cholesterol complex. The depletion of SM-seques-
tered cholesterol abolished formin-binding protein 17 (FBP17) recruitment to the IAV-
containing clathrin-coated structure (CCS), leading to the failure of the neck constric-
tion of the clathrin-coated pit (CCP).

RESULTS

We first established a method to quantify IAV internalization precisely, by improving
a method developed previously (15) (Fig. 1A; see also Fig. S1 in the supplemental ma-
terial), and to observe single IAV virions, CCSs, and accessible or SM-sequestered cho-
lesterol in three colors almost simultaneously. For IAV internalization assays, IAV conju-
gated with biotin via the cleavable disulfide group was allowed to bind to the cell
surface at 4°C, and the temperature was then raised to 37°C for IAV internalization.
Throughout this study, Madin-Darby canine kidney (MDCK) cells and the IAV strain A/
Hubei/01-MA01/1999 (HON2) were used, and all live-cell observations were performed
at 37°C unless otherwise stated.

IAV internalization is greatly suppressed by depleting the SM-sequestered
cholesterol pools. The accessible and SM-sequestered pools of cholesterol in the outer
leaflet of the PM were observed by incubating the cells with monomeric enhanced green
fluorescent protein (mEGFP)-tagged D4 (simply called D4) and mEGFP-labeled OlyA
(OlyA), respectively. Both D4 and OlyA are bound to the cell surface (only a few intracel-
lular fluorescent spots were found) (Fig. 1B and Fig. S2A). The cholesterol levels in the
PM were reduced by treating the cells with MBCD (29) and sphingomyelinase (SMase)
(30). The MBCD treatment reduced the amounts of both OlyA and D4 on the PM, but
the amount of bound OlyA (SM-sequestered cholesterol) decreased much slower than
that of bound D4 (accessible cholesterol) (Fig. 1B and C and Fig. S2A, top). Meanwhile,
the SMase treatment induced a rapid decrease of bound OlyA but not bound D4 (Fig. 1B
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FIG 1 Depletion of SM-sequestered and accessible cholesterol suppressed IAV internalization by ~70%. (A) Experimental scheme for quantifying the amounts of
internalized IAV. Biotin was removed from the IAV remaining on the cell surface using a membrane-impermeable reducer, 2-mercaptoethanesulfonate (MESNA). The
removal efficiency is >99.9%, which greatly improved the precision in the estimation of internalized IAV from the previously reported method (15) (see also Fig. S1
in the supplemental material). The cells were fixed, permeabilized, and then labeled with Cy3-SA to evaluate the amounts of internalized IAV. (B) Typical confocal
images (among 20 images) showing that the binding of OlyA-mEGFP (probe for SM-sequestered cholesterol) to the PM outer leaflet is decreased after MBCD (top)
and SMase (bottom) treatments (time courses) (nuclei stained with Hoechst 33342 are shown in blue). (C) SMase treatment rapidly reduced OlyA-mEGFP binding
(SM-sequestered cholesterol) but not mEGFP-D4 binding (accessible cholesterol). The MBCD treatment reduced both accessible and SM-sequestered cholesterol, but
the accessible cholesterol is removed faster than the SM-sequestered cholesterol. The MBCD treatment employed here reduced the total cellular cholesterol in a
time course similar to those reported previously (13). Errors bars represent standard errors of the means (SEMs) throughout this report. (D) Typical confocal images of
internalized 1AV (see panel B) in cells treated with MBCD (among 25, 23, and 23 images from left to right) and SMase (@among 20 images) for 0, 5, and 30 min. (E)
IAV and Tf internalizations were decreased with prolonged MBCD and SMase treatments.

and C and Fig. S2A, bottom). These results are consistent with previous observations in
which SMase treatment freed the SM-sequestered cholesterol, but the level of accessible
cholesterol in the PM was rather unaffected, due to the enhanced influx of the PM cho-
lesterol into the endoplasmic reticulum (20, 25, 30, 31).
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The total amount of cellular cholesterol was practically unchanged with an elonga-
tion of the MBCD treatment from 30 min to 60 min and was reduced to ~40% of that
in intact cells after MBCD treatment for 60 min, similar to those reported previously
(13) (Fig. 1C, black line). Moreover, the cell shape and the number density of the cells
on the dish did not change after MBCD treatment for 60 min, suggesting that the
amount of essential cholesterol was rather unaffected (20).

The internalizations of both IAV and Tf (tetramethylrhodamine [TMR]-labeled Tf)
were reduced by ~50 to 70% after the SMase and MBCD treatments (Fig. 1D and E
and Fig. S2B). Meanwhile, the internalizations of these two cargoes were not blocked
completely, even under conditions where both the accessible and SM-sequestered
cholesterol pools were almost totally removed from the PM (Fig. 1C). Very similar
effects of these treatments were observed in other cell lines and with another 1AV
strain [A/Puerto Rico/8/1934 (H1N1) (PR8)] (Fig. S2C and D), suggesting that the effects
of these treatments are quite general. The replenishment of cholesterol after the
MpBCD treatment and the replenishment of SM after the SMase treatment restored |IAV
internalization almost to the level before the treatments (Fig. S3A and B), implying the
limited toxicity of these treatments. Meanwhile, SM addition after the MBCD treatment
did not recover IAV internalization (Fig. S3C), consistent with the previous observations
that MBCD treatment hardly changed the SM content in the PM (24, 30). Since both
the SMase and MBCD treatments reduced IAV internalization, these results suggested
that SM-sequestered cholesterol could be essential for this process (Fig. S3D).

CME of IAV is sensitive to cholesterol depletion, a finding by single-virus
tracking. We quantified the CME and CIE of IAV, the well-known pathways of IAV entry
(1-3, 32), by tracking single virus particles (labeled with ATTO647N) and visualizing the
CCSs (marked by mEGFP-tagged clathrin light chain A [mEGFP-CLCa]). We distin-
guished the CME and CIE pathways by examining whether the CCS was formed at the
binding site of IAV before its entry into the cell (Fig. 2A and B, Fig. S4A to C, and
Movies S1 and S2), as reported previously (1, 3).

In intact cells, the CME and CIE of IAV represented 73% = 5% and 27% = 5% of the
internalized IAV, respectively (Fig. 2C, Intact). After cholesterol depletion with MBCD
for 30 min, the CME of IAV was decreased to 37% = 7% of that in intact cells, and cho-
lesterol replenishment restored it to the level in intact cells (Fig. 2C, Repl), showing
that the CME of IAV is sensitive to either or both the accessible and SM-sequestered
cholesterol pools. Meanwhile, the CIE of IAV was hardly affected by the MBCD treat-
ment (Fig. 2C, Depl), indicating that it occurs independently of the accessible and SM-
sequestered cholesterol pools. Similar results were basically reproduced in Hela cells
(Fig. S4D). These results further suggested that the CME of IAV, but not the CIE of IAV,
depends on the accessible and/or SM-sequestered cholesterol pools.

IAV internalization occurs at the CCS colocalized with the SM-cholesterol
complex nanodomain. We further investigated whether the SM-sequestered choles-
terol pool is directly involved in the CME of IAV. For this purpose, we performed three-
color observations of single virus particles (labeled by ATTO647N), CCSs (marked by
mScarlet-I-CLCa), as well as accessible cholesterol (mEGFP-D4) or the SM-cholesterol
complex (OlyA-mEGFP) in live cells. After IAV binds to the PM, the CCS is formed at the
IAV-binding site (Fig. 2D, Fig. S4E to G, and Movie S3). The SM-cholesterol complex was
often recruited to the CCS containing IAV (Fig. 3D, Fig. S4G, and Movie S3). The
observed sizes of the SM-cholesterol complex were comparable to the optical diffrac-
tion limit (~250 nm). In addition, even before being recruited to the IAV-CCS complex,
the signal intensities of OlyA-mEGFP spots were comparable to those of the CCSs
marked by mScarlet-I-CLCa, suggesting the presence of multiple copies (probably >10
copies) of OlyA-mEGFP. These results suggest that the OlyA-mEGFP spots represent
“nanodomains” of the SM-cholesterol complex.

The fraction of the IAV-CCS complex colocalized with D4 or OlyA was quantitatively
evaluated by the criterion that the colocalization event lasted at least for 16 s before
IAV entry. The long colocalization duration of 16 s was selected to reduce false colocali-
zations. The OlyA spots (SM-cholesterol complex nanodomains) were colocalized with
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FIG 2 The SM-cholesterol complex nanodomain is recruited to the CCS where IAV is internalized. (A and B) Typical confocal image sequences, visualized in
a slice 1 um above the glass surface. The CME (square boxes) (A) and the CIE (square boxes) (B) of IAV can be distinguished by the formation of CCS
(green) spots at the place where IAV (magenta) bound (CME of IAV). Images were taken every 1 s. (C) Effects of cholesterol depletion (Depl) (by MBCD
treatment), followed by cholesterol replenishment (Repl), on the CME and CIE of IAV. The results were normalized to the CME of IAV in nontreated cells
(Intact). Intact, 115 IAVs in 32 cells; Depl, 102 IAVs in 49 cells; Repl, 103 IAVs in 29 cells. (D) A typical tricolor confocal image sequence (typical among 72
IAV spots in 25 cells) showing that an SM-cholesterol domain became colocalized with a CCS bound by an IAV virion (indicated by arrowheads with
corresponding colors). Images were obtained every 2 s. At time zero, a CCS was formed at the place where IAV was bound to the PM (the CCS seen at
—14 s did not migrate to the IAV). The IAV-CCS complex and the OlyA-bound SM-cholesterol domain exhibited slow diffusion-like behaviors (~0 to 70 s),
collided with each other at 70 s, and became colocalized at 80 s. At 100 s, the CCS was disintegrated; at 120 s, IAV (probably in an early endosome)
moved away from the observation plane (1 um above the glass); and the OlyA-bound SM-cholesterol domain kept diffusing in the PM. (E) Fractions of the
IAV-clathrin complex spots colocalized with the OlyA-bound SM-cholesterol domain before IAV internalization, evaluated by overlaying the IAV-clathrin
images with the images of lipid probes correctly (Correct) and the doubly flipped (180°-rotated) images of lipid probes (Flip) (control), respectively.

65% * 3% of the IAV particles in CCSs before internalization (74% = 2% for colocaliza-
tions in the images overlaid correctly, minus 9% = 1% for the incidental colocalizations
found in the overlay of the 180°-rotated images of OlyA). The D4 spots (accessible cho-
lesterol pool) were colocalized with only 6% = 6% of the IAV particles in CCSs before
internalization (Fig. 2E). These results strongly indicated that the SM-cholesterol com-
plex, rather than the accessible cholesterol pool, is involved in the CME of IAV.

CME of IAV requires the SM-cholesterol complex nanodomains. We quantita-
tively examined how the internalized amounts of IAV were affected by the overexpres-
sion of the C-terminal domain of clathrin assembly protein 180 (AP180C) (AP180C fused
to AcGFP1 at the N terminus of AP180C [GFP-AP180C]), which is known to specifically
block CME without affecting CIE (33). Indeed, the overexpression of GFP-AP180C almost
totally blocked Tf endocytosis, which occurs exclusively by CME (34) (Fig. 3A and D, left).

In the cells overexpressing GFP-AP180C, IAV internalization was reduced to
24% =+ 4% of that in the intact cells (Fig. 3B, left, and Fig. 3D, IAV), indicating that 76%
and 24% of 1AV internalization occur by CME and CIE, respectively, consistent with the
results shown in Fig. 2C. Interestingly, IAV internalization in cells after SMase or MBCD
treatment for 60 min was reduced to levels very similar to those in AP180C-overex-
pressing cells (Fig. 1D and E and Fig. 3D, IAV). The results after the 30-min treatments
are quite similar, as shown in Fig. S5A and B, and thus, the toxicity of these treatments
for 60 min is limited, indicating that these 60-min treatments virtually blocked the CME
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FIG 3 Depletion of SM-sequestered cholesterol blocked CME of IAV but not its CIE. (A) Typical image
(among 12 images) showing that the cells expressing GFP-AP180C (green) hardly internalized Tf (orange),
whereas those that did not express GFP-AP180C internalized Tf (basic data for panel D). (B, left) MDCK
cells expressing GFP-AP180C (green) internalized much less IAV (magenta) than those that did not
express GFP-AP180C (among 42 images). (Right) MBCD treatment reduced IAV internalization in MDCK
cells that do not express GFP-AP180C, but it did not significantly affect the already-low IAV internalization
in MDCK cells expressing GFP-AP180C (among 46 images). (C) Representative images showing the time
course (0, 30, and 60 min)-dependent effects of SMase pretreatment on the amounts of internalized IAV
(magenta), in cells with or without the expression of GFP-AP180C (green). The SMase pretreatment
exhibited no apparent effect on IAV internalization in cells expressing GFP-AP180C but greatly suppressed
IAV internalization in cells that do not express GFP-AP180C (see panel D; see also Fig. S5B in the
supplemental material). (D) Amounts of internalized IAV and Tf after treating wild-type (WT) and AP180C-
expressing cells with MBCD and SMase for 60 min, respectively. The amounts of internalized 1AV and Tf
were normalized to the amounts in the intact cell. GFP-AP180C expression almost totally (>99%) blocked
the CME of Tf (orange bars), whereas it reduced IAV internalization by 74%, showing that ~26% of IAV
internalization occurred by way of CIE (gray and magenta open bars). MBCD and SMase treatments
reduced IAV internalization in cells without AP180C expression (gray and black open bars) but not that in
cells overexpressing AP180C (magenta bar and light and dark gray bars with magenta borders), showing
that the CIE of IAV depended on neither the accessible nor the SM-sequestered cholesterol pools.

of IAV. Moreover, the SMase treatment (which affects only SM-sequestered cholesterol)
decreased IAV internalization as much as the MBCD treatment (which reduces both ac-
cessible and SM-sequestered cholesterol). These results suggested that the CME of 1AV
requires the SM-cholesterol complex but not the accessible cholesterol pool.
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This hypothesis is supported by the following findings. The MBCD treatment and the
SMase treatment of AP180C-expressing cells did not further reduce the amounts of inter-
nalized IAV (Fig. 3B, right, and Fig. 3C and D, IAV), indicating that the CIE of IAV does not
require SM-sequestered cholesterol pools, consistent with the results obtained by single-
virus tracking (Fig. 2). In addition, IAV internalization was not decreased in cells cultured
with 50 uM mevalonate and 50 uM compactin (Fig. S5C), which would deplete accessi-
ble cholesterol but not SM-sequestered cholesterol (20). These results supported the pro-
posals that the SM-cholesterol complex is required only for the CME of IAV and that the
accessible cholesterol pool is dispensable for IAV internalization. Meanwhile, the addition
of wortmannin, an inhibitor of macropinocytosis by blocking phosphatidylinositol 3-ki-
nase, further reduced IAV internalization in AP180C-expressing cells (Fig. S5D to F), sup-
porting the continued CIE of IAV in AP180C-expressing cells.

The SM-sequestered cholesterol pool is involved in all CME of IAV. The amounts
of IAV and Tf internalized by way of CME were plotted against the total intensities of
D4 (Fig. 4A and Fig. S6A) and OlyA (Fig. 4B and Fig. S6B). The amounts of D4 bound to
the PM did not exhibit any simple correlation with the CME of either IAV or Tf (Fig. 4A).
The wiggly correlations depended on the cholesterol depletion methods (Fig. 4A).

The CME of IAV (magenta) correlated monotonically with OlyA binding, without any
clear dependence on the cholesterol depletion methods (Fig. 4B). Meanwhile, the
amounts of internalized Tf against OlyA binding (via CME, no CIE) (orange) clearly
depended on the cholesterol modulation methods, following two linear functions with
different slopes (Fig. 4B, blue and green lines). This finding is consistent with the results
shown in Fig. 3D (two bars from the right), indicating that a fraction of the CME of Tf
depends on accessible cholesterol (since SMase treatment does not affect this pool).

Since the SM-sequestered and accessible cholesterol pools are substantially
depleted after the 60-min treatments, the results after these treatments would provide
a good estimation of the fractions sensitive to these two cholesterol pools (Fig. 4C).
The results after the 30-min treatments were quite similar and are shown in Fig. S6C
(for details of the calculations, see the Fig. 6C legend and Materials and Methods). We
found that nearly all of the CME of IAV (~92%) requires SM-sequestered cholesterol,
whereas the depletion of SM-sequestered cholesterol reduced Tf internalization by
~50% (Fig. 4B), suggesting that in the case of Tf, SM-sequestered cholesterol is not
essential but enhances the rate of Tf internalization by a factor of ~2.

IAV internalization is enhanced in hypotonic medium only in the presence of
the SM-cholesterol domain. The SM-cholesterol domain has higher bending rigidity,
which might facilitate successful vesicle budding at high membrane tension (35, 36).
Indeed, IAV internalization was greatly increased in hypotonic medium, which could
increase the membrane tension of PM (Fig. 4D and Fig. S7A). This enhancement did
not occur after SMase treatment (Fig. 4D and Fig. S7A). Meanwhile, Tf internalization
was unaffected in hypotonic medium (Fig. 4D and Fig. S7B), consistent with a previous
report (37). The SM-cholesterol domain is critical for the enhancement of IAV internal-
ization in hypotonic medium, perhaps because it assists in the recruitment of actin,
which was known to counteract increased membrane tension (37) or other unknown
machineries.

The SM-cholesterol complex domain is required in the pit closure for IAV
internalization. Neither MBCD treatment nor SMase treatment affected the number
density and spatial distribution of CCSs on the PM, as found in both live and fixed cells
(Fig. S8A and B). Furthermore, the lifetime of the CCSs on the PM became longer after
the MBCD and SMase treatments (Fig. S8C), suggesting that the formation and matu-
ration of CCSs were slower, in agreement with previous results (10, 11, 13).

To gain more insights into the stage(s) in the CME of AV that requires the SM-cho-
lesterol complex nanodomain, we observed the ultrafine shapes of CCSs by transmis-
sion electron microscopy (TEM). As shown in Fig. 5A, the CCS shapes, either with or
without an IAV virion, were classified into four types, consistent with previous reports
(37, 38): plate shape (flat to shallow-invagination type) (stage 1), U shape (deeply inva-
ginated bowl type without constriction at the opening) (stage 2), Q shape (deeply
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FIG 4 The CME of IAV depended on SM-sequestered cholesterol more than the CME of Tf. (A) The amounts of internalized IAV and Tf via CME are not
simply related to the amounts of accessible cholesterol, as measured by mGFP-D4 binding. For the raw data, see Fig. 1C and E and Fig. S6 in the
supplemental material. (B) The amounts of internalized IAV and Tf via CME monotonically decreased with decreasing amounts of SM-sequestered
cholesterol, as measured by OlyA-mGFP binding. IAV internalization via CME depended on the amounts of SM-sequestered cholesterol in a manner
independent of the cholesterol depletion methods (MBCD and SMase treatments) (the black cubic function is to facilitate visualization). Meanwhile, the
CME of Tf depended not only on the amounts of SM-sequestered cholesterol but also on the methods of cholesterol depletion, suggesting that it depends
on the accessible and essential cholesterol pools (green and blue straight lines). (C) Fractions of IAV and Tf internalized via CME with dependences on the
three cholesterol pools. MBCD and SMase treatments were performed for 60 min. Chol, cholesterol; S, sensitive; |, insensitive. The fraction of CIE was taken
from the sixth bar from the left in Fig. 3D (Tf internalization via CME is assumed to be 100%). Direct experimental and calculated results are indicated by
the solid and dotted lines enclosing parts of the bars, respectively. The difference between the fraction sensitive to the MBCD treatment (cyan) and that
sensitive to the SMase treatment (light green) gives an estimate for the fraction sensitive to only the accessible cholesterol pool (dark green bars). The
fractions sensitive to essential cholesterol and cholesterol-insensitive CME (dark blue bars) were calculated by subtracting the fractions of SM-sequestered
cholesterol (light green) and accessible cholesterol (dark green) from the fraction of CME (orange open bar). (D) Increased membrane tension by using
diluted medium enhanced IAV internalization but not Tf internalization. The requirement of SM-sequestered cholesterol for IAV internalization remained
the same. Horizontal bars, crosses, boxes, and whiskers indicate the median values, mean values, interquartile ranges (25 to 75%), and 10 to 90% ranges,
respectively.

invaginated wineskin type with constriction) (stage 3), and vesicle shape (clathrin-
coated vesicles) (stage 4).

Next, we quantified the CCSs in these four stages and examined the changes after
MBCD treatment (Fig. 5B, left, and Fig. 5C, left), which depletes both the accessible
and SM-sequestered cholesterol pools. But as described above (Fig. 3D and Fig. 4C), for
the CME of IAV, only the SM-cholesterol complex is needed. After the MBCD treatment,
the fraction of the CCSs containing an IAV virion at stage 1 remained the same, and
that at stage 2 was significantly increased. However, the CCSs without an IAV virion,
which would be the case for the CME of Tf, accumulated at stage 1 (the results with an
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FIG 5 SM-cholesterol complex domains are required for the constriction of the CCS bound by IAV. (A)
Representative transmission electron micrographs of the CCSs. (Left) No IAV addition; (right) with the
IAV virion. (B and C) Fractions of the CCSs at stages 1, 2, and 3 to 4 before and after cholesterol
depletion using MBCD. (B) No IAV addition; (C) CCSs with an IAV virion. The numbers of CCSs observed
were 166 and 134 (no IAV addition) and 66 and 57 (with an IAV virion) before and after cholesterol
depletion, respectively. Cholesterol depletion (accessible and/or SM-sequestered cholesterol) slowed the
invagination of CCSs without any IAV virion, inducing an increase of the CCSs in stage 1 (plate type),
with a concomitant decrease of the CCSs in stages 3 and 4 (bowl and vesicle types). With the binding
of an IAV virion, even under cholesterol-depleted conditions, the transition from stage 1 to stage 2
occurred at a normal rate (no increase of the CCSs in stage 1). However, the cholesterol domain was
required for the transition from stage 2 to stage 3.

IAV virion were obtained 15 min after IAV addition). This result indicated that the initial
invagination of the CCS (for normal cargoes without an IAV virion) from stage 1 to
stage 2 (from the plate shape to the bowl shape) is generally facilitated by accessible
and/or SM-sequestered cholesterol (Fig. 5B, right). Meanwhile, the facilitation of the
transitions from stage 1 to stage 2 by these cholesterol domains would not be neces-
sary in the CCSs containing an |AV particle, probably because the invagination is facili-
tated by the multiple binding of IAV to many host membrane receptor molecules,
inducing the indented negative curvature of the PM, consistent with previous pro-
posals (4, 8, 39).

Meanwhile, MBCD treatment blocked the shape transition of the CCSs with an IAV
virion from stage 2 (U shape) to stages 3 to 4 (Q shape and vesicles) (Fig. 5C, left), con-
sistent with fluorescence observations showing the considerable reduction of the CME
of 1AV after the MBCD treatment (Fig. 2C). This result strongly suggested that the SM-
cholesterol complex in the CCS is required for neck constriction and pit closure rather
than the initial invagination of the pit (Fig. 5C, right). In summary, in the absence of an
IAV virion, as in the case of the CME of Tf, the accessible and SM-sequestered choles-
terol pools are required for the initial invagination, whereas in the case of the CME of
IAV, the SM-cholesterol complex nanodomain is required for inducing constriction at
the neck of the CCS.
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The recruitment of membrane-bending proteins FBP17, CIP4, pacsin2, and
EndoA2 to the CCS depends on the SM-cholesterol complex. Our electron micros-
copy (EM) data indicated that the SM-cholesterol complex assists in the neck constriction
of the IAV-containing CCP (Fig. 5). Thus, we hypothesized that the SM-cholesterol com-
plex might recruit some of the key membrane-bending proteins for the CME of IAV.

First, using confocal microscopy, we examined the cholesterol dependence of the
recruitment of seven ubiquitously expressed membrane-bending proteins (40, 41),
Epsin1, F-BAR domain-only protein 2 (FCHo2), FBP17, N-terminal Fer/Cdc42-interacting
protein 4 (CIP4), protein kinase C and casein kinase substrate in neurons protein 2 (pac-
sin2), endophilinA2 (EndoA2), and sorting nexin 9 (SNX9) (Fig. 6). Epsin1 and FCHo2
were extensively colocalized with the CCSs, but others exhibited much less colocaliza-
tion with the CCSs (Fig. 6). The recruitment of Epsin1 and FCHo2 exhibited no choles-
terol dependence, whereas cholesterol depletion increased the recruitment of SNX9.
The proteins that exhibited decreased recruitment after cholesterol depletion were
FBP17, CIP4, pacsin2, and EndoA2 (Fig. 6 and Fig. S9A), which are of interest to this
study.

Among these four proteins, we further examined FBP17 and pacsin2. Since EndoA2
was known to be recruited to the CCS immediately before the scission of the CCP from
the PM, and since our EM study found that IAV entry after cholesterol depletion stalls
at the neck constriction stage, we did not investigate the involvement of EndoA2 any
further (40, 42). Since FBP17 and CIP4 belong to the same transducer of Cdc42-de-
pendent actin assembly (TOCA) protein family (43), we did not examine the recruit-
ment of CIP4 any further.

The SM-cholesterol complex nanodomain recruits formin-binding protein
FBP17 to the IAV-containing CCS. Using single-virus tracking with visualization of the
clusters of pacsin2 and FBP17 (only clusters/oligomers are detectable with the present
confocal microscopy methods), we identified the colocalizations of IAV particles and these
proteins (Fig. 7A). In intact cells without cholesterol depletion, 71% = 7% of the internal-
ized IAV became colocalized with FBP17 before cell entry of IAV, whereas only 15% * 1%
of the internalized 1AV became colocalized with pacsin2 before cell entry of 1AV (Fig. 7B).
These results suggested that FBP17 but not pacsin2 is involved in IAV cell entry. Noting
that ~75% of IAV internalization occurs via CME (Fig. 3D), the results obtained for FBP17
here therefore suggested that FBP17 was recruited to virtually all the 1AV that was endocy-
tosed via CME. Consistent with these results, we found that FBP17 became colocalized
with 88% = 2% of the IAV internalized by CME but not the IAV internalized by CIE using
three-color observations of single virus particles (labeled by ATTO647N), CCSs (marked by
mScarlet-I-CLCa), and FBP17 (mEGFP-FBP17) in live cells (Fig. 7A, Fig. S9B, and Movie S4).

After cholesterol depletion with MBCD for 30 min, the fraction of internalized 1AV
that became colocalized with FBP17 before cell entry was reduced to 40% * 11% of
that in the intact cell (Fig. 7B). The same MBCD treatment reduced the CME of IAV to
37% * 7% (Fig. 3C). This agreement of the reduction extents by MBCD treatment
strongly suggested that SM-cholesterol complex-dependent FBP17 recruitment to the
CCS is required for CME of IAV.

The depletion of FBP17 from the cell using FBP17-specific small interference RNA
(siRNA) (Fig. 7C) reduced IAV internalization to 64% = 3% of that in control siRNA-
transfected cells. The decrease of IAV internalization was less than 75% (Fig. 7D and E),
perhaps due to redundant functions of curvature-driving proteins that could activate
actin assembly at the endocytic site. These results suggested that the SM-cholesterol
complex nanodomains in the IAV-containing CCS aid in the recruitment of FBP17,
assisting in the CME of IAV (Fig. 7F).

DISCUSSION

Cholesterol homeostasis in the PM is known to affect many fundamental cellular
functions, including pathogen infection (44, 45). In the present study, we found that
SM-sequestered cholesterol, but not accessible or essential cholesterol, is essential for
the CME of IAV (Fig. 1 and Fig. 4Q). In contrast, the CME of Tf depends on any of the
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three cholesterol pools (Fig. 4C), clearly showing that the molecular mechanisms and
dynamics (see Fig. S10 in the supplemental material) involved in the CME of different
cargoes are remarkably heterogeneous (14, 46). Furthermore, we found that the CIE of
IAV (~24% of total IAV internalization) is cholesterol independent (Fig. 2C and Fig. 3D).
These results indicated that, as in signaling (26) and immune reactions (27, 28), each
endocytic pathway and cargo requires a pathway/cargo-specific cholesterol pool(s) for
productive cell entry, thus providing new insights into the physiological functions of
distinct cholesterol pools.
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for the recruitment of FBP17, a membrane-bending protein, which activates actin assembly, inducing the constriction of the IAV-containing CCP.

Our TEM results indicated that cholesterol aids in the invagination of the CCS with-
out IAV from the plate stage to the bowl stage (Fig. 5B), whereas it helps in the closure
of the opening of the IAV-containing CCS (Fig. 5C). These electron microscopy data, to-
gether with the fluorescence microscopy results, suggested that the SM-cholesterol
complex nanodomain is recruited to the IAV-containing CCS (Fig. 2D and E and Fig.
S4G) and aids in the neck constriction of the CCS containing an IAV virion. We propose
that the SM-cholesterol complex nanodomain facilitates the formation of the CCS neck
region. This might occur because the SM-cholesterol complex domain, with its higher
bending rigidity, could press the IAV-bound part of the CCS inward, consistent with
our finding that the increased membrane tension in the presence of the SM-seques-
tered cholesterol pool enhanced IAV internalization (Fig. 4D).

Using confocal microscopy, we found that the recruitment of Epsin1, a cargo-spe-
cific adaptor for the CME of 1AV (47), exhibited no cholesterol dependence (Fig. 6). This
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result is consistent with the electron microscopy results, suggesting that the early
stages of IAV internalization via the CME were not affected by the SM-cholesterol com-
plex. Furthermore, we found that the SM-cholesterol complex in the IAV-containing
CCS plays a critical role in enhancing neck constriction by recruiting the membrane-
bending protein FBP17, which is quite essential for CME of IAV (Fig. 7 and Fig. S7D).
The recruited FBP17 would induce neck closure by activating actin assembly (37, 48,
49). Constriction by the actin filaments would be necessary for overcoming high mem-
brane tension in the neck region as well as for enhancing scission (37, 49).

For the internalizations of various virus particles that are much larger than Tf (4),
the involvements of actin filaments (50, 51) and microtubule-dependent LY6E tubules
(52) have been reported. Here, we found the requirement of the SM-sequestered cho-
lesterol pool for CME of IAV due to its role in recruiting FBP17 to the IAV-containing
CCS. Understanding the relationships of these processes for the internalization of par-
ticles with various sizes and shapes will be an important target in future studies.

MATERIALS AND METHODS

Cell culture. MDCK cells (from the Center for Disease Control and Prevention, Hubei Province,
China) were cultured in Dulbecco’s minimum essential medium (DMEM; Thermo Scientific) supple-
mented with 5% fetal bovine serum (FBS; PAN-Biotech). HeLa cells (ATCC CCL-2) were grown in Eagle’s
minimum essential medium (MEM; GE Healthcare) supplemented with 10% FBS. All cell lines were tested
with a GMyc-PCR mycoplasma test kit (Yeasen) and found to be mycoplasma-free.

Quantification of IAV and Tf internalizations. The IAV strains A/Puerto Rico/8/1934 (H1N1) (PR8)
and A/Hubei/01-MA01/1999 (HON2) were amplified in 10-day-old specific-pathogen-free (SPF) embryo-
nated eggs (Merial China). IAV was tagged with sulfo-NHS-SS-biotin (Thermo Scientific) essentially as
described previously (53, 54). IAV labeled with sulfo-NHS-SS-biotin was added to the cells; the mixture
was incubated at 4°C for 15 min for adsorption on the PM outer surface; and after three washes with
phosphate-buffered saline (PBS) precooled to 0°C, the cells were warmed to 37°C and incubated for
30 min. To remove the biotin probes on the IAV virions remaining on the cell surface, after a wash with
ice-cold PBS, the cells were incubated in ice-cold Tris saline (50 mM Tris-HCl, 100 mM NacCl, 1 mM MgCl,,
1 mM CaCl, [pH 8.6]) containing 100 mM 2-mercaptoethanesulfonate (VESNA; Maya Reagents) on ice
for 30 min. Internalized IAV virions still tagged with biotin were stained with Cy3-labeled streptavidin
(Cy3-SA; Thermo Scientific) after fixation with 4% (wt/vol) paraformaldehyde at room temperature for
30 min, followed by permeabilization with PBS containing 0.1% Triton X-100. Finally, the labeled cells
were observed by spinning confocal fluorescence microscopy.

For quantifying Tf internalization, tetramethylrhodamine-conjugated Tf (TMR-Tf; Thermo Scientific)
was added to the cells at a final concentration of 25 ng - mL™" in serum-free culture medium, and the
mixture was incubated at 37°C under a 5% CO, atmosphere for 10 min. The cells were placed on ice and
washed with ice-cold buffer (pH 2.5) (100 mM glycine, 150 mM NaCl) to remove TMR-Tf bound on the
cell surface. After fixation with 4% (wt/vol) paraformaldehyde at room temperature for 30 min, the cells
were then imaged by confocal fluorescence microscopy. The maximum-intensity projections of the
three-dimensional (3D) confocal image slices are shown in this report unless otherwise specified, and
they were always used for quantifying the confocal imaging results.

Plasmid preparation and transfection. The EGFP sequences in the pEGFP-C1 and pEGFP-N1 plas-
mid vectors (Clontech) were replaced by mEGFP(A206K), a monomeric mutant of EGFP, or mScarlet-l, a
red fluorescent protein (55). All primers were purchased from Sangon Biotech (see Table S1 in the sup-
plemental material). The cDNA sequences encoding CLCa, Epsin1, FCHo2, FBP17, CIP4, pacsin2, EndoA2,
and SNX9 were amplified from in-house cDNA libraries of MDCK cells and Hela cells by PCR. AcGFP1-
AP180C was prepared as described in our previous report (3).

The cells were transfected with selected plasmids using Lipofectamine 3000 (Thermo Scientific),
according to the manufacturer’s instructions. Transfected cells were reseeded onto glass-bottom dishes
(In Vitro Scientific) 24 h before microscopic observations.

Cholesterol depletion and replenishment. To lower the cholesterol content in the cell, and partic-
ularly in the PM, the cells were incubated with 10 mM MBCD (Sigma-Aldrich) in serum-free culture me-
dium at 37°C under a 5% CO, atmosphere for the selected durations. To restore the cholesterol, the cells
were incubated with cholesterol complexed with MBCD (Sigma-Aldrich) at 37°C under a 5% CO, atmos-
phere for 30 min.

The cholesterol content of the entire cell was evaluated in the following way. First, the total lipid
from the entire cell was extracted with a mixture of chloroform, isopropanol, and NP-40 (7:11:0.1 [by vol-
ume]) and dried under a vacuum. The amount of cholesterol in the extracted lipids was measured with
an AAT-Bioquest cholesterol quantitation kit based on the enzymatic activity of cholesterol oxidase,
according to the manufacturer’s instructions. The fluorescence at 590 nm was measured with a BioTek
plate reader.

To selectively deplete accessible cholesterol, MDCK cells were cultured in DMEM with 5% FBS for 12
h, followed by DMEM with 5% lipoprotein-deficient FBS with or without 50 uM sodium mevalonate and
50 wM compactin for 48 h (20).
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SMase treatment and SM replenishment. SMase purified from Staphylococcus (Sigma-Aldrich)
was diluted to 1.25 U/mL in serum-free DMEM on ice. The cells were incubated with the SMase-
containing medium at 37°C under a 5% CO, atmosphere for 30 min and then washed three times with
PBS. To replenish the SM, SM purified from chicken egg yolk (Sigma-Aldrich) and bovine serum albu-
min (BSA; Amresco) were mixed in DMEM at final concentrations of 30 mM and 0.3 mM, respectively.
This solution was added to the cells at 37°C under a 5% CO, atmosphere for 30 min, followed by three
washes with PBS.

Production and purification of the recombinant protein biosensors for the accessible cholesterol
pool (MEGFP-D4) and the SM-sequestered cholesterol pool (OlyA-mEGFP) in the PM and their
binding to the cell surface. To produce mEGFP-labeled lipid-binding proteins, the open reading frames
(ORFs) of mEGFP or mEGFP with a linker encoding the GGGS sequence at both the N and C termini (SG-
mMEGFP-SG) were amplified and inserted into the pET26b vector (Merck). The cDNAs encoding domain 4
of perfringolysin O (D4) with the single mutation D495S (56) and OlyA were chemically synthesized by
Sangon Biotech, and their sequences were confirmed in our laboratory. These cDNAs were inserted into
the pET26b-mEGFP vector for the expression of mEGFP-D4-His and OlyA-SG-mEGFP-SG-His. These pro-
teins were expressed in Escherichia coli BL21(DE3) and isolated, basically according to a previously
reported protocol (57). Briefly, the bacteria were cultured at 37°C in Luria-Bertani (LB) medium contain-
ing 50 ug/mL kanamycin, with agitation, until the optical density at 600 nm reached 0.4 to 0.6. The sus-
pension was cooled to room temperature, isopropyl-3-p-thiogalactopyranoside (IPTG; Amresco) was
then added to the suspension at a final concentration of 0.6 mM, and the cells were cultured with agita-
tion at 25°C for 12 h. The cells were collected by centrifugation at 5,000 rpm for 5 min. The pellet was
resuspended in lysis buffer (Sangon Biotech) and disrupted by sonication for 20 min. The suspension
was centrifuged at 12,000 rpm for 10 min, and the supernatant was again centrifuged at the same speed
for 10 min to further remove the cell debris. The recombinant proteins in the supernatant were purified
by nitrilotriacetic acid (NTA)-Ni column chromatography (Sangon Biotech).

Purified mEGFP-D4 and OlyA-mEGFP were added to cells cultured in glass-bottom dishes at a final
concentration of 1 uM at 37°C for 15 min. After washing with PBS three times, the OlyA-mEGFP and
mMEGFP-D4 bound to the cells were examined with a spinning confocal fluorescence microscope.

Immunofluorescence. Rabbit polyclonal antibodies against the clathrin light chain were obtained
from Proteintech, the mouse monoclonal antibody against hemagglutinin of HON2 was obtained from
Sino Biological, and the DyLight 488- and 647-labeled secondary antibodies were obtained from Abbkine.
Cells cultured in glass-bottom dishes were fixed with 4% (wt/vol) paraformaldehyde at room temperature
for 20 min and then permeabilized and blocked in QuickBlock buffer (Beyotime) with 0.1% Triton X-100 for
15 min. Specimens were incubated with primary antibodies in QuickBlock buffer (1:400) at 37°C for
90 min, followed by incubation with DyLight 649-conjugated secondary antibodies in QuickBlock buffer
(1:400) at 37°C for 45 min.

Confocal fluorescence microscopy imaging. All confocal fluorescence microscopic observations
were performed with a Perkin-Elmer UltraVIEW Vox confocal imaging system built on a Nikon Ti-E
inverted microscope equipped with a piezo stage (Prior Scientific), an autofocus system (Nikon), and
a 100x lens objective (Nikon Plan Apochromat, 1.40 numerical aperture [NA]). For single-IAV-virion
tracking on live cells, cells were observed in PBS supplemented with 1 mM Ca?*, 0.5 mM Mg?*, 0.1%
BSA, and 5 mM glucose (PBS*") at 37°C in a temperature-controlled incubator (Tokai Hit INUB-
PPZI2-F1).

For image-based quantification of internalized cargoes, the fixed cells were observed in PBS with a
60x lens objective (Nikon Plan Apochromat, 1.40 NA). Quantification of the 3D images was performed
using the 3D Objects Counter plug-in of Fiji (NIH). The fractions of mScarlet-I-labeled CCSs colocalized
with mEGFP-labeled membrane-bending proteins and indirect immunofluorescence (IF)-stained IAV (la-
beled with DyLight 488) with Cy3-SA-labeled IAV (by way of biotin and SA interactions) were quantified
using the ComDet plug-in of Fiji (NIH). All tracking-based analyses were performed using u-track soft-
ware (58) running on Matlab (MathWorks). The intensity and velocity of the visualized fluorescence spots
were determined by custom-written software.

Calculation of the fractions of the cargoes internalized via different endocytic pathways. The
internalized amounts of IAV and Tf were normalized to those in intact cells. Tf internalization occurs
solely via CME (34). Meanwhile, IAV can be internalized by both CME and CIE. The CME of IAV is totally
blocked in cells expressing AcGFP-AP180C (Fig. 3A and D), and thus, only CIE is active for IAV internaliza-
tion in these cells. Furthermore, in these cells, IAV internalization was insensitive to MBCD and SMase
treatments up to 60 min (Fig. 3D and Fig. S5B), showing that the CIE of IAV is independent of the accessi-
ble and SM-sequestered cholesterol pools. The fractions of CIE are taken from the results of the AP180C-
expressing cells in Fig. S5B and Fig. 3D (the sixth bar from the left; the difference is shown in the orange
open bars; no CIE for Tf is assumed).

MBCD treatment (partially) depletes both the accessible and SM-sequestered cholesterol pools,
whereas SMase treatment (partially) depletes only SM-sequestered cholesterol. The depletion of the two
cholesterol pools is more complete after the 60-min treatments (Fig. 3D); these results provided a better
estimation of the fractions sensitive to these two pools of cholesterol. For details about the fractions of
the internalized cargoes (IAV and Tf) and their calculations, see the legends of Fig. S6C and Fig. 4C,
respectively.

RNA interference. Hela cells were plated into 12-well plates and allowed to grow for 12 h. All siRNAs
(80 nM; Sangon Biotech) were introduced into cells using 4 uL Lipofectamine 3000 (Thermo Scientific)
twice according to the manufacturer’s instructions. All experiments were performed 72 h after siRNA trans-
fection. For imaging, cells were plated into glass-bottom dishes 24 h after the second transfection. The
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following siRNA sequences were used: CCA ACC UGA ACG AAA UGA AUG AUU A for FBP17 and UUC UCC
GAA CGU GUC ACG UTT for negative-control siRNA.

Western blotting. Lysates of cells were obtained by adding 100 ulL of radioimmunoprecipitation
assay (RIPA) lysis buffer (Yeasen) supplemented with a protease inhibitor cocktail and boiling with 5x
SDS-PAGE sample loading buffer (Yeasen). Samples were resolved by SurePAGE (GenScript), transferred to
a polyvinylidene difluoride (PVDF) membrane (Millipore), and blocked with QuickBlock buffer (Beyotime).
FBP17 and actin were stained with anti-FBP17 (Santa Cruz) (1:100) and anti-beta-actin (Proteintech)
(1:1,000) antibodies at room temperature for 2 h followed by horseradish peroxidase (HRP)-coupled sec-
ondary antibodies (Sangon) (1:10,000) at room temperature for 1 h. The protein bands were imaged using
GelDoc XR (Bio-Rad).

Electron microscopy. The cells were fixed with 2.5% glutaraldehyde in PBS (pH 7.2) at 4°C for 4 h,
washed with ice-cold PBS three times, and then scraped off the plates with a rubber policeman. The cells
were collected by centrifugation, and the pellet was fixed using osmium tetroxide; dehydrated in etha-
nol, which was exchanged with acetone in graded concentrations of ethanol and acetone; and then em-
bedded in epoxy resin. The embedded specimens were sectioned at thicknesses of 50 to 70 nm. The
thin sections were stained with lead citrate. The samples were examined using a Philips CM 100 electron
microscope at a x50,000 magnification (75 kV).

Statistical analysis. All experimental results described here were obtained from at least two inde-
pendent experiments. In each independent experiment, we measured at least three samples. The results
of each independent experiment were normalized to the control group first, followed by the calculation
of the standard error using normalized results from all independent experiments using Origin. Single-tail
Student’s t tests were performed to calculate the P values, using Excel. Multivariate analyses of variance
(MANOVAs) were performed via a custom-written script in R.

Code availability. The code of the custom-written software is available from the corresponding
author upon reasonable request.

Data availability. The data that support the findings of this study are available upon reasonable
request.
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